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BACKGROUND: Bronchodilator responsiveness (BDR) in obstructive lung disease varies over
time and may be associated with distinct clinical features.

RESEARCH QUESTION: Is consistent BDR over time (always present) differentially associated
with obstructive lung disease features relative to inconsistent (sometimes present) or never
(never present) BDR in tobacco-exposed people with or without COPD?

STUDY DESIGN AND METHODS: We retrospectively analyzed data from 2,269 tobacco-exposed
participants in the Subpopulations and Intermediate Outcome Measures in COPD Study
with or without COPD. We used various BDR definitions: change of$ 200 mL and$ 12% in
FEV1 (FEV1-BDR), change in FVC (FVC-BDR), and change in in FEV1, FVC or both (ATS-
BDR). Using generalized linear models adjusted for demographics, smoking history, FEV1

% predicted after bronchodilator administration, and number of visits that the participant
completed, we assessed the association of BDR group: (1) consistent BDR, (2) inconsistent
BDR, and (3) never BDR with asthma, CT scan features, blood eosinophil levels, and FEV1

decline in participants without COPD (Global Initiative for Chronic Obstructive Lung
Disease [GOLD] stage 0) and the entire cohort (participants with or without COPD).

RESULTS: Both consistent and inconsistent ATS-BDR were associated with asthma history
and greater small airways disease (%parametric response mapping functional small airways
disease) relative to never ATS-BDR in participants with GOLD stage 0 disease and the entire
cohort. We observed similar findings using FEV1-BDR and FVC-BDR definitions. Eosino-
phils did not vary consistently among BDR groups. Consistent BDR was associated with
FEV1 decline over time relative to never BDR in the entire cohort. In participants with GOLD
stage 0 disease, both the inconsistent ATS-BDR group (OR, 3.20; 95% CI, 2.21-4.66; P <

.001) and consistent ATS-BDR group (OR, 9.48; 95% CI, 3.77-29.12; P < .001) were asso-
ciated with progression to COPD relative to the never ATS-BDR group.

INTERPRETATION: Demonstration of BDR, even once, describes an obstructive lung disease
phenotype with a history of asthma and greater small airways disease. Consistent demon-
stration of BDR indicated a high risk of lung function decline over time in the entire cohort
and was associated with higher risk of progression to COPD in patients with GOLD stage
0 disease. CHEST 2023; 163(3):502-514
KEY WORDS: bronchodilator; bronchodilator response; bronchodilator responsiveness;
bronchodilator reversibility; COPD
[ 1 6 3 # 3 CHES T MA R C H 2 0 2 3 ]

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chest.2022.11.009&domain=pdf


Take-home Points

Study Question: Is consistent bronchodilator
responsiveness (BDR) over time (always present)
differentially associated with obstructive lung disease
features relative to inconsistent (sometimes present)
or never (never present) BDR in tobacco-exposed
people with or without COPD?
Results: Although both consistent and inconsistent
BDR were associated with asthma and small airways
disease, consistent BDR was associated with a greater
degree of small airways disease and FEV1 decline
over time. Consistent BDR in individuals with
normal spirometry findings is associated with higher
risk for COPD progression.
Interpretation: Demonstration of BDR, even once,
describes an obstructive lung disease phenotype with
a history of asthma and greater small airways disease,
but consistent demonstration of BDR indicates
greater small airways disease and a higher risk of
lung function decline over time. BDR in individuals
with normal spirometry findings was associated with
progression to COPD over time.
Assessment of spirometric bronchodilator responsiveness
(BDR) is a commonly used pulmonary function test in
patients with obstructive lung diseases. According to the
American Thoracic Society (ATS)/European Respiratory
ABBREVIATIONS: ATS = American Thoracic Society; BDR = bron-
chodilator responsiveness; GOLD = Global Initiative for Chronic
Obstructive Lung Disease; Pi10 = square root of the airway wall area
for a hypothetical airway with an internal perimeter of 10 mm;
PRMfSAD = parametric response mapping functional small airways
disease; SPIROMICS = Subpopulations and Intermediate Outcome
Measures in COPD Study
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Society 2005 guidelines, BDR is defined as an increase in
FEV1, FVC, or both of $ 12% and $ 200 mL after
bronchodilator administration.1 Traditionally, BDR has
been considered a feature of asthma. According to Global
Initiative for Asthma guidelines, BDR can confirm the
diagnosis of asthma in patients with consistent clinical
history and airflow limitation.2 The cut off for airflow
limitation is not specified. BDR was used as the sole
diagnostic criterion for asthma in several studies.3-6

Nevertheless, other studies have shown that BDR is
common among patients with COPD.7-11 The accuracy
of BDR to distinguish between asthma and COPD is
low.12-15

The clinical value of BDR to identify phenotypes and
to predict outcomes in COPD also is debatable.16

BDR is not necessarily consistent over time, and its
variability between tests in the same individuals
limits the usefulness of BDR to identify a stable
clinical phenotype in COPD. However, lung function
variability over time is a typical characteristic of
asthma.2 Given that BDR variability over time may
be associated differentially with different clinical
features of obstructive lung disease, we hypothesized
that in a population at high risk of COPD (people
with history of heavy smoking), consistent BDR over
time is associated differentially with obstructive lung
disease features relative to inconsistent or absent
BDR. To investigate our hypothesis, we analyzed data
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from the Subpopulations and Intermediate Outcome
Measures in COPD Study (SPIROMICS). Using data
from tobacco-exposed participants with or without
COPD, we assessed the association of BDR category:
(1) consistent BDR (BDR at every visit), (2)
inconsistent BDR (BDR at some, but not all, visits),
2,770 tobac
with 

2,269 participa

1,481 participants 

Spirometry both b
administratio

One excluded:
> 50% decrease in FVC

after bronchodilator administration

Figure 1 – Flowchart showing participant disposition through the study.
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and (3) no BDR at any visit (BDR at none of the
visits) with clinical asthma diagnosis, blood
eosinophil counts, radiologic characteristics of airway
inflammation, small airways disease and emphysema,
and change in FEV1 after bronchodilator
administration over time.
Study Design and Methods
We retrospectively analyzed data from the SPIROMICS, a prospective
observational study conducted at multiple clinical centers in the United
States (https://www.spiromics.org/spiromics/). The study protocol has
been approved by the institutional review boards at each
participating center (e-Appendix 1). All participants gave written
informed consent. Details of the study protocol have been published
previously.17

Study Participants

We used data of participants in the SPIROMICS with a$ 20 pack-year
smoking exposure. The SPIROMICS enrolled participants with COPD
(FEV1 to FVC ratio after bronchodilator administration of < 0.7) and
without COPD (FEV1 to FVC ratio after bronchodilator
administration of $ 0.7 with an FVC at or more than the lower
limit of normal). Participants were individuals 40 to 80 years of age
from the general population. Individuals with BMI of > 40 kg/m2,
unstable cardiovascular disease, and lung disease other than asthma
and COPD were excluded. Participants had up to five in-person
visits over the course of up to 10 years. At the first visit, they
answered questionnaires that included demographics, smoking
exposure, medical history, and medication use; underwent CBC
count testing; and underwent chest high-resolution CT scans. At
each visit, participants underwent spirometry before and after
bronchodilator administration performed according to ATS/
European Respiratory Society guidelines18 and centralized quality
assurance for acceptability and repeatability. Participants were
instructed to withhold or refrain from vigorous exercise (0.5 h),
smoking (1 h), eating a large meal (2 h), alcohol intake (4 h),
caffeine intake (6 h), inhaled albuterol intake (6 h), inhaled
ipratropium intake (8 h), and any other bronchodilator intake, but
not inhaled glucocorticosteroids, for 24 h before spirometry.
Spirometry after bronchodilator administration was performed
between 15 and 30 min after four inhalations each of albuterol 90
mg/inhalation and ipratropium 18 mg/inhalation.

Of 2,770 tobacco-exposed participants with or without COPD, we
included 2,270 individuals who underwent spirometry both before
and after bronchodilator administration on at least two visits, but
not necessarily at all five visits. After excluding one participant who
showed a decrease in FVC of more than 50% after bronchodilator
administration, 2,269 individuals were included in the analysis, with
1,481 of them showing normal spirometry findings (Fig 1). Of those
participants, 1,481 showed normal spirometry findings (Global
Initiative for Chronic Obstructive Lung Disease [GOLD] stage 0).

Definitions

BDR was defined as an increase in FEV1, FVC, or both of $

12% and $ 200 mL after bronchodilator administration (BDR in
flow, volume, or both) according to the 2005 ATS/European
Respiratory Society guidelines (ATS-BDR). Because the ATS-BDR
definition is a composite of BDR in FEV1, FVC, or both and may
have limited value to predict outcomes and to identify pathologic
features,19,20 we also assessed additional BDR definitions (e-Fig 1).
FEV1-BDR was defined as an increase in FEV1 of $ 12% and of $
200 mL after bronchodilator administration. FVC-BDR was defined
as an increase in FVC of $ 12% and $ 200 mL after bronchodilator
administration. We did not examine the new (2021) ATS/European
Respiratory Society BDR definition21 because it has not been
adopted yet in clinical practice and no evidence is available to show
that it is superior to the previous one (from 2005).22 History of
asthma was self-reported (e-Table 1). Decline of FEV1 (in milliliters
per year) was derived from the slope of a linear regression model
co-exposed participants
or without COPD

nts included in the analysis

with normal spirometry findings

2,270
efore and after bronchodilator
n on at least in two visits
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that was fitted to values for FEV1 after bronchodilator administration
as a function of the number of days since the first visit.

Imaging

At the first visit, participants underwent chest high-resolution CT
scans at maximum inspiration (total lung capacity) and maximal
expiration (residual volume). Quantitative image analysis was
performed using VIDA software. Percent emphysema was defined as
the percentage of voxels at maximum inspiration with attenuation
of < –950 Hounsfield units, and gas trapping was quantified as the
percentage of voxels at maximum expiration with attenuation values
of < –856 Hounsfield units.23 Parametric response mapping was
performed using the Imbio Lung Density Analysis software
application (Imbio, LLC) to distinguish regions of emphysema from
regions of nonemphysematous gas trapping, also called parametric
response mapping functional small airways disease (PRMfSAD).24,25

The square root of the airway wall area for a hypothetical airway
with an internal perimeter of 10 mm (Pi10) was used as a measure
of airway wall thickness.26

Statistical Analysis

The main analysis included participants GOLD stage 0 disease. We
categorized participants with GOLD stage 0 disease based on BDR
variability into three groups: (1) those with consistent BDR when it
is present at every visit; (2) those with inconsistent BDR when it is
chestjournal.org
present at some, but not all, visits; and (3) those never with BDR
when it is not present at any visit. We compared the characteristics
of participants at the baseline (first) visit between groups using the
analysis of variance or the Kruskal-Wallis test for continuous
variables and the c2 test or Fisher exact test for categorical variables.

Then, we examined the association of BDR groups (exposure) with a
history of asthma and history of childhood asthma (outcome is a
binary variable) using multivariate logistic regression models.
Between BDR groups, we compared Pi10, % PRMfSAD,
% emphysema, % gas trapping, blood eosinophil counts, and FEV1

decline using multivariate linear regression models. Least square
means were used for pairwise comparisons with adjustment for
multiple comparisons using Tukey’s method. We repeated the
analysis using data from all participants (with and without COPD).
In addition, we created multivariate logistic regression models to
examine the association of BDR groups with progression to COPD
at visit 5 (4 years from baseline) in participants with GOLD stage
0 disease.

In all multivariate analyses, we adjusted for age, sex, race, smoking
status, pack-years smoked, FEV1 % predicted after bronchodilator
administration at baseline, and number of visits that the participant
completed because participants may have had a variable number of
visits (two to five visits). All statistical analyses were conducted using
R statistical software (R Foundation for Statistical Computing).
Results
Of 2,269 total participants without and without COPD,
813 never showed ATS-BDR, 991 showed inconsistent
ATS-BDR, and 325 showed consistent ATS-BDR. The
never and consistent ATS-BDR groups included more
participants with only two visits relative to the
inconsistent group (e-Table 2).We observed similar
distributions using the FEV1-BDR and FVC-BDR
definitions.

Among participants with GOLD stage 0 disease,
those with consistent ATS-BDR were older, had more
accumulated smoking exposure, were more likely to
use inhaled bronchodilators and inhaled
glucocorticosteroids, and showed lower FEV1 than
the rest of the participants (Table 1). Changes in
FEV1 and FVC after bronchodilators at baseline were
greater in participants with consistent BDR. We
found similar findings in the entire cohort (e-
Table 3).

History of Asthma

In adjusted analysis of the participants with GOLD stage
0 disease, using the ATS-BDR definition, we found
associations with a history of asthma in both the
consistent BDR group (OR, 2.03; 95% CI, 1.20-3.38;
P ¼ .007) and the inconsistent BDR group (OR, 2.00;
95% CI, 1.45-2.78; P < .001) and relative to the never
BDR group (Fig 2). We observed a similar pattern using
the FEV1-BDR and FVC-BDR definitions.
In the analysis of the entire cohort, using the ATS-BDR
definition, we found associations with a history of
asthma in both the consistent BDR group (OR, 2.31;
95% CI, 1.62-3.31; P < .001) and the inconsistent BDR
group (OR, 1.90; 95% CI, 1.44-2.52; P < .001) and
relative to the never BDR group (Fig 2). We observed the
same pattern using the FEV1-BDR and FVC-BDR
definitions. We found similar results regarding the
association of BDR variability with a history of
childhood asthma (e-Fig 2).

Radiographic Findings

In the adjusted analysis, no difference was found in Pi10
across the BDR groups regardless of the BDR definition
used both in the participants with GOLD stage 0 disease
(Fig 3) and in the entire cohort (Fig 4).

In adjusted analysis of the participants with GOLD stage
0 disease, % PRMfSAD was significantly greater in
participants with consistent ATS-BDR (16.9%; 95% CI,
14.9%-18.9%) than % PRMfSAD in participants with
never ATS-BDR (12.0%; 95% CI, 11.1%-13.0%; P <

.001) (Fig 3). In the inconsistent compared with the
never ATS-BDR group, % PRMfSAD was significantly
greater (P < .001). We observed similar findings using
the FEV1-BDR and FVC-BDR definitions. In the entire
cohort, we observed a similar pattern (Fig 4).

In the analysis of participants with GOLD stage
0 disease, % emphysema did not vary between FEV1-
BDR groups. Percent emphysema was greater in the
505
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consistent ATS-BDR group with an average of
4.1% (95% CI, 3.3%-4.8%) relative to the never ATS-
BDR group with an average of 2.8% (95% CI, 2.4%-3.1%;
P ¼ .005) (Fig 3). Percent emphysema also was greater
in the inconsistent FVC-BDR group (3.5%; 95% CI,
3.1%-4.0%) relative to the never FVC-BDR group (2.9%;
95% CI, 2.6%-3.2%; P ¼ .045)

In the entire cohort analysis, % emphysema did not vary
between BDR groups using the ATS-BDR and FVC-
BDR definitions (Fig 4). When using the FEV1-BDR
definition, % emphysema was greater in the never BDR
TABLE 1 ] Baseline Characteristics of Participants With GO
Responsiveness (n ¼ 1,481)

Characteristics at Visit 1 Never

No. of patients 725

Age, y 62.7 � 9.5

Female sex 334 (46.1)

White race 547 (75.4)

BMI, kg/m2 28.7 � 5.1

Pack-years of smoking 45.3 � 26.4

Current individuals who smoke 288 (40.1)

Asthma 91 (12.6)

Childhood asthma 33 (4.6)

Bronchodilator 186 (25.9)

Inhaled corticosteroids 106 (14.8)

Before bronchodilator administration

FEV1, L 2.59 � 0.70

FEV1 % predicted 89.1 � 16.4

FVC, L 3.65 � 0.96

FVC % predicted 95.8 � 14.9

FEV1 to FVC ratio 92.53 � 9.62

After bronchodilator administration

FEV1, L 2.70 � 0.73

FEV1 % predicted 93.1 � 16.6

FVC, L 3.69 � 0.96

FVC% predicted 96.7 � 14.7

FEV1/FVC 95.86 � 9.97

Change in FEV1, mL 120 � 110

Change in FEV1, % 4.7 � 4.2

Change in FVC, mL 40 � 150

Change in FVC, % 1.1 � 4.1

Data are presented as No. (%) or mean� SD, unless otherwise indicated. We c
based on ATS-BDR into three groups: consistent BDR when it is present at ever
never BDR when it is not present at any visit. ATS-BDR ¼ increase in FEV1, FV
according to the American Thoracic Society/European Respiratory Society guid
aNormal spirometry findings.
bAnalysis of variance or Kruskal-Wallis test for continuous variables and c2 or
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group with an average of 8.0% (95% CI, 7.4%-8.5%)
relative to the inconsistent BDR group (6.8%; 95% CI,
6.2%-7.3%; P ¼ .003) and the consistent BDR group
(5.9%; 95% CI, 4.9%-7.0%; P ¼ .001).

In analysis of participants with GOLD stage 0 disease,
% gas trapping was greater in participants with
inconsistent BDR relative to participants with never
BDR (Fig 3). Percent gas trapping also was greater in the
consistent BDR group relative to the never BDR group
when ATS-BDR and FEV1-BDR were applied. In the
entire cohort, we observed a similar pattern (Fig 4)
LD Stage 0 Diseasea Categorized by Bronchodilator

ATS-BDR

P ValuebInconsistent Consistent

629 127 . . .

64.0 � 8.9 63.5 � 8.6 .026

301 (47.9) 51 (40.2) .28

486 (77.3) 108 (85.0) .06

28.6 � 5.2 28.6 � 5.4 .94

48.3 � 23.0 52.3 � 22.8 .004

261 (42.4) 61 (48.4) .20

136 (21.6) 27 (21.3) < .001

69 (11.0) 12 (9.4) < .001

262 (42.1) 61 (48.4) < .001

162 (26.0) 37 (29.6) < .001

2.09 � 0.66 1.83 � 0.55 < .001

74.18 � 17.4 61.2 � 13.0 < .001

3.27 � 0.96 3.19 � 0.94 < .001

87.8 � 16.9 80.9 � 15.3 < .001

83.85 � 10.66 75.63 � 8.97 < .001

2.32 � 0.68 2.23 � 0.62 < .001

82.3 � 17.0 74.9 � 13.3 < .001

3.48 � 0.98 3.65 � 0.99 < .001

93.4 � 15.9 92.8 � 14.9 < .001

87.60 � 10.06 80.44 � 7.00 < .001

230 � 180 410 � 190 < .001

12.4 � 11.4 23.7 � 12.8 < .001

210 � 240 460 � 270 < .001

7.2 � 8.6 15.7 � 9.8 < .001

ategorized tobacco-exposed participants with normal spirometry findings
y visit; inconsistent BDR when it is present at some, but not all, visits; and
C, or both of $ 12% and $ 200 mL after bronchodilator administration
elines; BDR ¼ bronchodilator responsiveness.

Fisher exact test for categorical variables.
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except that gas trapping did not vary between FEV1-
BDR groups.

Eosinophil Counts

In adjusted analysis of participants with GOLD stage
0 disease, the absolute eosinophil counts were greater in
the consistent ATS-BDR group relative to the
inconsistent and never ATS-BDR groups (Fig 5). In the
analysis of the entire cohort, no difference was found in
blood eosinophil counts across BDR groups regardless of
the BDR definition applied.

FEV1 Decline After Bronchodilator Administration

In participants with GOLD stage 0 disease, the decline in
FEV1 after bronchodilator administration was greater in
participants with consistent FEV1-BDR (79 mL/y;
95% CI, 52-106 mL/y) than the decline in never FEV1-
BDR (44 mL/y; 95% CI, 34-55 mL/y; P ¼ .044) (Fig 5).
The decline in FEV1 after bronchodilator administration
0.1

Nev
er

Inc
on

sis
te

nt

Con
sis

te
nt

0.25O
R

 (
9
5
%

 C
I)

0.5

2.5

5
All Participants (n = 2,269)

ATS-BDR group

1

0.1

Nev
er

Inc
on

sis
te

0.25O
R

 (
9
5
%

 C
I)

0.5

2.5

5
All Participan

FEV1-BD

1

0.1

Nev
er

Inc
on

sis
te

nt

Con
sis

te
nt

0.25O
R

 (
9
5
%

 C
I)

0.5

2.5

5

Participants with GOLD stage 0

Disease (n = 1,481)

Participants wit

Disease (

ATS-BDR group

1

0.1

Nev
er

Inc
on

sis
te

0.25O
R

 (
9
5
%

 C
I)

0.5

2.5

5

FEV1-BD

1

Figure 2 – Graphs showing the association of BDR group with asthma in pa
n ¼ 1,481) and the entire cohort (n ¼ 2,269). We categorized tobacco-expos
three groups: consistent BDR when it is present at every visit; inconsistent BDR
is not present at any visit. Multivariate logistic regression models used BDR
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Obstructive Lung Disease.
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was greater in the inconsistent FVC-BDR group (66 mL/
y; 95% CI, 52-80 mL/y) than the decline in the never
FVC-BDR group (45 mL/y; 95% CI, 35-55 mL/y; P ¼
.034). In the entire cohort analysis, consistent BDR was
associated with greater FEV1 decline relative to never
BDR regardless of the BDR definition applied (Fig 5).
Progression to COPD

In 756 participants with GOLD stage 0 disease with
available spirometric data at visit 5 (4 years from
baseline), we found that 29.9% (100 of 334 participants)
in the never ATS-BDR group, 66.7% (246 of 369
participants) in the inconsistent ATS-BDR group, and
90.6% (48 of 53 participants) in the consistent ATS-BDR
group demonstrated COPD at visit 5 (Fig 6). In the
adjusted analysis, both inconsistent ATS-BDR (OR, 3.20;
95% CI, 2.21-4.66; P < .001) and consistent ATS-BDR
(OR, 9.48; 95% CI, 3.77-29.12; P < .001) were associated
with progression to COPD at visit 5 relative to never
nt

Con
sis

te
nt

ts (n = 2,269)

R group

0.1

Nev
er

Inc
on

sis
te

nt

Con
sis

te
nt

0.25O
R

 (
9
5
%

 C
I)

0.5

2.5

5
All Participants (n = 2,269)

FVC-BDR group

1

h GOLD stage 0

n = 1,481)

Participants with GOLD stage 0

Disease (n = 1,481)

nt

Con
sis

te
nt

R group

0.1

Nev
er

Inc
on

sis
te

nt

Con
sis

te
nt

0.25O
R

 (
9
5
%

 C
I)

0.5

2.5

5

FVC-BDR group

1

rticipants with GOLD stage 0 disease (ie, normal spirometry findings;
ed participants with or without COPD based on BDR variability into
when it is present at some, but not all, visits; and never BDR when it
group as the independent variable and asthma diagnosis as the
ce, smoking status, pack-years smoked, and FEV1 % predicted after
DR ¼ increase in FEV1, FVC, or both of $ 12% and $ 200 mL after
DR ¼ increase in FEV1 of$ 12% and$ 200 mL after bronchodilator
bronchodilator administration; GOLD ¼ Global Initiative for Chronic

50
7

http://chestjournal.org


ATS-BDR (e-Table 4). We observed the same pattern
using the FEV1-BDR and FVC-BDR definitions.
Discussion
Among tobacco-exposed people with or without COPD,
both inconsistent and consistent BDR was associated
with a self-reported history of asthma. Consistent BDR
also was associated with evidence of small airways
disease on chest high-resolution CT imaging and greater
lung function decline relative to never BDR regardless of
the BDR definition applied. Among tobacco-exposed
people with normal spirometry findings, both consistent
and inconsistent BDR were associated with progression
to COPD over time.
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Figure 3 – Bar graphs showing the association of BDR group with chest CT
spirometry findings; n ¼ 1,481). We categorized tobacco-exposed participant
groups: consistent BDR when it is present at every visit; inconsistent BDR wh
present at any visit. Multivariate linear regression models with BDR group a
% gas trapping as the dependent variables. All models included the following
FEV1 % predicted after bronchodilator administration at first visit, as well a
mean (LSM). Pairwise comparisons using Tukey’s method correction for LSM
.05. bP < .01. cP < .001. ATS-BDR ¼ increase in FEV1, FVC, or both of $
bronchodilator responsiveness; FEV1-BDR ¼ increase in FEV1 of $ 12% and
FVC of $ 12% and $ 200 mL after bronchodilator administration; Pi10 ¼
internal perimeter of 10 mm; PRMfSAD¼ parametric response mapping func
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Earlier studies failed to show convincing clinical
usefulness of BDR in COPD, likely because the BDR
definition applied was not specific.10,27 The COPDGene
study and the SPIROMICS showed that FEV1-BDR and
FVC-BDR are associated differentially with clinical and
radiographic features of obstructive lung disease.6,19,20

However, an important limitation of BDR to identify a
phenotype is that it is not necessarily stable over time.16

To our knowledge, this is the first study in tobacco-
exposed people with or without COPD examining the
association of BDR over time with clinical and
radiographic features.

Patients with asthma more often demonstrate BDR and
typically BDR that is greater than patients with COPD,
but BDR is common in both diseases.12 Global Initiative
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scan findings in participants with GOLD stage 0 disease (ie, normal
s with normal spirometry findings based on BDR variability into three
en it is present at some, but not all, visits; and never BDR when it is not
s the independent variable and Pi10, % PRMfSAD, % emphysema, and
covariates: age, sex, race, smoking status and pack-years smoked, and

s number of visits. Based on these models, we calculated the least square
were used. Values in the figures are presented as LSM with 95% CI. aP <
12% and $ 200 mL after bronchodilator administration; BDR ¼
$ 200 mL after bronchodilator administration; FVC-BDR ¼ increase in
square root of the airway wall area for a hypothetical airway with an
tional small airways disease.
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Figure 4 – Bar graphs showing the association of BDR group with chest CT scan findings in the entire cohort (n ¼ 2,269). We categorized tobacco-
exposed participants with or without COPD based on BDR variability into three groups: consistent BDR when it is present at every visit; inconsistent
BDR when it is present at some, but not all, visits; and never BDR when it is not present at any visit. Multivariate linear regression models used BDR
group as the independent variable and Pi10, % PRMfSAD, % emphysema, and % gas trapping as the dependent variables. All models included the
following covariates: age, sex, race, smoking status and pack-years smoked, and FEV1 % predicted after bronchodilator administration at first visit, as
well as number of visits. Based on these models, we calculated the least square mean (LSM). Pairwise comparisons using Tukey’s method correction for
LSM were used. Values in the figures are presented as LSM with 95% CI. aP < .05. bP < .01. cP < .001. ATS-BDR ¼ increase in FEV1, FVC, or both
of $ 12% and $ 200 mL after bronchodilator administration; BDR ¼ bronchodilator responsiveness; FEV1-BDR ¼ increase in FEV1 of $ 12% and $
200 mL after bronchodilator administration; FVC-BDR ¼ increase in FVC of $ 12% and $ 200 mL after bronchodilator administration; Pi10 ¼
square root of the airway wall area for a hypothetical airway with an internal perimeter of 10 mm; PRMfSAD¼ parametric response mapping
functional small airways disease.
for Asthma guidelines often are misinterpreted, and
BDR is considered equivalent to the diagnosis of asthma.
It is no surprise that BDR was associated with clinical
asthma diagnosis. Nonetheless, childhood asthma
diagnosis is unlikely to be confounded based on the
presence of BDR because it manifests in childhood with
respiratory symptoms before spirometric evaluation.

We observed that BDR was not associated with airway
wall thickness measured by Pi10, whereas a previous
report by Kim and colleagues28 found an association in
patients with COPD. This discrepancy can be explained
by our inclusion of some participants without a
spirometric diagnosis of COPD as well as differences in
the protocols used to evaluate BDR. In the SPIROMICS,
we aimed to elicit “maximal bronchodilatation” by
chestjournal.org
administering both albuterol and ipratropium, as
opposed to only albuterol.

Our findings complement previous reports in patients
with COPD showing that the various BDR types are
associated differentially with chest CT scan findings of
obstructive lung disease.6,19,20 In the entire cohort that
includes participants with a significant amount of
emphysema, FEV1-BDR was associated inversely with
emphysema. In a physiology study, Cerveri and
colleagues29 showed that greater emphysema is
associated with reduced BDR in FEV1 because the
airway resistance and diameter mostly are determined
by airway-parenchyma interdependence and airway
smooth muscle does not play a significant role when the
lungs are inflated close to total lung capacity at the
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Figure 5 – Bar graphs showing the association of BDR group with blood eosinophil counts at baseline and decline in FEV1 after bronchodilator
administration over time in participants with GOLD stage 0 disease (ie, normal spirometry findings; n ¼ 1,481) and the entire cohort (n ¼ 2,269). We
categorized tobacco-exposed participants with or without COPD based on BDR variability into three groups: consistent BDR when it is present in every
visit; inconsistent BDR when it is present at some, but not all, visits; and never BDR when it is not present at any visit. Multivariate linear regression
models used BDR group as the independent variable and plasma eosinophil levels at baseline or decline in FEV1 % predicted after bronchodilator
administration over time as the dependent variable. All models included the following covariates: age, sex, race, smoking status and pack-years smoked,
and FEV1 % predicted after bronchodilator administration at first visit, as well as number of visits. Based on these models, we calculated the least
square mean (LSM). Pairwise comparisons using Tukey method correction LSM were used. Values in the figures are presented as LSM with 95% CI.
aP < .05. bP < .01. cP < .001. ATS-BDR ¼ increase in FEV1, FVC, or both of $ 12% and $ 200 mL after bronchodilator administration; BDR ¼
bronchodilator responsiveness; FEV1-BDR ¼ increase in FEV1 of $ 12% and $ 200 mL after bronchodilator administration; FVC-BDR ¼ increase in
FVC of $ 12% and $ 200 mL after bronchodilator administration; GOLD ¼ Global Initiative for Chronic Obstructive Lung Disease.
beginning of exhalation (BDR in FEV1).
30 This is the

reason that in patients with significant emphysema,
isolated BDR in FVC typically is present.20,30 However,
in participants with GOLD stage 0 disease, the degree of
emphysema is less and BDR maneuvers are not affected.
In those individuals, we observed a positive association
of BDR with emphysema likely because BDR was
associated with small airways disease.

In both the entire cohort and those with GOLD stage
0 disease, more consistent BDR indicates greater small
airways disease (PRMfSAD). We did not find an
510 Original Research
association of FEV1-BDR and traditional gas trapping in
the entire cohort because traditional gas trapping cannot
distinguish emphysema from true gas trapping because
of small airways disease. More consistent FEV1-BDR is
associated with less emphysema, but more true gas
trapping resulting from small airways disease
(PRMfSAD). Thus, the so-called sum of these two (that is,
traditional gas trapping) does not vary between BDR
groups.

Previous studies have shown that BDR is correlated
weakly with sputum and blood eosinophil levels.31-33
[ 1 6 3 # 3 CHES T MA R C H 2 0 2 3 ]
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Figure 6 – Bar graphs showing BDR group and COPD at visit 5 in participants with GOLD stage 0 disease (ie, normal spirometry findings; n ¼ 756).
We categorized tobacco-exposed participants with or without COPD based on BDR variability into three groups: consistent BDR when it is present at
every visit; inconsistent BDR when it is present at some, but not all, visits; and never BDR when it is not present at any visit. ATS-BDR ¼ increase in
FEV1, FVC, or both of $ 12% and $ 200 mL after bronchodilator administration; BDR ¼ bronchodilator responsiveness; FEV1-BDR ¼ increase in
FEV1 of $ 12% and $ 200 mL after bronchodilator administration; FVC-BDR ¼ increase in FVC of $ 12% and $ 200 mL after bronchodilator
administration; GOLD ¼ Global Initiative for Chronic Obstructive Lung Disease.
Our findings failed to show a consistent pattern of BDR
and blood eosinophils. This also may reflect that
eosinophil levels vary over time and that one-time
measurement may not be informative.34,35

We also found that BDR was associated with greater
FEV1 decline over time. Other reports have shown that
lung function decline over time in COPD is associated
with methacholine reactivity and BDR,36,37 but these
reports could have been confounded by less severe lung
function at baseline.16,38,39 The higher the FEV1, the
higher the chance of BDR.8 Nevertheless, a recent report
showed an association of BDR with FEV1 decline even
after adjusting for baseline lung function.20 Consistent
BDR was associated with greater lung function decline
relative to those with never BDR after taking into
account the baseline lung function. Moreover, those with
GOLD stage 0 disease and BDR, in particular those with
consistent BDR, are at higher risk of progression to
COPD. This important finding may be because
individuals with consistent BDR show greater small
airways disease and hence are at higher risk of lung
function decline.25 Finding BDR may indicate small
airways smooth muscle pathologic features playing a
role in the inflammatory and remodeling process of the
airway.40

Our observations suggest that the presence of BDR even
at one visit (inconsistent BDR) describes an obstructive
lung disease phenotype with a history of asthma and
small airways disease, whereas consistent BDR provides
additional characterization of this phenotyping by
indicating a high risk of lung function decline over time.
Tobacco-exposed people with or without COPD and
consistent BDR showed a higher risk of lung function
chestjournal.org
decline and greater severe small airways disease than
individuals with never BDR independent of the FEV1

% predicted after bronchodilator administration.

Our study has several limitations. It included individuals
with at least 20 pack-years cumulative smoking
exposure, so that our results may not be generalizable in
individuals with no or mild smoking exposure. Our
main independent variable, BDR group, was based on
spirometry in several visits, but most of the outcomes
were based on baseline characteristics. Spirometry
performed after administration of both albuterol and
ipratropium, rather than only albuterol, reduces the
chance of submaximal bronchodilation and potential
BDR variation. In the adjusted analysis, we did not
include medications (eg, long-acting bronchodilators) as
covariates in the models because we could not confirm
adherence to and durations of those treatments.
Medications likely were confounded by indication based
on the unadjusted analysis. Participants with consistent
BDR showed worse lung function and more medication
use. Finally, not all the participants underwent all five
annual spirometry examinations. Most of those in the
inconsistent BDR groups underwent four or five visits,
whereas most of the participants in the never and
consistent BDR groups underwent only two visits,
thereby reducing the likelihood of demonstrating
inconsistent BDR. Nonetheless, in the adjusted analysis,
we adjusted for the number of visits that a participant
completed. These limitations do not undermine the
strengths of the study, which include sequential
spirometry with stringent quality controls and a tightly
defined chest CT scan protocol yielding a wealth of CT
scan metrics that relate to lung structure.
511
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Interpretation
In tobacco-exposed people with or without COPD, the
presence of BDR even on one visit describes an
obstructive lung disease phenotype with a greater
likelihood of a history of asthma and more small airways
disease. BDR in patients with GOLD stage 0 disease was
associated with progression to COPD over time.
Moreover, consistent BDR at every visit was associated
with greater small airways disease and higher risk of
lung function decline relative to those with no BDR.
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