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Abstract

Rationale: Cross-sectional analysis of mucus plugs in computed
tomography (CT) lung scans in the Severe Asthma Research
Program (SARP)-3 showed a high mucus plug phenotype.

Objectives: To determine if mucus plugs are a persistent asthma
phenotype and if changes in mucus plugs over time associate
with changes in lung function.

Methods: In a longitudinal analysis of baseline and Year 3 CT
lung scans in SARP-3 participants, radiologists generated mucus
plug scores to assess mucus plug persistence over time. Changes
in mucus plug score were analyzed in relation to changes in lung
function and CT air trapping measures.

Measurements and Main Results: In 164 participants, the
mean (range) mucus plug score was similar at baseline and Year 3
(3.4 [0–20] vs. 3.8 [0–20]). Participants and bronchopulmonary

segments with a baseline plug were more likely to have plugs at
Year 3 than those without baseline plugs (risk ratio, 2.8; 95%
confidence interval [CI], 2.0–4.1; P, 0.001; and risk ratio, 5.0;
95% CI, 4.5–5.6; P, 0.001, respectively). The change in mucus
plug score from baseline to Year 3 was significantly negatively
correlated with change in FEV1% predicted (rp =20.35; P, 0.001)
and with changes in CT air trapping measures (all
P values, 0.05).

Conclusions: Mucus plugs identify a persistent asthma
phenotype, and susceptibility to mucus plugs occurs at the
subject and the bronchopulmonary segment level. The association
between change in mucus plug score and change in airflow over
time supports a causal role for mucus plugs in mechanisms of
airflow obstruction in asthma.
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It has long been known that mucus plugs
occlude the airways in acute severe asthma
(1–7). More recently, mucus plugs have also
been shown to occlude the airways in
chronic severe asthma (8). Specifically,
analysis of multidetector computed
tomography (MDCT) lung scans taken at the
baseline characterization phase of the Severe
Asthma Research Program (SARP)-3 cohort
showed that airway mucus plugs occlude
segmental and subsegmental airways in a
large subset of participants (8). Participants
with high mucus plug scores were
characterized by more severe airflow
obstruction and increased numbers of
eosinophils in sputum (8). Surprisingly,
participants with high mucus plug scores did
not have higher symptom scores for cough
and sputum production than participants
with low or absent airway mucus plugs (8).

The high percentage of airway mucus
plugs previously reported in the SARP-3
cohort at baseline (58% of participants)
together with preliminary data suggesting
persistence of mucus plugs over time led us
to hypothesize that mucus plugs identify a
persistent asthma phenotype that occurs in a
susceptible subset of patients with asthma.
We also hypothesized that airway mucus
plugs are a mechanism of airflow obstruction
in asthma and that changes in airway mucus
plug score over time would associate with
parallel changes in airflow obstruction.

SARP-3 is a longitudinal cohort study that
includes sequential deep phenotyping in
consecutive years (9). We took advantage of
this design here to determine if mucus plugs
are a persistent asthma phenotype and to
explore if variability in airway mucus plugs
over time is linked to variability in lung
function. Because our prior study proposed a
mechanism by which eosinophil peroxidase
generates oxidant acids to cross-link mucin
polymers and stiffen mucus gels (8), we also
investigated whether changes in blood and
sputum eosinophils over time correlate with
changes in airway mucus plug scores. Our
overarching aim was to assess whether
longitudinal persistence of plugs supported a
causative role of mucus plugs in airflow
obstruction.

Methods

Participants
Healthy control subjects and participants
with asthma were recruited as part of the
NHLBI SARP-3, a multiyear longitudinal
cohort study in children and adults (9).
Among participants in SARP-3, 60% have
severe asthma as defined by the American
Thoracic Society/European Respiratory
Society consensus (10). Study participants
underwent detailed characterizations at
regular intervals for 3–5 years (see Figure E1
in the online supplement). The
characterization procedures included
questionnaires, spirometry, biospecimen
collection (induced sputum, exhaled breath,
and venous blood), an optional MDCT scan
of the lungs, and repeat characterization after
an intramuscular injection of 40 mg
triamcinolone acetonide (9). Data reported
here are from adult participants who had
MDCT lung scans at both baseline and Year
3 visits. The SARP-3 protocol was approved
by the institutional review board at each
participating institution, and all the
participants provided written informed
consent.

Study Overview
MDCT lung scans from adult SARP-3
participants at the baseline and Year 3 visits
were analyzed to determine the longitudinal
behavior of mucus plugs over time. Airway
mucus plugs were identified and scored by

visual inspection by experienced thoracic
radiologists. The persistence of mucus plugs
over time was assessed at the participant level
and at the bronchopulmonary segment level,
and time-related changes in mucus plugs
were analyzed in relation to changes in
airflow obstruction and sputum eosinophils.
Airflow obstruction was assessed using
measures from spirometry and multiple
quantitative measures of air trapping in the
MDCT lung scans.

MDCT Mucus Plug Score
Four radiologists with subspecialty training
in thoracic radiology scored mucus plugs on
theMDCT scans using a scoring system
based on bronchopulmonary segment
anatomy, as described previously (8). Each
participant’s CT lung scan was randomly
assigned to be independently scored by two
of the four radiologists to ensure a relatively
even representation of each radiologist pair
in the analysis. For a given participant, the
same two radiologists scored the baseline and
Year 3 scans in random order. The
radiologists analyzing the scans were blinded
to clinical details of the participants and
entered their data in real time into a secure
online study survey instrument (Research
Electronic Data Capture). We explored
persistence of airway mucus plugs at the
participant level and the bronchopulmonary
segment level using methods detailed in the
online supplement. The change in mucus
plug score was calculated as the difference
between the Year 3 mucus plug score and the
baseline mucus plug score.

Chronic Mucus Hypersecretion
Chronic mucus hypersecretion was defined
as cough and sputum production on most
days for at least 3 months a year for at least 2
consecutive years (11)

Change in Lung Function Measures
Because the baseline CT scan could be
obtained at different visits, we selected the
baseline spirometry closest to the CT scan
date (Figure E1). The change in lung
function was calculated as the difference
between the Year 3 and baseline lung
function. Previous work in SARP has also
examined longitudinal change in lung
function by calculating the annualized rate of
change (slope) (12). Additional analysis was

At a Glance Commentary

Scientific Knowledge on the
Subject: Airway mucus plugs have
previously been identified in patients
with asthma but have not been
evaluated longitudinally.

What This Study Adds to the
Field: Airway mucus plugs persist in
a subset of patients with asthma.
Mucus plug scores correlate with
changes in airflow over the 3-year
time period, which suggests that
airway mucus plugs are a
mechanism of airflow obstruction
that can be therapeutically targeted.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.
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done with the annualized rate of change in
lung function using available lung function
values from baseline, Year 1, Year 2, and
Year 3.

Change in Air Trapping Measures
Quantitative measures of airway and lung
morphology were generated using Apollo 2.0
software (VIDADiagnostics, Inc.), as
described previously (13–15). Air trapping
measures included density-based measures of
air trapping (percentage of voxels below2856
Hounsfield units [HU] at functional
residual capacity) (16), Jacobian measure of
lung volume change (calculated as the ratio
of lung volume at inspiration over the lung
volume at expiration), and functional small
airway disease (disease probability measure
of gas trapping based on the distribution of
HU between inspiration and expiration)
(17–19). The change in air trapping
measures was calculated as the difference
between the Year 3 and baseline air
trapping measure.

Change in Eosinophil Measures
Change in eosinophils was calculated as the
difference between the Year 3 and baseline
eosinophil measure. Previous work in SARP
has also examined longitudinal change in
sputum granulocytes into categorical
subgroups (20). To compare with lung
function analyses, the annualized rate of
change (slope) in sputum eosinophils was
calculated using available sputum eosinophil
values from baseline, Year 1, Year 2, and
Year 3. This was determined in participants
with acceptable sputum differentials in at
least three visits, which has been validated to
identify inflammatory phenotypes (21). This
was calculated in sputum eosinophils, which
were obtained annually, and not in blood
eosinophils, which were obtained at baseline
and Year 3.

Statistics
Analyses were performed using R, and
figures were created in GraphPad PRISM
(22). Agreement between raters for mucus
plug scores was quantified using the
intraclass correlation coefficient calculated
with a one-way random effects ANOVA
model. Categorical variables were presented
as frequency (percentage) and evaluated by
chi-square analysis. Continuous variables
that displayed roughly symmetric
distributions were summarized by mean
(SD) and evaluated by ANOVA. Continuous
variables that displayed skewed distributions

were summarized by median (quartiles) and
evaluated by nonparametric methods,
including the Kruskal-Wallis test. To
examine the longitudinal change in mucus
plugs, we used Sankey diagrams and state
transition diagrams (23, 24). Pearson’s
correlation coefficient was used to assess the
relationship between continuous variables.
Best-fit lines were constructed using least
squares regression. Multivariable analyses
were calculated using linear regression
models. Linear regression analyses were
performed to: 1) evaluate the effect of mucus
plug score on spirometry and air trapping
measures adjusting for age, baseline blood
eosinophils, and site; and 2) evaluate the
effect of eosinophil measures onmucus plug
score adjusting for age and site. These
adjustment covariates represent the minimal
adjustments sets identified from directed
acyclic graphs (Figure E2). Sensitivity
analyses were performed excluding
participants who had no change in mucus

plug score. Poisson regression was used to
analyze effects on cumulative exacerbations.
Although all participants had CTmucus plug
scores measured, not all participants had
data for every study outcome, and analyses
used available data (Table E1). In all
instances, P values, 0.05 were taken as
statistically significant.

Results

A total of 164 adult participants hadMDCT
lung scans at their baseline and Year 3 visits
in SARP-3. Each scan was analyzed by two
thoracic radiologists to generate a mucus
plug score based on summing of the
bronchopulmonary segment scores. The
intraclass correlation coefficient for between-
rater mucus plug score agreement was 0.80
(95% confidence interval [CI], 0.73–0.85) for
the baseline visit scans and 0.84 (95% CI,
0.78–0.88) for the Year 3 visit scans.

2013

2016

Figure 1. Mucus plug identified in the same airway in baseline and Year 3 multidetector
computed tomography lung scans. Yellow arrowheads indicate mucus plug, and orange
arrowheads indicate blood vessel.
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Mucus Plugs Persist over 3 Years in
the Same Participants and
Bronchopulmonary Segments
Visual inspection of CT scans showed
multiple examples wheremucus plugs
occluded the same airway at baseline and
Year 3 (Figure 1 and Figure E3).More than
half of theMDCT lung scans from the
baseline and Year 3 visits had amucus
plug score of at least 1, and themean
(range)mucus plug score was 3.4 (0–20) at
baseline and 3.8 (0–20) at Year 3 (Figures 2A
and 2B). The distribution of scores was
remarkably similar at both time points
(Figures 2A and 2B).We noted that 53% of
participants had the samemucus plug score
at baseline and Year 3 and that similar
numbers of participants increased or
decreased their mucus plug score (Figure E4).

We explored persistence of airway
mucus plugs at the participant level and the
bronchopulmonary segment level. To do
this, we first generated a Sankey diagram,
which showed that participants who had
mucus plugs at baseline tended to have
mucus plugs at Year 3, while those free of
mucus plugs at baseline tended to remain
free (Figure 2C). As a more quantitative
analysis, we used a state transition diagram
to demonstrate that 82% of participants with
airway mucus plugs at baseline also had
mucus plugs at Year 3, whereas 71% of
participants without visible mucus plugs at
baseline remained without mucus plugs at
Year 3 (Figure 2D). Calculation of the risk
ratio (RR) showed that participants with an
airway mucus plug at baseline were much
more likely to have a plug at Year 3 than
participants without mucus plugs at baseline
(RR, 2.8; 95% CI, 2.0–4.1; P, 0.001).

We next explored persistence of airway
mucus plugs at the level of the
bronchopulmonary segment. In an analysis
of 3,280 bronchopulmonary segments
(164 participants3 20 segments), a Sankey
diagram showed qualitatively that segments
with a mucus plug at baseline tended to
remain mucus plugged at Year 3, whereas
segments without visible mucus plugs at
baseline tended to remain without mucus
plugs at Year 3 (Figure 2E). Here, the state
transition diagram showed that 65% of
segments with airway mucus plugs at
baseline also hadmucus plugs at Year 3,
whereas 87% of segments without mucus
plugs at baseline remained without mucus
plugs at Year 3 (Figure 2F). The risk ratio
showed that a segment with an airway mucus
plug at baseline was significantly more likely

to have a plug at Year 3 than segments with
no baseline mucus plugs (RR, 5.0; 95% CI,
4.5–5.6; P, 0.001).

Anatomic Distribution of Mucus Plugs
To explore if the persistence of airway
mucus plugs varied with lung anatomy, we
analyzed the anatomic distribution of
persistent (plugs present at baseline and
Year 3) and intermittent (plugs present
only at baseline or Year 3) mucus plugs.
We found that the frequency of persistent
and intermittent airway mucus plugs was
similar in the right and left lungs
(Figure 3A) but that both persistent and
intermittent mucus plugs were more
frequent in the lower lobes (Figure 3B).
The posterior segments in the right lower
lobe and left lower lobe had a higher

frequency of persistent and intermittent
mucus plugs than other bronchopulmonary
segments (chi-square= 56.7; P=0.026)
(Figure 3C).

Participants with Plugs Present at
Baseline and Year 3 Have More
Severe Asthma
We determined the clinical features of the
persistent mucus plug subgroup (i.e., those
who had airway mucus plugs on their
MDCT lung scans at both baseline and Year
3 visits). Compared with the mucus
plug–free subgroup (participants with no
mucus plugs on their MDCT lung scans at
baseline or Year 3), the persistent mucus plug
subgroup was older and had more severe
asthma but did not differ significantly in
body mass index, history of gastroesophageal
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reflux disease, or chronic mucus
hypersecretion (Table 1). The proportion of
participants with an FEV1, 60% predicted
was 10-fold higher in the persistent mucus
plug subgroup than in the mucus-free
subgroup (46% vs. 4%; P, 0.001). Features
of type 2 inflammation, including high
sputum eosinophils, high fractional exhaled
nitric oxide levels, and history of nasal
polyps, were much more prominent in the
persistent mucus plug subgroup (Table 1).
Serum IgE concentrations, aeroallergen
sensitivity (including to Aspergillus), and
measures of non–type 2 inflammation (blood
and sputum neutrophils, plasma IL-6) were
not significantly different amongmucus plug
subgroups (Table 1). It was also notable that
more than 20% of participants with
persistent mucus plugs were taking oral
corticosteroids on a chronic basis.

We also analyzed the relationship
between airway mucus plugs and
asthma exacerbations. Compared with
the mucus plug–free subgroup, the
persistent mucus plug subgroup had a
significantly higher number of
exacerbations over 3 years and a
significantly higher annualized
exacerbation rate (Table 2). In
addition, the persistent mucus plug
subgroup was significantly more likely
to have an exacerbation-prone
phenotype, defined as having at least
one asthma exacerbation per year (25)
(Table 2). Furthermore, the change in
airway mucus plug score from baseline
to Year 3 was negatively correlated
and significantly associated in
regression analysis with ACT
(Figure E5).

Changes in Mucus Plug Scores over
Time Associate with Changes in
Airflow Obstruction, Air Trapping, and
Eosinophils
We compared changes in the airway mucus
plug score from baseline to Year 3 to changes
in spirometry outcomes and in CTmeasures
of air trapping.We found that the change in
mucus plug score was negatively and
significantly correlated with changes in
FEV1% predicted (Figure 4A), FVC%
predicted (Figure 4B), and FEV1/FVC
(Figure 4C). In addition, in regression
analysis, increases in the mucus plug score
were significantly associated with decreases
in FEV1% predicted, FVC% predicted, and
FEV1/FVC after controlling for age and
baseline blood eosinophils (Table 3).
Furthermore, using the annualized rate of
change in spirometry outcomes as previously
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Table 1. Clinical Characteristics of Participants with Asthma with and without Mucus Plugs at Baseline and Year 3

Characteristic
Mucus Plug
Free (n=57)

Intermittent
Plugs (n=38)

Persistent Mucus
Plugs (n=69) P Value*

Demographics
Mucus plug score, median (quartiles)

Baseline 0 (0–0) 0 (0–1) 7 (3–12) ,0.001
Year 3 0 (0–0) 1 (0–1) 8 (3–12) ,0.001

Age, yr 43.2 (14.7) 47.7 (12.7) 51.1 (12.8) 0.005
Female, n (%) 42 (73.7) 23 (60.5) 45 (65.2) 0.373
Race, n (%) 0.229

White 37 (64.9) 24 (63.2) 47 (68.1)
Black 15 (26.3) 10 (26.3) 9 (13.0)
Asian 1 (1.8) 3 (7.9) 6 (8.7)
Other 4 (7.0) 1 (2.6) 7 (10.1)

Asthma characteristics
ATS criteria severe asthma, n (%)

Baseline 29 (50.9) 25 (65.8) 58 (84.1) ,0.001
Year 3 20 (35.1) 19 (50.0) 50 (72.5) ,0.001

High-dose inhaled corticosteroid, n (%)
Baseline 34 (59.6) 26 (68.4) 59 (85.5) 0.004
Year 3 29 (50.9) 21 (56.8) 51 (73.9) 0.023

Daily oral corticosteroid, n (%)
Baseline 3 (5.3) 6 (15.8) 15 (21.7) 0.033
Year 3 3 (5.3) 3 (7.9) 16 (23.2) 0.007

ACT score,† median (quartiles)
Baseline 19 (14–21) 18 (12–21) 16 (13–20) 0.213
Year 3 21 (18–23) 20 (14–22) 19 (15–21) 0.039

Chronic mucus hypersecretion, n (%) 13 (25.5) 12 (38.7) 23 (41.1) 0.153

Spirometry
Pre-BD FEV1% predicted

Baseline 85.19 (15.80) 69.75 (18.73) 64.78 (19.01) ,0.001
Year 3 87.07 (16.96) 73.82 (16.46) 64.45 (18.45) ,0.001

Pre-BD FVC% predicted
Baseline 91.60 (15.68) 81.51 (17.71) 79.96 (17.22) ,0.001
Year 3 92.57 (16.12) 83.50 (15.08) 80.25 (16.73) ,0.001

Pre-BD FEV1/FVC, %
Baseline 76.17 (7.46) 68.80 (8.73) 64.31 (8.84) ,0.001
Year 3 76.36 (7.12) 70.63 (7.98) 63.42 (9.07) ,0.001

Post-BD FEV1% predicted
Baseline 92.89 (16.25) 82.36 (16.71) 76.62 (18.11) ,0.001
Year 3 93.34 (17.35) 82.84 (16.01) 75.15 (18.92) ,0.001

Post-BD FVC% predicted
Baseline 95.87 (15.64) 90.20 (16.20) 90.52 (14.99) 0.103
Year 3 95.77 (16.60) 90.23 (14.64) 89.11 (16.25) 0.058

Post-BD FEV1/FVC, %
Baseline 80.14 (7.83) 74.77 (7.04) 68.18 (8.99) ,0.001
Year 3 79.97 (7.15) 74.01 (8.03) 67.42 (9.23) ,0.001

Max-BD reversibility, %
Baseline 10.90 (7.31) 17.40 (17.44) 21.42 (17.25) ,0.001
Year 3 7.51 (6.37) 13.42 (9.31) 18.74 (16.25) ,0.001

Max-BD absolute change, %
Baseline 8.71 (5.29) 10.87 (8.46) 12.12 (7.47) 0.027
Year 3 6.28 (5.10) 9.02 (5.26) 10.70 (8.14) 0.001

Type 2 inflammation features
Blood eosinophils, cells/μl, median (quartiles)

Baseline 160 (104–270) 185 (114–372) 308 (151–546) ,0.001
Year 3 153 (102–248) 212 (120–291) 208 (96–405) 0.19

Sputum eosinophils, %, median (quartiles)
Baseline 0.2 (0.0–0.8) 0.4 (0.0–2.0) 3.5 (0.4–17.3) ,0.001
Year 3 0.4 (0.0–0.9) 1.3 (0.2–3.1) 1.1 (0.2–6.7) 0.016

Baseline FENO, ppb, median (quartiles) 18 (10–28) 20 (12–37) 28 (15–43) 0.017
Baseline nasal polyps, n (%) 2 (3.5) 11 (28.9) 21 (30.4) 0.001
Baseline IgE, kU/L, median (quartiles) 142 (31–258) 171 (36–519) 154 (71–342) 0.524

(Continued)
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described (12), we found that the change in
mucus plug score was negatively correlated
and negatively associated in regression
analysis with the annualized rate of change in
FEV1% predicted, FVC% predicted, and
FEV1/FVC (Figure E6). Finally, the change in
mucus plug score was positively correlated
with global measures of air trapping,
including change in percentage of voxels
below2856 HU, Jacobian mean, and disease
probability measure of functional small
airway disease (Figures 4D–4F and
Table 3).

To examine the relationship between
airway inflammation and airway mucus
plugs, we compared changes in blood and
sputum eosinophils with changes in
mucus plug score. The change in blood
eosinophils and sputum eosinophils was
positively correlated with changes in

mucus plug score (Figures 5A and 5B). In
regression analysis, increases in eosinophil
measures were associated with increases
in mucus plug score after controlling for
age (Figure 5C). In addition, the
annualized rate of change in sputum
eosinophils was also positively correlated
and positively associated in regression
analysis with the change in mucus plug
score (Figure E7). Sensitivity analyses
excluding participants with no change in
mucus plug score demonstrated similar
findings. We were not able to determine
the effect of therapeutic proteins targeting
IL-5 or the IL-4 receptor on the airway
mucus plug score, because few
participants in the cohort had been
prescribed these medicines by their
healthcare providers during the study
time period. Twenty-one patients were

taking biologics targeting type 2 cytokines
during Year 3 (n = 18 on mepolizumab,
n = 3 on reslizumab). The treatment
duration for these biologics ranged from
3 to 21 months.

Discussion

In this study we show that airway mucus
plugs persist in a subset of participants in the
SARP-3 cohort for at least 3 years. Mucus
plugs are therefore a stable asthma
phenotype. Our finding that changes in
mucus plug scores correlated with changes in
FEV1% over the 3-year time period suggests
that airway mucus plugs are a mechanism of
airflow obstruction in asthma.

Our study took advantage of the
longitudinal cohort design of SARP-3 and

Table 1. (Continued)

Characteristic
Mucus Plug
Free (n=57)

Intermittent
Plugs (n=38)

Persistent Mucus
Plugs (n=69) P Value*

IgE sensitization, n (%)
Pollen 27 (47.4) 20 (54.1) 34 (49.3) 0.815
Mold 17 (29.8) 12 (32.4) 26 (37.7) 0.638
Aspergillus fumigatus 8 (14.0) 7 (18.9) 20 (29.0) 0.115
Dust mite/cockroach 26 (45.6) 23 (62.2) 34 (49.3) 0.274
Animal 32 (56.1) 21 (55.3) 42 (60.9) 0.806

Non–type 2 inflammation features
Blood neutrophils, cells/μl, median (quartiles)

Baseline 3,822 (2,928–5,106) 3,869 (2,871–4,972) 3,654 (2,943–4,680) 0.788
Year 3 3,876 (2,967–5,487) 3,492 (2,609–4,940) 4,067 (2,733–4,779) 0.496

Sputum neutrophils, %, median (quartiles)
Baseline 61.7 (40.3–76.9) 63.9 (42.6–83.9) 48.7 (37.2–71.7) 0.29
Year 3 63.7 (50.5–76.7) 63.0 (50.6–81.2) 64.6 (45.7–78.0) 0.944

BMI 33.38 (9.09) 33.29 (9.82) 31.20 (6.36) 0.261
GERD, n (%) 31 (54.4) 15 (39.5) 34 (49.3) 0.283
Baseline plasma IL-6 (pg/ml) 2.40 (2.22) 2.13 (1.80) 2.10 (1.75) 0.736

Definition of abbreviations: ACT=asthma control test; ATS=American Thoracic Society; BD=bronchodilator response; BMI=body mass index;
FENO= fractional exhaled nitric oxide; GERD=gastroesophageal reflux disease.
Data reported as mean (SD) unless otherwise indicated.
*P values calculated as chi-square for categorical variables, ANOVA for continuous parametric variables, and Kruskal-Wallis for continuous
nonparametric variables.
†Scores on ACT range from 25 to 5, with lower scores indicating worse asthma control.

Table 2. Exacerbations in Participants with Asthma with and without Mucus Plugs at Baseline and Year 3

Characteristic
Mucus Plug
Free (n= 57)

Intermittent Mucus
Plugs (n=38)

Persistent Mucus
Plugs (n=69) P Value

Cumulative exacerbations, median (quartiles) 1.0 (0.0–3.0) 1.0 (0.0–2.3) 2.5 (0.8–6.0) ,0.001
Annualized exacerbation rate, median (quartiles) 0.3 (0.0–1.0) 0.3 (0.0–0.8) 0.8 (0.3–2.0) 0.001
Exacerbation phenotype, n (%) 0.028
Exacerbation resistant, 0/yr 27 (50.0) 17 (51.5) 17 (25.4)
Exacerbation intermittent 19 (35.2) 9 (27.3) 31 (46.3)
Exacerbation prone, >1/yr 8 (14.8) 7 (21.2) 19 (28.4)

P values calculated with Poisson regression for cumulative exacerbations, Kruskal-Wallis test for annualized exacerbation rate, and chi-square
test for exacerbation phenotype.
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Figure 4. Relationship between change in mucus plug score and change in airflow. (A) The change in mucus plug score is significantly and
negatively associated with the change in FEV1% predicted. (B) The change in mucus plug score is significantly and negatively associated with
the change in FVC% predicted. (C) The change in mucus plug score is significantly and negatively associated with the change in FEV1/FVC.
(D) The change in mucus plug score is significantly and positively associated with the change in percentage of voxels below 2856 Hounsfield
units (HU). (E) The change in mucus plug score is significantly and negatively associated with the change in Jacobian mean. (F) The change in
mucus plug score is significantly and positively associated with the change in percentage of disease probability measure of functional small
airway disease (DPM fSAD).

Table 3. Relationship among Change in Mucus Plug Score and Change in Lung Function and Air Trapping Measures

Asthma Outcome

Change in Mucus Plug Score

Unadjusted Adjusted for Age

Adjusted for
Age and Blood
Eosinophils

Adjusted for
Age and Sputum

Eosinophils and Site

Change in FEV1% predicted 21.1 (21.5 to 20.6),
P,0.001

21.1 (21.5 to 20.7),
P, 0.001

21.0 (21.5 to 20.6),
P,0.001

21.4 (21.9 to 20.9),
P, 0.001

Change in FVC% predicted 20.8 (21.2 to 20.4),
P,0.001

20.8 (21.2 to 20.4),
P, 0.001

20.7 (21.2 to 20.3),
P,0.001

21.0 (21.5 to 20.5),
P, 0.001

Change in FEV1/FVC, % 20.4 (20.6 to 20.2),
P,0.001

20.4 (20.6 to 20.2),
P, 0.001

20.4 (20.6 to 20.2),
P,0.001

20.5 (20.8 to 20.3),
P, 0.001

Change in voxels below 2856 HU, % 0.8 (0.4 to 1.2),
P,0.001

0.8 (0.4 to 1.2),
P, 0.001

0.7 (0.3 to 1.1),
P=0.001

0.9 (0.4 to 1.4),
P, 0.001

Change in Jacobian mean 20.03 (20.04 to 20.00),
P=0.012

20.02 (20.04 to 20.00),
P=0.012

20.02 (20.04 to 20.00),
P=0.028

20.03 (20.05 to 20.01),
P=0.003

Change in DPM fSAD, % 1.1 (0.4 to 1.7),
P=0.001

1.1 (0.4 to 1.8),
P=0.001

1.0 (0.3 to 1.7),
P=0.004

1.3 (0.5 to 2.1),
P=0.002

Definition of abbreviations: DPM fSAD=disease probability measure of functional small airway disease; HU=Hounsfield units.
Linear regression model reports b coefficient (95% confidence interval). The predictor variable is change in mucus plug score.
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protocol features that includedMDCT lung
scans at the baseline and Year 3 visits. This
protocol design allowed us to apply the
mucus plug scoring system recently
described to quantify mucus plugs at both
time points and to explore longitudinal
relationships betweenmucus plug scores and
lung function (8). Our data show that
participants with mucus plugs at baseline are
highly likely to have mucus plugs 3 years
later, and this participant level susceptibility
to mucus plugs is accompanied by
bronchopulmonary segment level
susceptibility as well. The biologic factors
that govern susceptibility to persistent airway
mucus plugs at the participant level likely
relate to ageing and type 2 inflammation,
because we show that a typical participant
with mucus plug–high asthma is older and
has systemic and airway eosinophilia and
nasal polyps. We can only speculate on the
biologic factors that explain the finding that
bronchopulmonary segments with a mucus
plug at baseline visit are highly likely to have
a mucus plug 3 years later. We did not find
any evidence of an association with obesity,
gastroesophageal reflux disease, or
aeroallergen sensitization, including
Aspergillusmold. It may be that segment-
level susceptibility is explained by prior

infectious or inflammatory injury in the
segment. Normally, environmental insults
that initiate type 2 inflammation in the
airway prompt homeostatic mechanisms that
mediate resolution and repair, but
homeostatic mechanisms may fail in severe
forms of asthma to prevent proper repair.
Instead, reprogramming of epithelial cells
and immune cells at a transcriptional and
epigenetic level may engage in cross-talk to
create a type 2 airway niche that has airway
luminal mucus plugging as its hallmark.

A key finding of our study is that
changes in airway mucus plug score over
time correlate with changes in multiple
measures of airflow obstruction and air
trapping. We previously reported a strong
association between airway mucus plug score
and FEV1 in cross-sectional analyses in
SARP-3, and we speculated that this
relationship could be causal (8). But the
finding here that longitudinal changes in
mucus plugs track with longitudinal changes
in lung function significantly strengthens the
possibility that mucus plugs cause persistent
airflow obstruction and air trapping in
asthma. Proving such a causal relationship
will require clinical trials of mucoactive
drugs, and our data provide a strong
rationale for such trials in mucus-high

asthma. Relevant here is that our data show
that conventional asthma treatment does not
eliminate airway mucus plugs. We report
that mucus plugs persist despite ongoing use
of bronchodilators, inhaled and/or oral
steroids, and an intramuscular triamcinolone
challenge included in the SARP study design.
Few participants were on therapeutic
proteins targeting type 2 cytokines, and
future studies are needed to evaluate whether
improvement in baseline lung function with
biologics while retaining short-acting beta-
agonist reversibility may be due to their
effects on eosinophilic mucous plugs.

In summary, mucus plugs are a persistent
asthma phenotype that can rationally be
targeted with mucoactive drugs with a goal to
improve airflow and asthma control.�
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and positively associated with the change in mucus plug score. (C) Relationship between mucus plug score and eosinophilia adjusted for
covariates. Linear regression model reports b coefficients (95% confidence interval).
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