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Background:  Airway mucus plugs in asthma are associated with exacerbation frequency, increased eosinophilia, and reduced lung
function. The relationship between mucus plugs and spatially overlapping ventilation abnormalities observed at hyperpolarized gas

MRI has not been assessed quantitatively.

Purpose:  To assess regional associations between CT mucus plugs scored by individual bronchopulmonary segment and corre-
sponding measurements of segmental ventilation defect percentage (VDP) at hyperpolarized helium 3 (*He) MRI.

Materials and Methods:  In this secondary analysis of a Health Insurance Portability and Accountability Act—compliant prospective ob-
servational cohort, participants in the Severe Asthma Research Program (SARP) III (NCT01760915) between December 2012 and
August 2015 underwent hyperpolarized *He MRI to determine segmental VDP. Segmental mucus plugs at CT were scored by two
readers, with segments scored as plugged only if both readers agreed independently. A linear mixed-effects model controlling for
interpatient variability was then used to assess differences in VDP in plugged versus plug-free segments.

Results:  Forty-four participants with asthma were assessed (mean age * standard deviation, 47 years = 15; 29 women): 19

with mild-to-moderate asthma and 25 with severe asthma. Mucus plugs were observed in 49 total bronchopulmonary segments
across eight of 44 patients. Segments containing mucus plugs had a median segmental VDP of 25.9% (25th—75th percentile,
7.3%-38.3%) versus 1.4% (25th—75th percentile, 0.1%—5.2%; P < .001) in plug-free segments. Similarly, the model estimated
a segmental VDP of 18.9% (95% CI: 15.7, 22.2) for mucus-plugged segments versus 5.1% (95% CI: 3.3, 7.0) for plug-free seg-
ments (P < .001). Participants with one or more mucus plugs had a median whole-lung VDP of 11.1% (25th—75th percentile,
7.1%-18.9%) versus 3.1% (25th—75th percentile, 1.1%—4.4%) in those without plugs (P < .001).

Conclusion: ~ Airway mucus plugging at CT was associated with reduced ventilation in the same bronchopulmonary segment at
hyperpolarized helium 3 MRI, suggesting that mucus plugging may be an important cause of ventilation defects in asthma.

© RSNA, 2021
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entilation heterogeneity is a ubiquitous feature of asth-

ma (1) and is reflected in ventilation defects observed
at hyperpolarized helium 3 (*He) MRI (2). These defects
are associated with a history of severe exacerbation (3),
prospective exacerbation frequency (4), global increase in
sputum eosinophils (5), local increases in neutrophils (6),
and air trapping and airway wall thickening (6,7) at CT.
Pathologic changes in goblet cell hyperplasia and mucus
gland hypertrophy have long been associated with inflam-
mation and injury of the airway and with severe exacer-
bations in asthma (8-10); fatal status asthmaticus results
from an acute loss of ventilation/gas exchange secondary to
the rapid accumulation of multiple mucus plugs (11). Mu-
cus plugs can be observed at CT and have been associated

with eosinophilia and reduced lung function as measured
with spirometry (12). Recent work by Svenningsen et al
(13) showed that whole-lung measures of mucus plugs are
associated with the whole-lung ventilation defect percent
(VDP) measured at hyperpolarized *He MRI. However,
mucus and ventilation heterogeneity may be associated
with parallel obstructive processes. There is a lack of studies
that systematically assess bronchopulmonary segment—level
spatial correlations of mucus plugging in asthma with ven-
tilation defects at hyperpolarized gas MRI through direct
spatial registration and quantitative statistical evaluation.
We sought to evaluate the regional association between the
presence of airway mucus plugs within a bronchopulmo-
nary segment and corresponding measures of ventilation
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Abbreviations

FEV, = forced expiratory volume in 1 second, FVC = forced vital ca-
pacity, SARP = Severe Asthma Research Program, VDP = ventilation
defect percentage

Summary

Mucus plugs identified at CT in asthma were spatially correlated with
regions of ventilation defect identified at hyperpolarized helium 3
MR, suggesting sensitivity to localized, potentially treatable causes of
airway obstruction.

Key Results

= In a secondary analysis of a prospective observational cohort,
44 participants with asthma were imaged using hyperpolarized
helium 3 (*He) MRI and CT; bronchopulmonary segments con-
taining mucus plugs had an elevated segmental ventilation defect
percentage (VDP) of 25.9% compared with segments without vis-
ible mucus plugs (1.4%; P < .001).

= A linear mixed-effects model predicted a segmental VDP of 18.9%
for mucus-plugged segments versus 5.1% for plug-free segments
(P <.001).

observed at hyperpolarized *He MRI in the same segment. Thus,
the aim of our study was to assess regional associations between
CT mucus plugs scored by individual bronchopulmonary seg-
ment and corresponding measurements of segmental VDD at
hyperpolarized *He MRI.

Materials and Methods

Study Sample

Our study sample was drawn from the University of
Wisconsin-Madison subset of the multisite National Heart,
Lung, and Blood Institute, or NHLBI, Severe Asthma Research
Program (SARP) IIT (SARPIII) cohort with inclusion criteria as
described previously (14), all of whom were recruited and imaged
between December 2012 and August 2015 (ClinicalTrials.gov
identifier: NCT01760915). This secondary analysis of a pro-
spective study was compliant with the Health Insurance Porta-
bility and Accountability Act and approved by our institutional
review board. Written informed consent was obtained from all
participants.

The sample was classified as having mild-to-moderate or
severe asthma as defined by the SARP (ClinicalTrials.gov
identifier: NCT01606826) criteria (15). Patients from the
UW-Madison SARPIII cohort who were imaged using both
hyperpolarized *He MRI and inspiratory CT were eligible for in-
clusion in this substudy. Patients were excluded if image analysis
was precluded by technical problems with CT or hyperpolarized
SHe MR, including issues with acquisition or image quality (Fig
1). A subset of these participants was scored for segmental mucus
plugs at CT by a team of radiologists as part of a separate analy-
sis that required 3-year follow-up CT. Thus, participants lost to
follow-up (eg, those who moved out of the area or chose to dis-
continue) were not scored and were excluded from the study.

Portions of these results were presented as abstracts at the
2016 and 2018 annual meetings of the American Thoracic So-
ciety (16,17). Overlap of the current study sample with these
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SARPIII Participants Recruited at
UW-Madison
N=100,
{ ) Did not undergo baseline
hyperpolarized *He MRI
i (N=22)
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(N=78)
Did not undergo inspiratory CT
(N=20)

y

3He MRI and inspiratory CT at
baseline
(N=58)

Unable to create/utilize CT
> anatomical segmentation
(N=5)

Hyperpolarized 3He MRI
technical issue
(N=4)

A

Complete segmental VDP
analysis
(N=49)

Moved out of area or
otherwise withdrew from
study before completion

(N=5)

y

Final sample: segmental VDP
and mucus plug score
(N=44)

Figure 1:
and percentage of fotal at each stage. All imaging was performed after administra-
tion of a bronchodilator. Segmental mucus plugs were scored by a team of radiolo-

Flowchart of study sample and image processing steps with number

gists as part of a larger study that required 3-year follow-up CT. Thus, patients who
were lost o follow-up because they moved out of the area or otherwise withdrew
from the study (n = 5) were not scored and were excluded from our final sample.
SARPIII = Severe Asthma Research Program Ill, VDP = ventilation defect percentage.

previous works includes 20 and seven, respectively, of the 44 to-
tal participants studied in the current work; the former were part
of an analysis of lobar associations, and the latter, an analysis of
the same associations but in a much smaller sample. Data gener-
ated by the authors or analyzed during the study are available
from the corresponding author by request.

Global markers included spirometry results, fractional ex-
haled nitric oxide, and blood and sputum samples; all studies
were performed on the same visit day. Blood serum analysis and
measurements of fractional exhaled nitric oxide were performed
as described elsewhere (15). Percentage of predicted values for
forced expiratory volume in 1 second (FEV ), forced vital capac-
ity (FVC), and FEV /FVC ratio were generated using the Global
Lung Function Initiative reference values (18).

Image Acquisition

Imaging included CT, conventional proton MRI, and hyperpo-
larized *He MRI. To mitigate the effects of airway hyperrespon-
siveness, CT, MRI, and spirometry were performed after admin-
istration of four puffs of albuterol, a B-agonist bronchodilator.
Volumetric multi-detector-row CT without contrast agent was
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performed at total lung capacity during a breath hold of approxi-
mately 4 seconds by using a Light Speed CT scanner (GE Health-
care) with 64 detectors (0.625 mm? voxel size in axial plane,
0.625-mm section thickness, 0.5-mm section interval, with CT
dose index volume ranging from 6.1 mGy to 11.4 mGy). Images
were reconstructed using the standard kernel. Specific acquisition
parameters are presented in Table E1 (online).

MRI was performed by using a 1.5-T Signa HDx scanner
(GE Healthcare) with a flexible (IGC Medical Advances) or a
rigid-body (Rapid Biomedical) single-channel volume coil, de-
pending on patient size. Both coils were tuned to operate at the
resonant frequency of *He and decoupled from the body radio-
frequency coil so that proton MRI and hyperpolarized *He MRI
could be performed consecutively without moving the patient.
Images were acquired by using a two-dimensional multiple axial
section Cartesian acquisition covering the entire lung volume
(repetition time msec/echo time msec of 6.5/2.9, flip angle of
14 degrees, in-plane voxel size of 1.56 mm?, and section thick-
ness of 15 mm). Additional parameters are summarized in Table
E2 (online). Polarization of *He gas was performed with a Heli-
Spin commercial polarizer (Polarean Imaging) using the spin—
exchange optical pumping method as described
by Walker and Happer (19).

MRI data were supervised by one author (D.G.M., biomedi-
cal engineering, with 7 years of experience). Chest CT images
were processed through Apollo 2.0 software (VIDA Diagnos-
tics) to generate a segmental anatomic mask identifying 19
individual bronchopulmonary segments. The hyperpolarized
SHe MRI lung boundary was segmented with reference to pro-
ton MRI by using in-house software written in Matlab, version
2015 (MathWorks). The CT lung boundary mask from VIDA
was deformably registered to the hyperpolarized He MRI
boundary mask by using the ANTs software package (hrzps://
stnava.github.io/ANT5/), and the resulting transformation was
applied to the original CT images and CT-derived anatomic
mask, thereby registering them to the hyperpolarized *"He MRI
(see image analysis workflow in Fig E1 [online]). Ventilation
defects were classified at hyperpolarized *He MRI using a pre-
viously published semiautomated algorithm (20) to calculate
whole-lung VDP. The VDP by individual bronchopulmonary
segment (segmental VDP) was determined by using the CT
segmental mask generated by VIDA registered to the whole
lung ventilation defect mask, a method based on the technique

described by Thomen et al (21).

As noted above, CT and MRI were acquired

Table 1: Summary of Study Sample Characteristics at Imaging Visit

after administration of a bronchodilator. A 4.5-
mM dose of hyperpolarized *He mixed with
N, normalized to 14% of the participant’s to-

tal lung capacity was prepared in a Tedlar bag
(Jensen Inert Products) purged of oxygen to
slow T1 relaxation. The participant was posi-
tioned supine in the scanner and inhaled the gas
dose from functional residual capacity through
a short plastic tube attached to the bag. Par-
ticipants were instructed to hold their breath
through a 12-20-second acquisition depending
on the number of sections necessary to cover the
entire lung volume. Blood oxygen saturation was
monitored continuously by using a pulse oxim-
eter to ensure safety during and after the anoxic

breath hold.

Image Analysis

Mucus plug scoring at CT was performed VDP (%)*

No Mucus Plug One or More Mucus

Characteristic (n=36) Plug(s) (7 = 8) P Value
Severe asthma* 18 (50) 7 (88) 11
Women* 26 (72) 3 (38) .10
Mean age and SD (y) 45 + 16 54 *+ 10 .18
Mean BMI and SD (kg/m?) 29.4 = 5.7 29.3 6.5 94
Predicted FEV, (%)* 93.5 (81.1-109.0)  70.7 (67.4—74.3) <.001
Predicted FEV /FVC (%)*  97.1 (91.0-100.0)  81.2 (76.7-87.9) 001
Predicted FVC (%) 97.8 (86.5-105.2) 86.8 (82.5-90.8) .07
FeNO 16.0 (10.0-28.0)  33.5 (13.5-42.8) 13
Blood eosinophil count 204 (108-284) 289 (172-420) .18

(cells/p.L)
Blood neutrophil count 3822 (3026-4420) 3390 (3034-3994) .64

(cells/wL)
Sputum eosinophils (%) 0.4 (0.0-1.1) 15.0 (1.4-32.2) .02
Sputum neutrophils (%) 61.7 (48.3-79.4) 38.9 (37.3-47.6) .052
Plasma IL-5 level (pg/ml) 17.5 (15.7-19.3) 22.3 (21.6-23.0) <.001

Plasma IL-6 level (pg/ml)

1.2 (0.8-1.8)
3.1 (1.1-4.4)

1.5 (0.9-1.9) .53
11.1 (7.1-18.9) <.001

by a team of five expert thoracic radiologists
(B.M.E., with 14 years of experience; J.D.N.,
40 years; D.S.G., 26 years; S.K.N., 10 years;
and M.L.S., 34 years) as part of a multisite ef-
fort within the SARPIII study, using the man-
ual scoring system developed by Dunican et al
(12). Two readers were randomly assigned to
score each CT scan and were blinded to partici-
pant characteristics and outcomes. Each indi-
vidual bronchopulmonary segment was classi-
fied as having a mucus plug only if both readers
independently scored that a plug was present;

otherwise, it was not scored as a plug. Regis-
p g g Tp< .05.

tration, segmentation, and analysis of CT and

Note.—Unless otherwise specified, data are medians, with 25th—75th percentiles in
parentheses. Spirometry percentage predicted values are shown after bronchodilator
administration to match imaging protocol. Mucus score and ventilation defect
percentage reported here are for whole lung. Differences in quantitative values
between the plugged and nonplugged groups were assessed using Fisher exact

test for count data and Wilcoxon rank sum test for continuous data. Missing

data, reported as number of patients with percentages in parentheses, are as

follows: fractional exhaled nitrous oxide, 1 (2%); sputum eosinophil count/
neutrophil count, 6 (14%); interleukin 5, 14 (32%); interleukin 6, 8 (18%).

To convert eosinophil and neutrophil counts to SI units (X10°/L), multiply by
.001. BMI = body mass index, FeNO = fractional exhaled nitrous oxide, FEV, =
forced expiratory volume in 1 second, FVC = forced vital capacity, SD = standard
deviation, VDP = ventilation defect percentage.

* Data in parentheses are percentages.
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Statistical Analysis

On the basis of previously published results in the
SARPIII population (12), we anticipated that mu-
cus plugs would be identified in approximately 15%
of bronchopulmonary segments. Preliminary analy-
ses in a pilot population in our group suggested that
we could expect an absolute segmental VDP differ-
ence of 10% in plugged segments versus segments
without plugs. Accounting for estimated unequal
variances of 10% in plugged segments versus 5%
in plug-free segments, a one-sided test suggested
that a minimum sample size of 158 bronchopulmo-
nary segments (including at least 24 segments with
plugs) would be necessary for 99% power to detect
a significant difference. Differences in quantitative
variables, including whole-lung VDP in participants
with one or more mucus plugs versus those with-
out, and in segmental VDP in segments with plugs
versus those without, were assessed by using the
Fisher exact test for count data and the Wilcoxon
rank-sum test for continuous data. We then used
an ordinary linear mixed-effects model to assess the
association between a segmental mucus plug and
segmental VDP while controlling for interpatient variation in
overall defect burden. This same analysis was also performed
with a log transform of segmental VDP (offset, 0.01) to ensure
that findings were robust. Statistical analyses were performed by
using R software, version 3.6.0 (https:/fwww.r-project.orgl). Sta-
tistical analyses were performed by one author (D.G.M.) and
supervised and reviewed by another author (M.D.E., biostatis-
tics, with 17 years of experience). A P value of .05 or lower was
considered to indicate statistical significance.

Results

Characteristics of Study Sample

A total of 100 patients from SARPIII were recruited at UW-
Madison. Among these, 58 were imaged and analyzed using
both hyperpolarized *He MRI and inspiratory CT and were thus
eligible for inclusion in this substudy. Among these, five patients
were excluded because of technical issues with acquisition and/or
analysis of CT images, and four were excluded because of techni-
cal issues with acquisition and/or analysis of hyperpolarized *He
MRI. Among the remaining 49 patients, five moved out of the
area or otherwise withdrew before study completion; thus, they
were lost to follow-up and not scored at CT. This resulted in a
final sample of 44 patients (Fig 1). Among the 44 individuals
(mean age = standard deviation, 47 years = 15; 29 women) in
the study sample, 19 were classified as having mild-to-moderate
asthma and 25 as having severe asthma; 825 bronchopulmonary
segments were evaluated, 49 (5.9%) of which were identified as
having a mucus plug. Study sample characteristics are further
summarized in the Table, stratified into two groups: patients
with zero mucus plugs identified (7 = 36) and those with one
or more mucus plugs identified (7 = 8). The latter group had
a median of 5.5 segments with identified mucus plugs (range,
1-11 segments affected).

Radiology: Volume 303: Number 1—April 2022 » radiology.rsna.org

Figure 2:
ing 31% of the segmental lobe volume at hyperpolarized helium 3 MRI (arrow) and (B) a spatially
overlapping mucus plug visualized at CT (arrowheads).
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Segmental VDP 31%

Representative images of (A) segmental ventfilation defect percentage (VDP) affect-
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Figure 3:  Box plot shows segmental ventilation defect percentage (VDP) in

segments with no mucus plug (leff) and with at least one mucus plug (right). Hori-
zontal lines represent the median, 25th percentile, and 7 5th percentile values.
Each dot represents one individual bronchopulmonary segment. Of the 825 total
bronchopulmonary segments evaluated, 49 (5.9%) were identified as having a
mucus plug. Segments with mucus plugs had a median segmental VDP of 25.9%
(25th-75th percentile, 7.3%-38.3%) versus 1.4% (25th—75th percentile, O.1%-
5.2%) in segments without a mucus plug (P < .001).

Differences between Patients without Any Detectable Mucus
Plugs versus at Least One Mucus Plug

Compared with patients lacking detectable mucus plugs, those
with at least one mucus plug identified had reduced percent-
age predicted FEV, (median [25th-75th percentile], 70.1%
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I < .001). Statistical significance
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Figure 4:

the eight individual participants (participants A-H) with identified mucus plugs. Horizontal lines represent the median, 25th
percentile, and 75th percentile values. Each dot represents one individual bronchopulmonary segment. The number of plugs
identified in each participant ranged from 1 to 11, as indicated in each subplot fifle, with @ median value of 5.5 plugged
segments. Median segmental VDP in plugged segments was higher than that in the unplugged segments in all but one par-
ticipant (participant H, with only one mucus plug identified). In specific participants, there is considerable overlap in values
for plugged versus unplugged segments, as in participant B, for whom nearly all segments have substantial segmental VDP,

and in paricipant C, for whom all segments have relatively low segmental VDP.

[67.4%-74.3%] versus 93.5% [81.1%-109.0%]; P < .001)
and percentage predicted FEV /FVC (81.2% [76.7%-82.5%)]
versus 97.1% [91.0%-100.0%]; P = .001), greater sputum eo-
sinophils (15.0% [1.4%—32.2%] versus 0.4% [0.0%—1.1%]; P =
.01), greater plasma interleukin 5 (22.3 pg/ml [21.6-23.0] versus
17.5 pg/ml [15.7-19.3]; P < .001), and greater whole-lung VDP
(11.1% [7.1%-18.9%] versus 3.1% [1.1%—4.4%]; P < .001)
(Fig E2 [online]).

Regional Correlations between Mucus Plugs and Segmental
VDP

Example images of a mucus plug visualized at CT and a spa-
tially overlapping ventilation defect at hyperpolarized *He MRI
are shown in Figure 2. Of the 825 total bronchopulmonary
segments evaluated, 49 (5.9%) were identified as having a mu-
cus plug. Segments with mucus plugs had a median segmental
VDP of 25.9% (25th-75th percentile, 7.3%-38.3%) versus
1.4% (25th—75th percentile, 0.1%-5.2%) in segments with-

Plots show segmental ventilation defect percentage (VDP) in plugged versus nonplugged segments in each of

formation of segmental VDD

Discussion

Although mucus plugs in asthma
have been associated with exac-
erbation frequency, increased
eosinophilia, and reduced lung
function, their relationship with
spatially overlapping ventilation
defects observed at hyperpolar-
ized helium 3 (*He) MRI has not
been assessed quantitatively. Here, we measured associations
between mucus plugs scored by individual bronchopulmonary
segment at CT and spatially corresponding measurements of
segmental ventilation defect percentage (VDP) at hyperpolar-
ized *He MRI. In our study sample (7 = 44), segments contain-
ing mucus plugs had a segmental VDP of 25.9% versus 1.4%
in segments with patent airways (” < .001). Similarly, a linear
mixed-effects model controlling for interpatient variability pre-
dicted a segmental VDD of 18.9% for mucus plugged segments
versus 5.1% for plug-free segments (2 < .001).

Mucus hypersecretion is common in asthma (8), particularly
in severe fatal asthma (10,22,23), and mucociliary clearance is
reduced even in patients with symptom-free asthma (24). Sven-
ningsen et al (13) compared airway mucus plugs and corre-
sponding ventilation defects qualitatively and further established
a whole-lung correlation between measures of CT mucus score
and VDP at hyperpolarized *He MRI in a sample enriched in
the type 2 asthma phenotype. It is encouraging that our findings

radiology.rsna.org = Radiology: Volume 303: Number 1—April 2022



are confirmatory in a broader asthma sample. Moreover, we ad-
vance these global associations by demonstrating that ventila-
tion defects are spatially colocalized with mucus plugs, further
suggesting that mucus plugs may be directly driving increases
in VDP. In addition, patterns of higher type 2 inflammation,
indicated by elevated sputum eosinophil counts and plasma in-
terleukin 5 levels, were associated with the presence of at least
one mucus plug, consistent with previous findings in the larger
SARPIII cohort (12).

CT and MRI were performed after administration of a
bronchodilator to minimize the effect of airway narrowing
from hyperresponsiveness on quantitative measures; this is
a known source of obstruction visualized at hyperpolarized
SHe MRI that is distinct from mucus plugging, as suggested
by Svenningsen et al (7). We observed ventilation defects that
were not associated with visible mucus plugs, suggesting the
possibility of distal mucus plugging or small airways disease be-
yond the resolution of CT. Conversely, we also observed mucus
plugs in the absence of prominent ventilation defects, suggest-
ing that these airways might be only partially occluded. In-
corporating more refined measures of ventilation, or observing
filling temporally using dynamic imaging techniques, could
further explain these discordant patterns.

Segmental VDP measured at hyperpolarized *He MRI in
asthma has been used to target bronchial thermoplasty to spe-
cific regions of ventilation defect (25). Our study suggests the
possibility of a similar role in the development of mucolytic
drugs delivered through targeted bronchoscopy in patients
in whom systemic therapy is contraindicated or ineffective.
Furthermore, several recent studies (26,27) used segmental
VDP in modeling inhaled aerosol distribution in patients with
asthma who have fixed airway obstruction. When combined
with mucus-related ventilation patterns, these techniques
could provide a guide to improving inhaled therapies or to di-
rect mucolytics or other aerosols to the lung periphery for more
effective treatment.

With a diverse range of targeted (but costly) asthma drugs
rapidly entering mainstream clinical use, there is a growing
need for techniques to personalize therapies and to monitor and
evaluate treatment response. Imaging techniques for evaluating
localized airway obstruction specifically related to mucus plugs
could aid in developing and testing targeted therapies and eval-
uating individual therapy response, particularly in severe cases
where the high cost of therapy and/or a severe clinical outcome
could justify the cost of advanced imaging examinations. One
way to operationalize these methods would be to use the propor-
tion of ventilation defect associated with airway mucus plugs,
or the mucus-associated ventilation burden, as an image marker
to evaluate the functional importance of mucus plugging and
therapy response. Similarly, our method could be expanded to
use ventilation heterogeneity as a basis for investigating the func-
tional importance of a suite of possible mechanisms of airway
obstruction and prediction of reversibility of obstruction (28,29)
on a segmental basis, including air trapping and functional
small-airways disease (6,30), airway wall thickness (7), smooth
muscle hyperresponsiveness (31,32), and localized (ie, voxel-
based) measures of ventilation heterogeneity (33).

Radiology: Volume 303: Number 1—April 2022 » radiology.rsna.org
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Our study had limitations. First, the number of patients with
visible mucus plugs was small (7 = 8). Second, this method of CT
mucus scoring did not discriminate mucus extent beyond a binary
indicator for each bronchopulmonary segment. Finally, radiation
dose concerns in the study protocol precluded the acquisition of
CT scans before bronchodilator administration, which, coupled
with the corresponding hyperpolarized *He MRI, would provide
further functional insights regarding the effect of bronchodilation
on mucus plugs and their functional correlates.

In conclusion, this study showed that mucus plugs identified
within individual bronchopulmonary segments at CT are associ-
ated with greater ventilation defect burden in that same segment,
suggesting a causal relationship between airway mucus and venti-
lation defects in asthma. Future efforts to develop an automated
scoring algorithm could help to refine, streamline, and standard-
ize the counting process. Furthermore, this type of imaging-based
analysis framework could form the basis for future studies using
hyperpolarized helium 3 MRI to evaluate mechanisms of ventila-
tion heterogeneity in obstructive lung disease together with local-
ized functional response to targeted therapeutic agents.
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