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ORIGINAL RESEARCH
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Abstract

Rationale: Diagnosis of chronic obstructive pulmonary disease
(COPD) relies on abnormal spirometry. However, spirometry may
underestimate the effects of smoking, missing smokers with
respiratory disease who have minimal or no airflow obstruction.

Objectives: To develop a multidimensional definition of a lung-
related “resilient smoker” that is useful in research studies and then
identify a resilient smoker subgroup in the SPIROMICS
(SubPopulations and InteRmediate Outcome Measures In COPD
Study) cohort using this definition.

Methods: We performed a three-round modified Delphi survey
among a panel of COPD experts to identify and reach a consensus
on clinical and radiographic domains to be included in a lung-
related resilient smoker definition. Consensus on domains of
resilience was defined as >80% of experts voting “agree” or
“strongly agree” on a 5-point Likert scale. The Delphi-derived
definition of resilience was applied to SPIROMICS to identify
resilient smokers, whom we then characterized using known
biomarkers of COPD.

Results: Consensus was achieved on 6 of 12 diagnostic items,
which include cough and sputum production, dyspnea,
radiographic measures of emphysema and small airways disease,
exacerbations, and decline in forced expiratory volume in
1 second. Although 892 SPIROMICS participants were classified
as smokers with preserved lung function by spirometry, only
149 participants (16.7%) qualified as resilient smokers by our
definition. Blood biomarker expression of CRP (C-reactive
protein) and sTNFRSF1A (soluble tumor necrosis receptor
factor1A) was lower in resilient than nonresilient smokers
(P = 0.02 and P = 0.03).

Conclusions: A Delphi-derived consensus definition of resilient
smoker identified 83.3% of smokers with preserved spirometry as
“nonresilient” based on the presence of adverse effects of smoking
on the lung. Resilient smokers were biologically distinct from
nonresilient smokers based on CRP measurements.

Clinical trial registered with ClinicalTrials.gov (NCT01969344).

Keywords: chronic obstructive pulmonary disease; smoking;
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Tobacco smoke is the most common
environmental risk factor for chronic
obstructive pulmonary disease (COPD) (1).
Despite this strong association, it is estimated
that only 15–25% of smokers will develop
COPD using spirometric criteria for the
diagnosis (2, 3).Most clinical and translational
studies of smoking in COPD focus on risk
factors for thedevelopment andprogressionof
disease. Relatively few studies examine factors
that characterize thosewhodisplay “resilience”
to smoking andmaintain ideal respiratory
health in the face of this noxious exposure (4).
Yet, factors associated with resilience may
represent protective pathways required for
preservation of lung health. Harnessing these
protective mechanisms could provide an
opportunity for therapeutic advances in
patients with COPD and for maintenance of
population lung health more generally.

Recent literature suggests that COPD
prevalence may be vastly underestimated (5,
6). The current diagnosis is confirmed by the
presence of airflow limitation on spirometry
(post-bronchodilator ratio of forced
expiratory volume in 1 second [FEV1]/forced
vital capacity [FVC],0.7) (3). However, we
and others have shown that a substantial
proportion of smokers who do not meet
spirometric criteria for COPD still have
respiratorysymptoms(7,8), exacerbations(9),
and radiographic abnormalities (10).
Furthermore, COPD is clinically
heterogeneous, and spirometry does not
capture all aspects of COPD-related
pathology. For example, radiographic
domains of COPD, including emphysema,
expiratory air trapping, and airway wall
thickening, correlate poorly with severity of
airflow obstruction measured by spirometry

(11). Yet, multiple clinical and radiographic
domains of smoking-related lung diseasemay
be associated with clinical outcomes,
indicating they are capturing relevant
pathology (7, 12, 13). Together these data
suggest that abnormal spirometry alone lacks
sensitivity for detecting the adverse effects of
tobacco smoke exposure on lung health.

One undesirable consequence of relying
on spirometry alone to diagnose COPD and
smoking-related lung disease is that it may
overestimate the prevalence of “resilient
smokers.” This misclassification may
confound the identification and examination
of factors associated with resilience. Our goal
was to develop a multidimensional definition
of resilience to the pulmonary effects of
smoking that is suitable for use in clinical and
translational researchstudies.Weperformeda
modified Delphi survey among a group of
obstructive airway disease experts to identify
and reach consensus on a multidomain
framework for defining resilient smokers. The
Delphi method is a well-established approach
to consensus development when standard
evidence is not available (14). The Delphi
method has been used in developing
diagnostic criteria for chronic hypersensitivity
pneumonitis (15), early management of
COPD (16), a framework for asthma
treatmentgoals (17), anddefinition,diagnosis,
and treatment of acute exacerbations of
idiopathic pulmonary fibrosis (18). We
appliedournewlyderived resiliencedefinition
to SPIROMICS (the SubPopulations and
InteRmediate OutcomeMeasures In COPD
Study), a longitudinal prospective cohort of
smokers (19), to identify a resilient smoker
subpopulation. Finally, we determined
whether this resilient subpopulation displays

an altered biomarker profile when compared
with all other smokers.Weassert that defining
the resilient smoker is the first research step
toward identifying the protective clinical and
biologic featurescontributing to resilience that
couldbe exploited for thedevelopment of new
COPD therapies.

Methods

Modified Delphi Process
WeusedamodifiedDelphimethod todevelop
consensus on a definition of a resilient smoker
that accounts for criteria beyond normal
spirometry. Through an anonymous one-
person, one-vote system, all experts had equal
influence in decision-making. A survey
approach allows for statistical analyses
(20–22). SPIROMICS investigators (n = 72),
considered experts in smoking-related lung
disease,were invitedbye-mail toparticipate in
a web-based Delphi survey (Provo UT;
Qualtrics). Experts voted by Likert scale
between 1 and 5 (strongly disagree, disagree,
neither agree nor disagree, agree, or strongly
agree) on domains and symptoms of
impairment that should be considered in the
consensus definition. They were also asked to
list other domains not included in the initial
survey via open-answer responses. Following
the first round of voting, variables that
received discordant votes were discussed via
teleconference and a provisional definition of
lung-related resilience was created. A second
round of the Delphi was conducted in which
individual experts were asked to 1) vote
“agree”/“disagree” on the provisional
definition, 2) vote on additional domains that
were submitted from round one, and 3) vote
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on cutoff values of “normal” for the domains
for which there are not established reference
values. We defined consensus as greater than
80%ofexperts ratingadomainas>4 (agreeor
strongly agree) on a 5-point Likert scale.
Consensuswas achieved on all survey items in
round 2. A brief third-round Delphi was
conducted to further refine which
measurement tool and cutoff value to use for
the symptoms of cough and sputum
production, and to vote on values of normal
rate of FEV1 decline. The results of this
iterative Delphi method were analyzed
anonymously and led to the development of a
multidimensional definition of a lung-related
resilient smoker.

Application of Delphi-derived Resilient
Smoker Definition to SPIROMICS
We applied our Delphi method–derived
consensus definition and reference ranges of
lung-related resilience to smokers with
preserved spirometry in the SPIROMICS
cohort to derive a subgroup of resilient
smokers. Each variable of the consensus
definitionwasevaluatedforefficacyinexcluding
smokers with preserved spirometry. A group of
“nonresilient smokers” was also derived and
definedas smokerswithnormal spirometryand
anabnormality inanyoneof thedomainsof the
lung-related resilience definition.
Characteristics of these subgroups were
compared using t tests and chi-squared tests.

Correlation of Resilient Smoker
Definition with Biological Markers
of COPD
The Delphi-derived consensus definition of a
resilient smoker was correlated with known
biomarkers ofCOPD: airwayconcentrationof
soluble mucins (23), plasma fibrinogen (24),
CRP (C-reactive protein) (25), and soluble
TNF (tumor necrosis factor) receptors
sTNFRSF1A (also known as sTNF-R55) and
sTNFRSF1B (also known as sTNF-R75)
(26–29). Additional detail on the method for
making thesemeasurements isprovided in the
online supplement. These biomarkers do not
follow a normal distribution and were natural
log transformed before analysis.

Biomarker levels in nonsmoking control
subjects andnonresilient smokersand those in
COPDGlobal Initiative for Chronic
Obstructive Lung Disease stages 1, 2, and 3/4
(combined) were compared with the resilient
smoker population using t tests, linear
regression, andmultivariate models adjusted
for relevant covariates including age, sex, race,
smoking-pack year, and smoking status. False

discovery rate–adjusted P values were
calculated using the Benjamini-Hochberg
procedure (30).

Results

Of the 72 SPIROMICS investigators invited to
participate in the Delphi survey, 21 completed
the first round, 13 participated in the
teleconference, 27 completed the second
round, and 16 participated in the third round.
Themajority of participants worked at
academic institutions and were involved in
COPD clinical care and/or research. Two
participants worked in the pharmaceutical
industry in roles that includedCOPDresearch.

Domains of Resilience
In round1 of theDelphi survey, nine domains
wereratedbyparticipantsfortheirrelevanceto
a lung-related smoking resilience definition.
Five of the nine initial domains reached 80%
consensus (Figure 1). In a teleconference
conducted after round 1, 13 of the invited
experts verbally agreed on the domains that
did and did not reach consensus for inclusion
into a resilient smoker definition.

In the first-round survey, Delphi
members suggested four other domains to be
considered for inclusion into the definition,
three of which were included in the round 2
survey for voting. The domain that was
excluded from further voting was fatigue, as it
was thought that this symptomwas too
nonspecific for inclusion.

In the round 2 survey, we sought
endorsement of this provisional
multidimensional definition of resilience
through a “yes/no” vote and received 88.5%
approval.

After two rounds ofDelphi surveys, 6 out
of12domainsreachedconsensus for inclusion
into our definition of lung-related smoking
resilience. These include symptoms related to
dyspnea and cough/sputum production,
exacerbation history, radiographic measures
of emphysema and small airways disease, and
rate of FEV1 decline (Figure 1).

Determination of Cutoff Values
We chose previously validated instruments to
identify a range of respiratory symptoms
important to smoking-related lung disease,
including dyspnea, cough, and sputum
production. The ModifiedMedical Research
Council (mMRC)questionnairewaschosento
quantify dyspnea (31). Scores range from 0 to
4, with higher scores indicating more severe

dyspnea. AnmMRC score cutoff of>2 has
been used to separate patients with “less
breathlessness” from “more breathlessness”
(3, 32). In the Delphi survey round 3, experts
who participated in this survey were divided
between using sputum and cough questions
from St. George’s Respiratory Questionnaire
(SGRQ) and sputum and cough questions
from the COPDAssessment Test (CAT).
Neither measurement achieved 80%
agreement toachieveconsensus.Weproposed
that if either SGRGorCATmeasurement was
positive in relationship to cough and
sputum–related questions, the smoker would
not be resilient. Within SPIROMICS, we had
more missing data for SGRG; therefore, we
chose to use theCAT score to assess for cough
and sputumproduction. TheCAT is an eight-
question instrument that includes questions
that are important ina resilient smoker suchas
cough, sputum production, dyspnea, and
impacts on health status. Scores for each
question range from 0 to 5, with higher scores
indicating greater severity of symptoms (33).
Responses tothefirst twoquestionsof theCAT
assess the frequency and severity of cough
(question 1) and phlegm (question 2) (33). A
score>2 for the CAT question of cough and
>2 for phlegm production has also been
identified as a valid method for classifying
chronic cough and sputum production with
agreementwith the SGRQandother validated
measurements tools of these symptoms (34,
35). Values below these same cutoffs (,2)
were used when defining resilience.

Delphi members voted that a resilient
smoker would have no history of COPD
exacerbations, defined as events that required
healthcare use (office visits, emergency
department visits, or hospitalization) and the
use of antibiotics, systemic corticosteroids, or
both. Because individual exacerbation rates
can vary from year to year (36), the Delphi
also reached consensus in defining the
exacerbation-free period as 12 months
before enrollment into SPIROMICS (no
retrospective exacerbations) and in the 3-year
SPIROMICS study follow-up period (no
prospective exacerbations).

Emphysema, as measured as percentage
of total lung volume, and functional small
airways disease (air trapping), measured by
parametric responsemapping (PRMfSAD) as a
lung density of less than2857 Hounsfield
unitsatresidualvolume,weretheradiographic
features chosen for inclusion (37). To
determine the normal cutoff value for
percentage of emphysema, the Delphi panel
endorsed use of the reference equations and
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lower limit of normal from theMESA (Multi-
Ethnic Study of Atherosclerosis) Lung Study
(38). PRMfSAD does not have established
normal cutoff values. The Delphi panel thus
endorsed the development of age-adjusted

lower limits of normal for PRMfSAD using
published data (39). Age-adjusted PRMfSAD

valueswerederived in theSPIROMICScohort
using linear regression from healthy never-
smoking control subjects, using the upper

limit of the 95% confidence interval (CI) as the
cutoff below which a participant was
considered normal. In a “yes/no” voting
process, these proposed cutoffs received
.95% approval in Delphi round 2.

There are no well-established cutoff
values for longitudinal abnormal rate of FEV1

decline in former and current smokers (40,
41). We proposed to use FEV1 decline in
normal subjects as a metric of comparison to
definearesilientsmoker. Intheround3Delphi
survey, 87.5% of participants voted to use the
reference values from the Framingham
offspring cohort from healthy never-smoking
males and females (42). The mean
annualized rate of decline for healthy never-
smokingmales was 19.6 ml/yr (95% CI,
17.1–22.1ml/yr), and that for females was 17.6
ml/yr (95% CI, 13.8–21.4 ml/yr). We used the
upper limit of the 95% CI as the cutoff value of
“normal” rate.

The final domains included in the
definition and, if applicable, their associated
normal cutoff values are presented in Table 1.

Symptoms: Cough and Sputum Production*

Symptoms: Dyspnea*

Exacerbation History*

Radiographic Measures: Emphysema*

Radiographic Measures: Air Trapping/fSAD*

Radiographic Measures: Airway Wall Thickening

6 Min Walk Test

Inspiratory Capacity

FEV 25%–75%

ROUND 1

ROUND 2

Rate of Decline in FEV1*

Quality of Life: SGRQ

Lung Volumes RV/TLC

0% 20% 40% 60% 80% 100%

Strongly agree Strongly disagreeAgree Neither agree nor disagree Disagree

Figure 1. Results of Delphi rounds 1 and 2. *Indicates domain achieved consensus (>80% panel members with vote of “strongly agree” or “agree”).
The vertical hashed bar represents 80% cutoff. FEV 25–75% = forced expiratory volume at 25–75% of pulmonary volume; FEV1 = forced expiratory
volume in 1 second; fSAD = functional small airway disease; RV = residual volume; SGRQ = St. George’s Respiratory Questionnaire; TLC = total
lung capacity.

Table 1. Final domains and measurement cutoffs for a “resilient smoker” defined by
Delphi survey

Domain Cutoff Value for “Normal”

Symptoms
Cough/sputum production Cough and phlegm CAT questions ,2
Dyspnea mMRC score of 0–1

Exacerbation history
Retrospective None in past 12 mo at SPIROMICS baseline visit
Prospective None in SPIROMICS 3-yr follow-up period

Radiographic features
Emphysema (%) LLN calculated from the MESA lung study (Reference 38)
Air trapping/PRMfSAD LLN calculated from age-adjusted healthy never-smokers

Lung function
Annual rate of decline
in FEV1

95% upper limit confidence interval from the Framingham
offspring cohort (Reference 42)

Definition of abbreviations: CAT = COPD Assessment Test; FEV1 = forced expiratory volume in
1 second; LLN = lower limit of normal; mMRC = Modified Medical Research Council Dyspnea
Scale; PRMfSAD = functional small airway disease measured by parametric response mapping.
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Application of the Consensus
Definition of “Resilient Smoker” to the
SPIROMICS Cohort
The integrated, multidimensional definition
of resilience was applied to the 2,973
SPIROMICS participants (Figure 2). Never-
smokers (n=202)andsmokerswithabnormal
spirometry (post-bronchodilator FEV1/FVC
, 0.7, n = 1,847) were excluded first. Those
participants with normal FEV1/FVC ratio but
FVC less than the lower limit of normal were
also excluded as it was unclear if this
abnormality represented restriction, either
intrathoracic (i.e., lung) disease misclassified
as COPD or extrathoracic abnormality (e.g.,
obesity, pleural disease, or chest wall disease)
that could confound analyses (7). After these
exclusions, 892 participants had preserved
spirometry. After application of additional
Delphi-derived resilience domains, 743 of
these participants were excluded (83.3%),
resulting in 149 (16.7%) resilient smokers.We
found that 449 smokers with preserved
spirometry had an abnormality in at least one
of the Delphi-derived domains of resilience,
which created our “nonresilient”
subpopulation.

The smokers with preserved lung
function who were considered nonresilient
most commonly had symptoms of cough and
sputum production measured by the CAT
(65.9%of smokers) andradiographicevidence
ofsmallairwaysdiseasemeasuredbyPRMfSAD

greater than the lower limit of normal (30.4%
of smokers) (Figure 3).

Demographic and Clinical Differences
The demographics and clinical characteristics
of the participants at baseline are shown in
Table 2, comparing never-smokers, resilient
smokers, and nonresilient smokers.

Statistically, there was no significant
difference in smoking pack-years (P = 0.22),
the average number of cigarettes smoked
per day (P = 0.13), and the mean age at
which they stopped smoking (P = 0.13)
between the resilient and nonresilient
population. However, resilient smokers were
distinguished from nonresilient smokers by
less current smoking (38.9% vs. 51.0%, P =
0.01). A total of 4.8% of resilient smokerswere
told they were diagnosed with COPD by a
health professional in comparison to 32.5% of
the nonresilient smokers (P, 0.001). There
was no statistically significant difference in
smoking-related comorbidities between these
groups except for history of cardiovascular
condition, which was higher in the
nonresilient smoking population (P = 0.03).

Asthma diagnosis was less prevalent in
resilient than nonresilient smokers (P,
0.001). Additionally, nonresilient smokers
were more likely to have used inhaled
bronchodilators and inhaled corticosteroids
before study enrollment (P, 0.001). When
adjusting for asthma diagnosis, the difference
in inhaled bronchodilator and corticosteroid
usebetweenresilientandnonresilient smokers
remained statistically significant (P, 0.001)
(Table E1 in the online supplement).

Biomarkers of COPD in Resilient
versus Nonresilient Participants
To increase our confidence that the definition
of resilient smoker from SPIROMICS
identified a biologically distinct
subpopulation, we determined whether
known biomarkers of COPDwere expressed
differently between resilient and nonresilient
smokers without spirometric airflow
obstruction.We studied total mucin
concentrations in sputum, serum fibrinogen,
serum CRP, and soluble TNF receptors
(sTNFRSF1A and sTNFRSF1B).

We observed that CRP levels in resilient
smokers were similar to healthy nonsmoking
control subjects and lower in comparison to
nonresilient smokers (unobstructive smoker
having>1 abnormal clinical domain). In
unadjusted analysis, nonresilient smokers
have CRP levels that are 56.6% higher in
comparison to resilient smokers (P = 0.003).
When adjusting for age, sex, race, pack-years
of smoking, current smoking status, and
asthma, nonresilient smokers have CRP levels
that are 41.6% higher (P = 0.023) (Table 3). P
values adjusted for the number of biomarkers
studied using the Benjamini-Hochberg
procedure were,0.05 in the univariate linear
model for CRP. sTNFRSF1A levels were also
lower in resilient smokers in comparison to
nonresilient smokers. This statistically
significant difference was seen only in the
multivariate adjusted model (P = 0.03).

Discussion

Widely accepted definitions of resilience to
smoking-related obstructive lung disease do
not exist, yet understanding the mechanisms
that underlie resilience could be crucial for
advancing COPD research and therapeutic
approaches. In this study, we developed a
comprehensive definition of resilience to
respiratory consequences of smoking that is
multidimensional and incorporates clinical
and physiologic domains in addition to

preserved spirometry. We identified six
clinical and physiologic domains via the
Delphimethodandestablishedcutoffvaluesof
normal for each of these domains. TheDelphi
processadditionallyestablishedcovariatesand
exposures for adjustment in our resilient
smoker model. Of the 2,771 SPIROMICS
participants with at least 20 pack-years of
smoking, 892 smokers (32.2%) had preserved
spirometry. We found that application of the
clinical, radiographic, and physiologic
domains of resilience to these smokers with
preserved spirometry resulted in exclusion of
83.3% of these smokers with preserved
spirometry from our resilient group. The
remaining 16.7% (n = 149) resilient smokers
differed objectively and biologically from
those defined as nonresilient.

Investigating lung-related resilience to
cigarette smoke exposure is essential to
understanding themechanisms and pathways
related to preservation of lung health.
Examining resilience in biologic studies could
provide insight into endogenous pathways
that may serve as protective factors against
COPD development. These pathways could
subsequently be leveraged for therapeutic
advancements and even prevention of COPD.
Identifying these pathways is in alignment
with theU.S.NationalHeart, Lung, andBlood
Institute strategic goals and objectives for
COPD research and should enable a better
understanding of the transition from healthy
lungs to COPD.

We developed a comprehensive
definition of smoking-related resilience to
COPD using a modified Delphi survey. The
concept of resilience is widely discussed;
however, there are no broadly accepted
definitions of resilience. In particular,
resilience in the context of smoking-related
lung disease has not yet been defined or
explored. In this three-roundmodifiedDelphi
survey, COPD experts identified and
established 80% consensus on six clinical,
physiologic, and radiographic domains to
develop a comprehensive definition of
smoking-related resilience to airwaydisease in
smokers. The results of this Delphi survey
indicate that experts thought that the absence
of respiratory symptoms asmeasured byCAT
andmMRC scores, and no retrospective or
prospective incidenceofCOPDexacerbations,
classified a participant as a resilient smoker.
Additionally, the absence of significant
computed tomography (CT) radiographic
findings measured by percentage of
emphysema and air trapping by PRMfSAD and
annual rate of decline in FEV1 within normal
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2,973 SPIROMICS Participants

2,771 Smokers

924 Post-BD FEV1/FVC 0.7

1,847 Post-BD FEV1/FVC 0.7
5 Missing

892 PRESERVED SPIROMETRY

565 Cough and Phlegm CAT Questions < 2

521 mMRC < 2

480 with NO exacerbations in past
12 months at baseline

374 with NO exacerbations since
entering SPIROMICS

349 without emphysema

212 normal PRMfSAD

100 abnormal PRMfSAD

37 missing

149 Resilient Smokers

105 with normal Decline in FEV1

16 abnormal Decline in FEV1
37 missing

202 Never Smokers

32 Post-FVC < LLN

313 CAT score 2 for Cough and
Phlegm Questions 14 missing 

40 mMRC 2
4 missing

90 with ANY exacerbation
during SPIROMICS 16 missing

36 with ANY exacerbation past
12 months at baseline 5 missing

21 with emphysema
4 missing

Figure 2. Application of the Delphi definition to SPIROMICS to identify resilient smokers. Out of the 2,973 participants, 892 smokers had preserved
spirometry. In an iterative fashion, those with symptoms measured by CAT and mMRC scores were excluded. Next, those with COPD exacerbations,
followed by those with abnormal computed tomography radiographic findings, and then abnormal rate of FEV1 decline, were removed. This resulted
in 149 resilient smokers. CAT = COPD Assessment Test; FVC = forced vital capacity; LLN = lower limit of normal; mMRC = Modified Medical
Research Council Dyspnea Scale; Post-BD FEV1 = post-bronchodilator forced expiratory volume in 1 second; PRMfSAD = functional small airway
disease measured by parametric response mapping.
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limits incomparisontohealthynever-smokers
was deemed necessary for classification as
resilient.Theiterativenatureof this two-round
Delphi survey–facilitated discussion provided
a rigorous approach to definition
development.

The results of this study confirm that
spirometry underestimates the deleterious
effect of smoke exposure. In the SPIROMICS
cohort, 30.4% of smokers with normal
spirometry had abnormal CT radiographic
findingsmeasured by PRMfSAD, and 8.0% had
imaging findings consistent with emphysema.
Symptoms of cough and sputumwere present
in 65.9% as measured by CAT symptom-
related question score>2, and dyspnea in
12.7% measured by mMRC>2. A total of
14.5% of participants had a history of COPD
exacerbationwithin thepast year at the timeof
SPIROMICS study enrollment, and 28.1%
experiencedoneormoreexacerbationsduring
the 3-year SPIROMICS follow-up period.
Abnormal annual rate of FEV1 decline was
present in 8.5% of participants. Our work
extends previous findings that a substantial
proportion of smokers who do not meet
criteria for COPD by spirometry nonetheless
do have respiratory symptoms, exacerbations,

and radiographic abnormalities that suggest
they are experiencing adverse effects from
tobacco exposure (7, 9, 12, 43).

We sought to provide biological
validation that our resilient and nonresilient
smokerswithpreserved spirometrydiffered in
an objective and relevant way.We analyzed
known biologic markers of COPD and found
that resilient smokers had lower CRP
comparedwithnonresilientsmokers,aswellas
lower sTNFRSF1A levels in adjusted models.
We did not find differences in several other
COPD-relevant biomarkers, which could
indicate that, as with COPD, the deleterious
effects of smoking in “nonresilient” smokers
are heterogeneous. Thus, biomarkers relevant
to specific biologic pathways and associated
with specific clinical outcomes (e.g.,
exacerbations or symptoms) may not be
relevant to the entire nonresilient smoker
population (26, 29). CRP elevation in the
nonresilient group may suggest that systemic
inflammation may be associated with
worsening lung health over time (44).

The use of the resilient smoker criteria is
meantprimarilyasa researchtoolandmaynot
befeasible toapplytothegeneralpopulationor
in a clinical setting. The CT radiographic

measurements of percent emphysema and
PRMfSAD are used in research studies and are
not routinely measured for clinical use.
Biomarker analysis with removal of these
radiographic research measurements was
repeated. This resulted in an increase in the
number of resilient smokers, but the
differences in CRP and sTNFRSF1A levels
between resilient and nonresilient smokers
remained. However, COPD providers can
apply respiratory symptom questionnaires,
including the CAT andmMRC instruments,
in a clinical setting. Additionally, this
definition of lung-related resilience was
developed specifically in relationship to
obstructive lung disease and is not meant to
include resilience to other diseases related to
tobacco exposure.

Our study has several limitations. The
Delphi method is useful in helping to develop
definitions and address answers to questions
that lack research-based evidence. However,
the development of this multidimensional
definition of a resilient smoker through the
Delphi process reflects the opinion of a select
sampleofCOPDexpertswhodonot represent
all health professionals involved in COPD.
Expert selection bias is a generally understood

92
(15.4%)

29
(4.8%)

94
(15.7%)

57
(9.5%)

33
(5.5%)

3
(0.5%)

6
(1.0%)

6
(1.0%)

8
(1.3%)

64
(10.7%)

29
(4.8%)

1
(0.2%)

4
(0.7%)

16
(2.7%)

7
(1.2%)

Exacerbations

Abnormal
FEV1 Decline

Symptoms

Resilient Smokers
N = 149

Radiographic
Abnormalities

Figure 3. In the 892 smokers with preserved spirometry, representation and overlap of those subjects with symptoms, exacerbations, radiographic
abnormalities, and abnormal FEV1 decline, which we defined as nonresilient smokers. N = 294 participants were excluded because of missing data.
Symptoms, measured by abnormal COPD Assessment Test or Modified Medical Research Council Dyspnea scale, are represented by the green
circle. Exacerbations, both retrospective and prospective, are represented by the blue circle. Radiographic abnormalities measured by emphysema
or functional small airway disease measured by parametric response mapping are represented by the yellow circle. Abnormal FEV1 decline is
represented by the pink circle. The white background indicates those who did not have abnormalities in any of the above domains and are classified
as resilient smokers. FEV1 = forced expiratory volume in 1 second.
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limitation of the Delphi process (45). We
missed potentially helpful contributions from
general pulmonologists, other disciplines, and
international experts. The inclusion of these
groups of individuals may have potentially
resulted in different domains that may have
been included or excluded in our definition of
resilience. The cutoff values of “normal” for
some of the domains of resilience were
establishedbasedonlimitedevidenceandthen
voted on during the Delphi process.
Specifically, the cutoff for normal values of
PRMfSAD was derived from an age-adjusted
linear regression from healthy never-smokers
(39). Additionally, the SPIROMICS cohort on
which this Delphi-based definition was
applied is not a random sample and cannot
estimate theprevalenceorclinical andbiologic
features of all smokers with preserved lung
function. There may be inherent bias in the

SPIROMICS studyasmanyof theparticipants
may have volunteered because of symptoms
suggestive of COPD despite having preserved
spirometry.

Future investigation of this resilient
smoker population will focus on additional
factors that convey resilience to cigarette
smoke exposure.Mechanisms to be examined
include mucociliary function, purification of
toxins in the lung, maintenance of a healthy
lung microbiome, preservation of the
pulmonary vasculature, and prevention of
cellularsenescence.Withtheapplicationof the
resilient smoker definition, new biologic
factors that are underrecognized as
contributors to COPDmay be identified as
well.

In conclusion, spirometry substantially
underestimates the effects of cigarette smoke
on the lung.Using amodifiedDelphimethod,

we developed a consensus-based definition of
resilient smokers that extends beyond normal
spirometry to include pertinent clinical and
radiographic criteria. Application of this
resilient smoker definition to SPIROMICS
excluded 88.2% of smokers who would have
otherwise been classified as resilient smokers
based on spirometry alone. The development
of a definition of lung-related smoking
resilience isavitalfirst stepandresearch tool in
investigating resilience in this population and
provides insight into protective factors of
COPD to leverage for prevention and
treatment.�
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Table 2. Characteristics of SPIROMICS participants by never-smokers, resilient smokers, and nonresilient smokers

Never-Smoker
(n = 202)

Resilient Smoker
(n = 149)

Nonresilient Smoker
(n = 449)

Age, yr 56.5 6 10.12 62.20 6 10.13 60.49 6 9.46
Male sex 78 (38.6) 73 (49.0) 206 (45.9)
Female sex 124 (61.4) 76 (51.0) 243 (54.1)
White race* 140 (69.3) 122 (81.9) 298 (66.4)
Black race* 46 (22.8) 19 (12.8) 128 (28.5)
Non-Hispanic 174 (86.1) 141 (94.6) 421 (94.0)
Current smoker† 0 (0.0) 58 (38.9) 229 (51.0)
Smoking pack-years 0.00 6 0.07 41.68 6 28.67 44.83 6 26.90
Average number of cigarettes/d 5.5 6 6.36 23.07 6 8.57 24.58 6 10.91
Age stopped smoking, yr 17.0 6 3.27 50.88 6 10.62 51.91 6 9.48
History of asthma as child 4 (2.0) 5 (3.4) 36 (8.1)
History of asthma (ever)* 12 (6.0) 9 (6.0) 92 (20.5)
COPD diagnosis* 0 (0.0) 7 (4.8) 140 (32.5)
Cardiovascular condition† 93 (46.7) 77 (52.4) 280 (62.8)
High blood pressure 64 (32.2) 57 (38.8) 206 (46.2)
CAD 7 (3.5) 5 (3.4) 26 (5.8)
CHF 1 (0.5) 0 (0.0) 9 (2.0)
Claudication 8 (4.0) 6 (4.1) 30 (6.7)
Angina 12 (6.0) 7 (4.8) 37 (8.3)
Diabetes 19 (9.6) 14 (9.5) 65 (14.6)
Inhaled bronchodilators (past 3 mo)* 9 (4.5) 9 (6.1) 123 (27.6)
Inhaled steroids (past 3 mo)* 5 (2.5) 2 (1.4) 71 (15.9)
Ever smoked pipe 1 (0.5) 14 (9.4) 28 (6.3)
Average number of pipes/wk 0.50 6 1.90 2.11 6 5.55 1.92 6 5.20
Ever smoked cigar 0 (0.0) 10 (6.7) 27 (6.0)
Regularly smoked marijuana 15 (40.5) 48 (57.8) 170 (66.1)
Average number of joints/wk 2.13 6 4.47 4.87 6 7.23 6.67 6 11.30
Years smoking marijuana 5.90 6 10.26 13.63 6 14.09 12.05 6 11.76
Exposure to VGDF 40 (19.9) 48 (32.4) 178 (39.7)
Years exposed to VGDF 3.2 1 6 8.64 8.50 6 14.83 7.47 6 12.22
Post-BD FEV1, % predicted* 101.82 6 11.56 99.86 6 13.73 96.60 6 11.65
Post-BD FEV1/FVC, % predicted* 102.75 6 5.97 101.99 6 5.90 99.34 6 6.15

Definition of abbreviations: CAD = coronary artery disease; CHF = congestive heart failure; COPD = chronic obstructive pulmonary disease; FVC =
forced vital capacity; Post-BD FEV1 = post-bronchodilator forced expiratory volume in 1 second; VGDF = vapors, gas, dust, and fumes.
Resilient and nonresilient groups were compared using a t test for continuous variables and chi-square test for categorical variables. Data are
reported as mean 6 standard deviation or n (%).
*Indicates statistically significant difference with P , 0.01.
†Indicates statistically significant difference with P , 0.05.

ORIGINAL RESEARCH

Oh, Mularski, Barjaktarevic, et al.: Defining Lung Resilience to Smoking 1829

http://www.atsjournals.org/doi/suppl/10.1513/AnnalsATS.202006-757OC/suppl_file/disclosures.pdf
http://www.atsjournals.org


Curtis, M. Bradley Drummond, Victor Kim,
Wassim Labaki, Allison Lambert, Stephen C.
Lazarus, Alex Mackay, Wendy Moore, Sarah L.
O’Beirne, Laura Paulin, Benjamin M. Smith,
Donald P. Tashkin, and James Michael Wells.

Acknowledgment: The authors thank the lung-
related resilient smoker Delphi collaborators/
panelists (SPIROMICS Smoking Resilience
Group) who generously participated in this
study. The authors also thank the SPIROMICS
participants and participating physicians,
investigators, and staff for making this research
possible. More information about the study and

how to access SPIROMICS data is at www.
spiromics.org. The authors acknowledge the
following current and former investigators of the
SPIROMICS sites and reading centers: Neil E.
Alexis, M.D.; Wayne H. Anderson, Ph.D.;
Mehrdad Arjomandi, M.D.; Lori A. Bateman,
M.Sc.; Surya P. Bhatt, M.D.; EugeneR. Bleecker,
M.D.; Richard C. Boucher, M.D.; David J.
Couper, Ph.D.; Ronald G. Crystal, M.D.; Jeffrey
L. Curtis, M.D.; Claire M. Doerschuk, M.D.; Mark
T. Dransfield, M.D.; Brad Drummond, M.D.;
Christine M. Freeman, Ph.D.; Craig Galban,
Ph.D.; Annette T. Hastie, Ph.D.; Yvonne Huang,
M.D.; Robert J. Kaner, M.D.; Eric C. Kleerup,

M.D.; Lisa M. LaVange, Ph.D.; Stephen C.
Lazarus,M.D.; Fernando J.Martinez,M.D., M.S.;
Deborah A. Meyers, Ph.D.; Wendy C. Moore,
M.D.; John D. Newell, Jr., M.D.; Laura Paulin,
M.D., M.H.S.; Cheryl Pirozzi, M.D.; Nirupama
Putcha, M.D., M.H.S.; Elizabeth C. Oelsner,
M.D., M.P.H.; Wanda K. O’Neal, Ph.D.; Victor E.
Ortega, M.D., Ph.D.; Sanjeev Raman, M.B. B.S.,
M.D.; Stephen I. Rennard, M.D.; Donald P.
Tashkin, M.D.; J. Michael Wells, M.D.; and
Robert A. Wise, M.D. The project officers from
the Lung Division of the U.S. National Heart,
Lung, and Blood Institute were Lisa Postow,
Ph.D., and Lisa Viviano, B.S.N.

References

1 Mokdad AH, Ballestros K, Echko M, Glenn S, Olsen HE, Mullany E, et al.;
US Burden of Disease Collaborators. The state of US health, 1990-2016:
burden of diseases, injuries, and risk factors among US states. JAMA
2018;319:1444–1472.

2 Fletcher C, Peto R. The natural history of chronic airflow obstruction. BMJ
1977;1:1645–1648.

3 Global Initiative for Chronic Obstructive Lung Disease (GOLD). Global
strategy for the diagnosis, management and prevention of chronic
obstructive pulmonary disease: 2019 report. 2019 [accessed 2020
Apr 17]. Available from: www.goldcopd.org.

4 Reyfman PA, Washko GR, Dransfield MT, Spira A, Han MK, Kalhan R.
Defining impaired respiratory health: a paradigm shift for pulmonary
medicine. Am J Respir Crit Care Med 2018;198:440–446.

5 Lundb€ack B, Lindberg A, Lindstr€om M, R€onmark E, Jonsson AC,
J€onsson E, et al.; Obstructive Lung Disease in Northern Sweden
Studies. Not 15 but 50% of smokers develop COPD?: report from the

obstructive lung disease in northern Sweden studies. Respir Med
2003;97:115–122.

6 RennardSI, Vestbo J.COPD: the dangerous underestimate of 15%.Lancet
2006;367:1216–1219.

7 Woodruff PG, Barr RG, Bleecker E, Christenson SA, Couper D, Curtis JL,
et al.; SPIROMICSResearch Group. Clinical significance of symptoms in
smokers with preserved pulmonary function. N Engl J Med 2016;374:
1811–1821.

8 Ohar JA, Sadeghnejad A, Meyers DA, Donohue JF, Bleecker ER.
Do symptoms predict COPD in smokers? Chest 2010;137:1345–
1353.

9 Tan WC, Bourbeau J, Hernandez P, Chapman KR, Cowie R, FitzGerald
JM, et al.; CanCOLD Collaborative Research Group. Exacerbation-like
respiratory symptoms in individuals without chronic obstructive
pulmonary disease: results from a population-based study. Thorax 2014;
69:709–717.

10 Han MK, Kazerooni EA, Lynch DA, Liu LX, Murray S, Curtis JL, et al.;
COPDGene Investigators. Chronic obstructive pulmonary disease

Table 3. Univariate and multivariate models of biomarkers in nonresilient smokers and never-smokers

Unadjusted Adjusted

Group Coefficient SE 95% CI P Value Coefficient SE 95% CI P Value

Sputum mucin (in mg/ml) Resilient Reference Reference
n = 806 Nonresilient 0.02 0.15 20.28 0.32 0.90 20.04 0.15 20.34 0.26 0.80

Never-smoker 20.26 0.17 20.60 0.08 0.13 20.08 0.18 20.44 0.27 0.65

CRP (in mg/ml) Resilient Reference Reference
n = 1,539 Nonresilient 0.45 0.15 0.15 0.75 0.003* 0.35 0.15 0.05 0.65 0.02†

Never-smoker 0.09 0.17 20.24 0.41 0.59 0.14 0.18 20.21 0.49 0.42

Fibrinogen (in mg/ml) Resilient Reference Reference
n = 1,539 Nonresilient 0.01 0.05 20.08 0.1 0.85 20.01 0.05 20.10 0.08 0.79

Never-smoker 20.08 0.05 20.17 0.02 0.11 20.06 0.05 20.17 0.04 0.23
sTNFRSF1A (in pg/ml) Resilient Reference Reference

n = 1,539 Nonresilient 0.08 0.05 20.02 0.18 0.12 0.11 0.05 0.01 0.20 0.03†

Never-smoker 20.03 0.05 20.14 0.08 0.56 0.07 0.06 20.04 0.18 0.23
sTNFRSF1B (in ng/ml) Reference Reference

n = 1,539 Nonresilient 0.06 0.04 20.03 0.14 0.20 0.07 0.04 20.02 0.16 0.11
Never-smoker 20.07 0.05 20.17 0.02 0.14 0.03 0.05 20.07 0.13 0.52

Definition of abbreviations: CI = confidence interval; CRP = C-reactive protein; SE = standard error; sTNFRSF1A = soluble tumor necrosis factor
receptor 1A; sTNFRSF1B = soluble tumor necrosis factor receptor 1B.
Reference group = Resilient smokers. Multivariate models adjusted for age, sex, race, cigarette pack-years, current smoking status, and asthma
diagnosis. P , 0.05 shown in bold typeface. All biomarkers were natural log transformed.
*False discovery rate , 0.05.
†False discovery rate , 0.1.

ORIGINAL RESEARCH

1830 AnnalsATS Volume 18 Number 11 | November 2021

http://www.spiromics.org
http://www.spiromics.org
www.goldcopd.org


exacerbations in the COPDGene study: associated radiologic
phenotypes. Radiology 2011;261:274–282.

11 Lutchmedial SM, Creed WG, Moore AJ, Walsh RR, Gentchos GE,
Kaminsky DA. How common is airflow limitation in patients with
emphysema on CT scan of the chest? Chest 2015;148:176–184.

12 Regan EA, LynchDA, Curran-Everett D, Curtis JL, Austin JHM,Grenier PA,
et al.; Genetic Epidemiology of COPD (COPDGene) Investigators.
Clinical and radiologic disease in smokers with normal spirometry. JAMA
Intern Med 2015;175:1539–1549.

13 Ghobadi H, Ahari SS, Kameli A, Lari SM. The relationship between COPD
assessment test (CAT) scores and severity of airflow obstruction in stable
COPD patients. Tanaffos 2012;11:22–26.

14 Fink A, Kosecoff J, Chassin M, Brook RH. Consensus methods:
characteristics and guidelines for use. Am J Public Health 1984;74:979–
983.

15 Morisset J, Johannson KA, Jones KD, Wolters PJ, Collard HR, Walsh SLF,
et al.; HP Delphi Collaborators. Identification of diagnostic criteria for
chronic hypersensitivity pneumonitis: an international modified Delphi
survey. Am J Respir Crit Care Med 2018;197:1036–1044.

16 Di Marco F, Balbo P, de Blasio F, Cardaci V, Crimi N, Girbino G, et al. Early
management of COPD: where are we now and where do we go from
here?ADelphi consensus project. Int J ChronObstruct PulmonDis2019;
14:353–360.

17 Menzies-Gow A, Bafadhel M, Busse WW, Casale TB, Kocks JWH, Pavord
ID, et al. An expert consensus framework for asthma remission as a
treatment goal. J Allergy Clin Immunol 2020;145:757–765.

18 Maher TM,WhyteMKB, HoylesRK, Parfrey H,Ochiai Y, MathiesonN, et al.
Development of a consensus statement for the definition, diagnosis, and
treatment of acute exacerbations of idiopathic pulmonary fibrosis using
the Delphi technique. Adv Ther 2015;32:929–943.

19 Couper D, LaVange LM, Han M, Barr RG, Bleecker E, Hoffman EA, et al.;
SPIROMICS Research Group. Design of the subpopulations and
intermediate outcomes in COPD study (SPIROMICS). Thorax 2014;69:
491–494.

20 Hsu CC., Sandford BA. The Delphi technique: making sense of consensus.
Pract Assess Res Eval 2007;12:1–7.

21 Fitch K, Berstein SJ, Aguilar MD, Burnand B, LaCalle JR, Lazaro P, et al.
The rand/UCLA appropriateness method user’s manual. 2001

22 Linstone HA, Turoff M, Helmer O. The Delphi method techniques and
applications. Reading, MA: Addison-Wesley Publishing Company; 1975.
pp. 3–12.

23 KesimerM, Ford AA, Ceppe A, Radicioni G, Cao R, Davis CW, et al.Airway
mucin concentration as a marker of chronic bronchitis. N Engl J Med
2017;377:911–922.

24 Jiang R, Burke GL, Enright PL, Newman AB, Margolis HG, Cushman M,
et al. Inflammatory markers and longitudinal lung function decline in the
elderly. Am J Epidemiol 2008;168:602–610.

25 Ahmadi-Abhari S, Kaptoge S, Luben RN, Wareham NJ, Khaw KT.
Longitudinal association of C-reactive protein and lung function over 13
years: the EPIC-Norfolk study. Am J Epidemiol 2014;179:48–56.

26 Garudadri S, Woodruff PG, HanMK, Curtis JL, Barr RG, Bleecker ER, et al.
Systemic markers of inflammation in smokers with symptoms despite
preserved spirometry in SPIROMICS. Chest 2019;155:908–917.

27 Dentener MA, Creutzberg EC, Schols AMWJ, Mantovani A, van’t Veer C,
Buurman WA, et al. Systemic anti-inflammatory mediators in COPD:
increase in soluble interleukin 1 receptor II during treatment of
exacerbations. Thorax 2001;56:721–726.

28 Takabatake N, Nakamura H, Abe S, Inoue S, Hino T, Saito H, et al.
The relationship between chronic hypoxemia and activation of the
tumor necrosis factor-alpha system in patients with chronic
obstructive pulmonary disease. Am J Respir Crit Care Med 2000;161:
1179–1184.

29 Groenewegen KH, Dentener MA, Wouters EFM. Longitudinal follow-up of
systemic inflammation after acute exacerbations of COPD. Respir Med
2007;101:2409–2415.

30 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc B 1995;57:289–
300.

31 Fletcher C.Standardised questionnaires on respiratory symptoms*.BrMed
J 1960;2:1665.

32 Bestall JC, Paul EA, Garrod R, Garnham R, Jones PW, Wedzicha JA.
Usefulness of the Medical Research Council (MRC) dyspnoea scale as a
measure of disability in patients with chronic obstructive pulmonary
disease. Thorax 1999;54:581–586.

33 Jones PW, Harding G, Berry P, Wiklund I, Chen W-HH, Kline Leidy N.
Development and first validation of the COPD assessment test. Eur
Respir J 2009;34:648–654.

34 Stott-Miller M, M€ullerov�a H, Miller B, Tabberer M, El Baou C, Keeley T,
et al. Defining chronic mucus hypersecretion using the CAT in the
SPIROMICS cohort. Int J Chron Obstruct Pulmon Dis 2020;15:2467–
2476.

35 Choate R, Pasquale CB, Parada NA, Prieto-Centurion V, Mularski RA,
Yawn BP. The burden of cough and phlegm in people with COPD: a
COPD patient-powered research network study.Chronic Obstr Pulm Dis
(Miami) 2020;7:49–59.

36 Han MK, Quibrera PM, Carretta EE, Barr RG, Bleecker ER, Bowler RP,
et al.; SPIROMICS investigators. Frequency of exacerbations in patients
with chronic obstructive pulmonary disease: an analysis of the
SPIROMICS cohort. Lancet Respir Med 2017;5:619–626.

37 Galb�an CJ, Han MK, Boes JL, Chughtai KA, Meyer CR, Johnson TD, et al.
Computed tomography-based biomarker provides unique signature for
diagnosis of COPDphenotypes and disease progression.NatMed 2012;
18:1711–1715.

38 HoffmanEA, AhmedFS, BaumhauerH, Budoff M,Carr JJ, KronmalR, et al.
Variation in the percent of emphysema-like lung in a healthy, nonsmoking
multiethnic sample: the MESA lung study. Ann Am Thorac Soc 2014;11:
898–907.

39 Martinez CH, Diaz AA, Meldrum C, Curtis JL, Cooper CB, Pirozzi C, et al.;
SPIROMICS Investigators. Age and small airway imaging abnormalities
in subjects with and without airflow obstruction in SPIROMICS. Am J
Respir Crit Care Med 2017;195:464–472.

40 Kerstjens HAM, Rijcken B, Schouten JP, Postma DS. Decline of FEV1 by
age and smoking status: facts, figures, and fallacies. Thorax 1997;52:
820–827.

41 van Pelt W, Borsboom GJ, Rijcken B, Schouten JP, van Zomeren BC,
Quanjer PH. Discrepancies between longitudinal and cross-sectional
change in ventilatory function in 12 years of follow-up. Am J Respir Crit
Care Med 1994;149:1218–1226.

42 KohansalR,Martinez-CamblorP,Agust�ıA,BuistAS,ManninoDM,SorianoJB.
The natural history of chronic airflow obstruction revisited: an analysis
of the Framinghamoffspring cohort.AmJRespir Crit CareMed 2009;180:3–
10.

43 Martinez CH, Murray S, Barr RG, Bleecker E, Bowler RP, Christenson SA,
et al.; Subpopulations and Intermediate Outcome Measures in COPD
Study Investigators. Respiratory symptoms items from the COPD
assessment test identify ever-smokers with preserved lung function at
higher risk for poor respiratory outcomes: an analysis of the
subpopulations and intermediate outcome measures in COPD study
cohort. Ann Am Thorac Soc 2017;14:636–642.

44 Kalhan R, Tran BT, Colangelo LA, Rosenberg SR, Liu K, Thyagarajan B,
et al. Systemic inflammation in young adults is associated with abnormal
lung function in middle age. PLoS One 2010;5:e11431.

45 Franklin KK, Hart JK. Idea generation and exploration: benefits and
limitations of the policy Delphi research method. Innovative High Educ
2007;31:237–246.

ORIGINAL RESEARCH

Oh, Mularski, Barjaktarevic, et al.: Defining Lung Resilience to Smoking 1831




