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CT and functional MRI to evaluate airway mucusin severe asthma
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ABBREVIATIONSLIST

ACQ: asthma control questionnaire
AQLQ: asthma quality of life questionnaire
BD: bronchodilator

BMI: body mass index

CT: computed tomography

EB: eosinophilic bronchitis

FeNO: fractional exhaled nitric oxide
FEV;.forced expiratory volume in one second
FVC: forced vital capacity

ICS: inhaled corticosteroid

IL-4: interleukin 4

IL-5: interleukin 5

IL-13: interleukin 13

LABA: long acting beta agonist

LLL: left lower lobe

LUL: left upper lobe

MRI: magnetic resonance imaging
MS: mucus score

N.D.: not-determined

OCS: oral corticosteroid

RLL: right lower lobe

RML: right middle lobe

RUL: right upper lobe

VDP: ventilation defect percent

WL: whole lung
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ABSTRACT
Background: Intra-luminal contributor(s) to airflow obstrumh in severe asthma are patient-
specific and must be evaluated to personalize nrerat. The occurrence and functional
consequence of airway mucus in the presence ornedsef airway eosinophils remains
undetermined. Therefore, our objective was to tstdad the functional consequence of airway
mucus in the presence or absence of eosinophilgaidentify biomarkers of mucus-related
airflow obstruction.
Methods: We quantified mucus plugs on computed tomograptans and evaluated their
contribution to ventilation heterogeneity (usingethmagnetic resonance imaging (MRI)
ventilation defect percent (VDP)) in 27 severe amttics. Patients were dichotomized based on
sputum eosinophilia such that the relationship betwmucus, eosinophilia and ventilation
heterogeneity could be interrogated. Exhaled mitxxide (FeNO) and related cytokines in
sputum were measured.
Results: Mucus plugging was present in 100% of asthmati¢h gputum eosinophils and 36%
of those without sputum eosinophils (p=0.0006) wag correlated with MRI VDP pre (r=0.68,
p=0.0001) and post-bronchodilator (r=0.72, p<0.0001n a multivariable regression, both
mucus and eosinophils contributed to the prediatibpost-bronchodilator MRI VDP (R0.75,
p<0.0001). Asthmatics in whom the mucus score ligls, had raised FeNO (p=0.03) and IL-4
(p=0.02). Mucus plugging correlated with FeNO (68).p=0.005).
Conclusions: Both airway eosinophils and mucus can contributeetatilation heterogeneity in

severe asthmatics. Patients in whom mucus is th@ndmt cause of airway obstruction have

evidence of an upregulated IL-4/I1L-13 pathway tt@ild be identified by raised FeNO.



Abstract: 236
Main text: 3317
References: 41
94 Key Words: severe asthma, sputum eosinophils, mucus plugspuech tomography, magnetic

95 resonance imaging



96
97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Abstract: 236
Main text: 3317
References: 41
INTRODUCTION

Luminal obstruction by mucus and cells is a comrfeature of fatal asthma that has
been recognized by pathologists for more than &cgn An emphasis has been placed on the
contribution of cells, predominantly the eosinoptol asthma symptoms and severity and in turn
the development of biomarkers and biologics tangetihe cellular component of luminal
obstruction. In contrast, the presence of airwaygus, and its influence on asthma symptoms
and severity, is poorly understood and largely fgdan clinical practice. This may be due to
the lack of measurements to quantify airway mucush@cause therapies targeting mucus
hypersecretion have not been available.

With the development of biologics directed at theilition of interleukin-13 (IL-13), a
potent stimulator of airway mucYgherapies that have mucoregulatory effects aginbing to
emergée’”’ Appropriate strategies to treat severe asthmaiittscurrently available monoclonal
antibodies should depend on the dominant intrasiamcontributor(s) to airflow obstruction.
Hence, in addition to sputum cytometry to quanti@is within the airway lumen, an objective
means to quantify airway mucus is now required. wdmls this goal, a visual computed
tomography (CT) scoring system to quantify airwaycos plugging was developed by Dunican
et al® Using this approach, mucus plugs were detecte@in 58% of severe asthmatftsa
subset of plugs persisted over time, and were &gsdcwith airflow obstruction, exacerbations
and increased sputum eosinopfil&Vhile it seems logical to hypothesize that aindségcking
mucus plugs result in airflow obstruction, the ftioical relevance of mucus in the presence or
absence of airway eosinophils remains undetermined.

The functional consequence of luminal obstructiam ©e regionally measured using

inhaled gas magnetic resonance imaging (MRJ) Heterogenous ventilation is observed on MR
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images of severe asthmatics and has been correlédtiediisease severity'® exacerbatiorfs
and identified as an independent and a better gmrdof asthma control than the forced
expiratory volume in one second (FBWvhich is the traditional measurement of luminal
obstruction’ We recently ascertained the contribution of ajrvemsinophils to ventilation
heterogeneity in patients with severe astimin this study, our objective was to understared th
functional relevance of airway mucus in the preseac absence of airway eosinophils. We
therefore quantified airway mucus (using CT) andtN&ion heterogeneity (using MRI) in
asthmatics with uncontrolled and controlled eoskmlp bronchitis (EB). Using sputum
cytometry and CT we classified asthmatics basedhencontributors to luminal plugging to
better understand the independent or combined enfle of mucus and eosinophils on
ventilation. In order to identify clinical biomasks of mucus-obstructing airways, we measured
fractional exhaled nitric oxide (FeNO) and relevayibkines (IL-4 and IL-13) in the cell-soluble
fraction of processed sputum (referred hereafteswggernatant). Clinical integration of an
objective multi-measurement approach to charaeteamway mucus and eosinophils, as

presented in this study, may help guide selectioadgunct therapy for individual patients with

severe asthma.

MATERIALSAND METHODS
Participants and design

Adults with a diagnosis of severe asthma, accgrtnthe Global Initiative of Asthma
treatment step criteria (16), and whose compliawes regularly checked (by self reports,

pharmacy refills and serum cortisol levels), weeeruited from the Firestone Institute for
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Respiratory Health, McMaster University. The studgs approved by the University of
Western Ontario Health Sciences Research EthicsdB®#. 103516 & 104200) and written
consent was obtained from all participants. Durangtudy visit, participants completed the
Asthma Control Questionnaire (ACQ) and Asthma Quaii Life Questionnaire (AQLQ) and
underwent spirometry, plethysmography, hyperpotati?He MRI (data reported in a prior
publicatiorf?) and thoracic CT at Robarts Research Institutesté¥e University. Spirometry,
plethysmography and MRI were completed pre- and-paschodilator, while CT was only
completed post-bronchodilator. As previously diesef? participants were dichotomized
according to the presence of eosinophilic bronsiEB).
Airway eosinophils
Airway eosinophils were quantified from sputumttias collected clinicalf at the
Firestone Institute for Respiratory Health (mediame between sputum induction and study visit
was 4 (0-283) days). As previously descriSepatients were dichotomized according to the
presence of sputum granulocytes: 1) uncontrolled (EB% eosinophils or eosinophil free
granules, with or without64% neutrophils with an increased total cell cooh£9.7 million
cells/g), or 2) controlled EB (<3% eosinophils waitlh eosinophil free granules, and <64%
neutrophils with or without an increased total a@lunt of>9.7 million cells/g) at the time of
study.
Spirometry, plethysmography, bronchodilator reversibility and FeNO
Spirometry and plethysmography were performed usingedGraphics Elite Series
plethysmograph (MedGraphics; St. Paul, USA). Fostybronchodilator measurements, four

100ug doses ofNovo-Salbutam8l HFA (Teva Novopharm Ltd.; Toronto, Canada) were

delivered through a metered dose inhaler usingemChamber Pluspacer (Trudell Medical
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International; London, Canada). Participants wettrshort-acting-agonists for 6 hours, long-
actingp-agonists for 12 hours and long-acting muscarintagonists for 24 hours prior to their
study visit. FeNO was measured usingiax Mind® or Niox Verd (Aerocrine; Solna, Sweden)
portable eNO analyzer. FeNO was available for afepts and the median time between FeNO
collection and the imaging study visit was 2 (0-83ys.
Sputum cytokines
The concentration of IL-4 and IL-13 in sputum sugagants was quantified using a
multiplex array (Human High Sensitivity 14-Plex Bowery Assay; Eve Technologies, Calgary,
Canada). Phosphorylated STAT6 in sputum supernatastassessed using an enzyme-linked
immunosorbent assay (Catalog No.LS-F4679; LSBiaitiee USA).
CT and MRI acquisition
'H and hyperpolarizedHe MRI were acquired within five minutes of one #res, pre-
and post-bronchodilator, using a 3T MR system (@dnElectric Health Care; Milwaukee,
USA)?* Patients were instructed to inhale 1L of gas {ot *H MRI and a hyperpolarized
*He/N, mixture for ®He MRI) from functional residual capacity, and 1&ranal slices were
acquired under breath-hold conditions. Thoracici@dges were acquired within 30 minutes of
the post-bronchodilator MRI using a 64-slice Liglged VCT scanner (General Electric Health
Care; Milwaukee, USA3®> Patients were instructed to inhale 1L of &ks from functional
residual capacity and CT acquisition was performmeder breath-hold to match MRI acquisition
conditions.
I mage analysis to quantify mucus plugs
CT datasets were evaluated for the presence of snptugs, defined as complete

occlusion of the airway, using a visual lung segnhiEsed scoring system developed by
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Dunican et af. The 20 lung segments were visually inspectedsanded for the presence (score
of 1) or absence (score of 0)xf mucus plug(s). Individual lung segment scoresevsemmed
to generate a whole lung mucus score, ranging fdaim 20, for each participant. In a similar
manner, lobe specific lung segments were summegnierate lobar mucus scores for the right
upper lobe (RUL), right middle lobe (RML), rightier lobe (RLL), left upper lobe (LUL) and
left lower lobe (LLL). Two radiologists independbnscored all de-identified CT datasets. If
the individual whole lung mucus scores differed 43 points, the scores of both raters were
averaged. If the individual scores differed 34 points, the cases were re-scored together by
both raters to reach a consensus. The inter-esfeement is provided in the supplemental
material.
Image analysis to quantify ventilation heterogeneity
MRI analysis was performed to quantify ventilatioeterogeneity using semi-automated
segmentation and registration software as prewousscribed’?®?" Whole lung MRI
ventilation defect percent (VDP) was generatedhasventilation defect volume normalized to
the thoracic cavity volum#&. In a similar manner, lobar VDP (VRR, VDPgruL, VDPgLL,
VDP . and VDR, ) was calculated by normalizing the lobe speciéatiation defect volume
to the corresponding lobe volurfie.
Statistical methods
Data were tested for normality using the Shapint<\Wormality test and when data
were not normal, non-parametric tests were perfdrménpaired t-tests and Mann-Whitney U-
tests were performed to compare patient charatibsrisnd imaging measurements in asthmatics

with: 1) uncontrolled and controlled EB, and 2)tig4) and low mucus scores (<4). Univariate

relationships were evaluated using Pearson andi®@paaorrelation coefficients. To determine
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the independent contribution of mucus and eosingpbi ventilation heterogeneity, stepwise
multivariable linear regression models were gewerat Statistical analyses were performed
using GraphPad Prism 7.00 (La Jolla, USA) and SP$80 (Armonk, USA), results were

considered significant when the probability of nmaka Type | error was <5% (p < 0.05).

RESULTS

Demographics and clinical characteristics for 2vese asthmatics, including 13 with
uncontrolled EB and 14 with controlled EB, are pded in Table 1.
Mucus plugging in asthmatics with uncontrolled and controlled EB

CT evidence of mucus plugging was present in onenore lung segments in 100%
(13/13) of asthmatics with uncontrolled EB and 6¥3(5/14) of asthmatics with controlled EB.
As shown in Table 2, asthmatics with uncontrolld®i (1.0 [2.5-15.5]) had significantly higher
CT mucus scores than asthmatics with controlled (BB [0.0-17.0]; p=0.0006). We also
observed that a higher CT mucus score was assbomth a higher percentage of sputum
eosinophils (r=0.82, p=0.0001), worse airflow obstion (FEM/FVC: r=-0.44, p=0.02) and air-
trapping (FRC%%ed 0.41, p=0.04; RV%e.4 r=0.68, p=0.0001; RV/TLC %: r=0.51, p=0.007)
(previously reported by Dunican etf)al Additional univariate relationships between tB&
mucus score and traditional pulmonary function meaments are provided in e-Table 1.
Functional consequence of contributorsto luminal plugging

Table 2 summarizes whole lung and lobar MRI vetitifa heterogeneity, quantified as
the VDP, for all asthmatics and those with uncdl@gdoand controlled EB. Figure 1 shows MRI

and CT datasets for four representative asthmatics demonstrates worse ventilation in

10
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asthmatics with more mucus plugging. Within indivél patients this relationship is upheld
regionally in different lobes. The median VDP wa® times higher pre-bronchodilator
(p=0.0008) and 2.3 times higher post-bronchodilgfm+0.0004) for asthmatics with a high
mucus score than those with a low mucus score (&i@). We also visually inspected co-
registered MRI and CT datasets and observed aatpalationship between mucus plugs and
ventilation defects (Figure 3).
Univariate relationships between MRI VDP and ther@Jcus score are shown in Figure
4 for the whole lung and in Table 3 for each luaged. Worse MRI ventilation pre- and post-
bronchodilator were correlated with a higher CT osicscore for the whole lung (pre-
bronchodilator: r=0.68, p=0.0001; post-bronchodilat=0.72, p<0.0001 (Figure 4A and B)) and
in each lobe except for the right lower lobe (TaB)e In accordance with our previous resilts
worse MRI ventilation was correlated with higherugpn eosinophils (pre-bronchodilator:
r=0.80, p=0.0004; post-bronchodilator: r=0.67, |©6d). Stepwise multivariable regressions
were performed to evaluate the independent corimibwf mucus plugs (CT mucus score) and
eosinophils (percentage of sputum eosinophils)etttilation heterogeneity (MRI VDP) pre and
post-bronchodilator (Table 4). Airway mucs=0.79, p<0.0001), but not eosinophils, added to
the prediction of pre-bronchodilator VDP %4®.62, p<0.0001). Whereas both airway mucus
(B=0.65, p=0.001) and eosinophilg=0.33, p=0.049) added significantly to the predictiof
post-bronchodilator VDP (#0.75, p<0.0001).
Classification based on contributors to luminal plugging
According to the criteria presented in Figure 5Athaatics with uncontrolled and

controlled EB £3% eosinophils=eds<3% eosinophils=ed$®?° were subdivided based on the

presence of mucus plugging (mucus scafeemucud; mucus score <l=muciisto better

11
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understand the independent or combined influencauwfus and eosinophils on ventilation. All
13 patients with uncontrolled EB had mucus plugdemg mucus: n=13). Of the remaining 14
patients with controlled EB, 5 had mucus pluggiegsmucus: n=5) and 9 did not (eaBucus:
n=9).

The eodmucug, eosmucug andeosmucus groups were different with respect to their
pre- (p=0.01, Figure 5B) and post-bronchodilator B/[p=0.002, Figure 5C) but were not
different with respect to their FE\or clinical characteristics (e-Table 2). A ligliof clinical
characteristics for those patients in the mosus group is provided in e-Table 3. Pre-
bronchodilator VDP was significantly higher for &émsicus asthmatics (10.8+5.9%) compared
to eodnucus asthmatics (3.8+2.8%; p=0.007). Post-bronchodilaAt®P was significantly
higher for eofmucus asthmaticg6.2+3.1%, p=0.004) and e€omicus asthmatics (4.0+0.5%,
p=0.02) compared to easucusasthmatics (2.5+1.1%).

Mucus score is associated with an upregulated | L-4/IL-13 pathway

To determine if mucus observed on CT may serve lasraarker of an upregulated IL-
4/1L-13 pathway we examined FeNO along with sputum and IL-13 for asthmatics with high
and low mucus scores. FeNO was correlated withrtheus score (r=0.63, p=0.005) and was
significantly higher in asthmatics with a high macscore than asthmatics with a low mucus
score (p=0.03, Figure 6A). Increased IL-4 and &.-(above 98 percentile of healthy
populatiorf®) were observed in sputum supernatants of 43% &f & asthmatics respectively.
67% of asthmatics with a high mucus score had asae IL-4, compared to 25% of asthmatics
with a low mucus score (p=0.09). 89% of asthmatith a high mucus score had increased IL-

13, compared to 83% of patients with a low mucuses¢p>0.99). Sputum IL-4 (p=0.02, Figure

6B), but not IL-13 (p=0.50, Figure 6C), was sigeratntly higher in asthmatics with a high mucus

12
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score than asthmatics with a low mucus score. Aljhoa relationship between the CT mucus
score and IL-13 was not evident in this datasetl3Lwas correlated with FeNO (r=0.45,
p=0.05).
DISCUSSION

We observed: 1) mucus plugs on CT for all asthreatith EB and in ~1/3 of asthmatics
without EB, 2) both airway eosinophils and mucusreveassociated with ventilation
abnormalities identified by MRI, and 3) evidenceaofupregulated IL-4/IL-13 pathway that was
identified by raised FeNO in asthmatics in whom owuis an intra-luminal contributor to airflow
obstruction.

The median mucus score for the asthmatics we studias 3.0, and those with
uncontrolled EB had more mucus plugging than thegh controlled EB (11.0 versus 0.0).
Compared to the asthmatics studied by Dunican, @& athich the median mucus score was 0.5,
our cohort consisted of more severe (100% vs. 6&%) OCS dependent asthmatics (56% vs.
10%) with greater sputum eosinophilia (4% vs. 0.7%)rong evidence supports the notion that
eosinophil-driven oxidation stimulates airway mudugpersecretion and plug formation in
asthmd?® Therefore, we were not surprised that mucus phggwas more prevalent in the
asthmatics we studied, in particular those withamtiolled EB. However, plugs were also
observed in ~1/3 of asthmatics with controlled EBhis finding agrees with murine studi&s
and suggests that plugs may occur in the abseneesfiophils and that a distinct mechanism
may be responsible for their formation. To tegs thypothesis, CT-directed bronchoscopy

studies are required to collect plugs from asthesatvith and without EB such that their

composition can be investigated.

13
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302 While Dunican et al clearly demonstrated that muzasy be present in the airways of
303 severe asthmatics, our study ascertained the anaitrelevance of mucus plugging in terms of
304 ventilation heterogeneity assessed by MRI. Tdoiet of our knowledge this is the first study to
305 report a relationship between luminal plugging difi on CT and MRI VDP. In addition,
306 asthmatics with a high mucus score had worse MRPVIRan those with a low mucus score. If
307 an airway lumen is plugged, it seems logical taiass distal airflow limitation and indeed we
308 observed luminal plugs that were spatially relatedentilation defects. We acknowledge that
309 this association is complex and may be influencgdatditional technical and anatomical
310 variables. For example, flow through collateraamhels may provide an alternative pathway to
311 ventilate distal lung units despite obstructionafsegmental or subsegmental airway. The
312 compensatory potential of collateral ventilationlikely to be dependent on the presence of
313 luminal plugs in neighbouring airways and the amatal site of luminal obstruction — factors
314 that were not probed by the mucus score. Subseguaties are necessary to understand how
315 co-localization of plugs and partial airway occarsimpact ventilation. Automated CT-MRI co-
316 registration pipelines similar to that proposed@yo et al will be necessary to facilitate such
317 regional structure-function comparisons at the s=gai and sub-segmental levél.
318 Our previous work confirmed that ventilation abnafities persist following
319 bronchodilator in asthmatics with airway eosinopifft Importantly, residual ventilation
320 abnormalities that were not responsive to brondhtati therapy were correlated with
321 eosinophils in induced spututh. Considering our previous wdfk and the well-documented
322 relationship between mucus production and airwajnephilid*°, we confirmed the functional

323 consequence of airway mucus in the presence onedsé eosinophils in two ways. First, in a

324 multivariable model, both mucus and eosinophils tcoanted to the prediction of post-

14
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bronchodilator ventilation heterogeyneiGecond,
classification of asthmatics based on the intraihai contributors to airflow obstruction
revealed that mucus plugging in the presence oerefesof airway eosinophilia is associated
with ventilation abnormalities that persist postiichodilator. Taken together, this data
suggests that eosinophils and/or mucus plugs catrilwote to ventilation abnormalities that
persist post-bronchodilator in severe asthma. idibstification of mucus plugging as a major
determinant of VDP is important when considering tisse of imaging in severe asthma
endotyping.

IL-4 and IL-13 play an important pathobiologicaledn asthma and have been shown to
stimulate mucus productior’?** Elevated FeNO may be considered a good indexevhied
IL-4/IL-13 in the airway as epithelial NO produatias promoted by IL-4/IL-13 via STAT6
signalling®=® Accordingly, we speculate that the presence ofusin severe asthmatics may
be the result of a heightened IL-4/IL-13/STAT6 pedly of which FeENO may be a clinical
biomarker. While there is convincing evidence loé¢ trole of IL-13 in mucus production in
asthmd’, a relationship between mucus and IL-13 was nistegn in our dataset. Dunican et al
reported that IL-13 and the ratio of MUC5AC to MUEBene expression in sputum cells was
higher in asthmatics with a high mucus score, h@neMUCS5AC expression was not altered by
anti-IL-13 therapy in the MESOS trial of tralokinahi®. IL-4 on its own is also capable of
inducing goblet cell hyperplasia and mucus hypeesien 3 Perhaps there may be differences in
the in the quantities of IL-4 and IL-13 produced mon-bone marrow-derived cells, the
distribution of type Il IL-4Rs in non-hematopoiestructural cells in the airways, and the low

abundance of IL-13&relative to that of IL-4R at the site of inflammatioff. We are unable to

comment on STAT6 as the concentration in sputuresigtants was below the detectable range

15
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(data not shown). Regardless, patients in whomusiig a contributor to airway obstruction
have evidence of an upregulated IL-4/IL-13 pathwat could be identified by raised FeNO,
making them potential candidates for anti-1L-4/I1B-therapy (eg. Dupilum&B?). Prospective
studies are warranted to answer the following: Awecus plugs responsive to anti-1L-4/IL-13
therapy? Does clearance of mucus restore veptifati Can mucus plugging on CT and/or
elevated FeNO be used to select patients who lhdreefi anti-1L-4/IL-13 therapy?

The strengths of this study include the fact thatiegmts were well-characterized with
severe disease and that imaging was timed to c@naiith clinical evaluations. We also
recognize study limitations. We used a relativelyde visual scoring system to quantify mucus
plugs on CY due to challenges associated with automated segtimnmethods. The mucus
score is not specific to luminal mucin, but insteaflects luminal plugs that may be composed
of mucins, fibrin, and/or inflammatory cells. W@ acknowledge that additional factors not
probed by the mucus score may be relevant to tagameship between plugs and ventilation (eg.
plug size, anatomical location and number of aisvenwvolved within each bronchopulmonary
segment). Furthermore, the presence of partiatyuded airways by mucus and/or remodelling
is likely to influence ventilation but was not cadered. Although a study shortcoming, the
mucus score is physiologically relevant and careasly implemented into clinical workflow.
Finally, we did not repeat the MRI or CT and therefcannot comment on the repeatability of

ventilation defects or mucus plugs in these patierfftudies are now ongoing to evaluate the

effect of T2 directed therapies on ventilation d&feand mucus plugs.

CONCLUSIONS
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Both airway eosinophils and mucus can contributeveatilation abnormalities that
persist post-bronchodilator in severe asthmaticsthiatics in whom mucus is a major
contributor to airway obstruction have evidencawofupregulated IL-4/IL-13 pathway that could
be identified by raised FeNO. Accurate endotygmgdentify patients in whom excess mucus
production is the dominant contributor to airflolstruction may elicit greater clinical effect of

anti-1L-4/IL-13 therapy whereas those with dominaasinophil-related airflow obstruction may

benefit from anti-IL5 therapy.
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512 TABLES
513 Tablel. Patient demographics and clinical characteristics
All Uncontrolled EB Controlled Significance of
(n=27) (n=13) EB difference (p)*
(n=14)
Age yrs 4614 51+13 42+14 0.13
Female sex n (%) 20 (74) 9 (69) 11 (79) N.D.
BMI kg/m? 2945 2945 28+4 0.51
ACQ Score 1.8+1.0 1.8+1.1 1.7+0.9 0.84
AQLQ Score 5.1+1.3 5.0+1.2 5.2+1.4 0.71
FEV, Pre-BD %;c. 69+21" 67+18 7023 0.74
FEV; Post-BD %yec 80+17 78+15 81+20 0.70
FVCPre-BD %, 84171 84+13 84+20 0.90
FVCPOst-BD %rec 9013 88+9 91+16 0.68
Reversibility of FE\ %' 14 (0-99)' 15 (0-70§ 11.5 (1-99) 0.53
Reversibility of FVCQ%' 5 (-10-62§" 6 (-7-29§ 4.5 (-10-62) 0.94
Sputum eosinophils % 4.0 (0.0-56.8% 9.2 (3.3-56.8) 0.8 (0.0-2.5) N.D.
FeNO ppb 18 (5-146%° 24 (11-83 12 (5-146) 0.03
Nasal polyps n (%) 10 (37) 6 (46) 4 (29) N.D.
Atopic n (%) 25 (93) 11 (85) 14 (100) N.D.
Asthma Medications
LABA dose pg/day 100 (50-200) 100 (50-200) 100 (83-150) 0.98
ICS dose pg/day 1400(400-4000) 2000(400-4000) 1200(400-2000) 0.05
OCS dose mg/day 5 (0-30) 7.5 (0.0-30.0) 0.0 (0.0-10.0) 0.002
OCS dependent n (%) 15 (56) 11 (85) 4 (29) N.D.
Monoclonal antibody n (%) 9 (33) 2 (15) 7 (50) DN.
Omalizumab n 5 1 4 N.D.
Mepolizumab n 1 1 0 N.D.
Benralizumab n 1 0 1 N.D.
Dupilumab n 2 0 2 N.D.

514 Values are mean * standard deviation except wigindted otherwise.

515 EB=eosinophilic bronchitis; N.D.=not-determined; BMody mass index; ACQ=asthma control
516 questionnaire; AQLQ=asthma quality of life questiaime; FE\{=forced expiratory volume in
517 one second; BD=bronchodilator; FVC=forced vital aefpy; FeNO=fractional exhaled nitric
518 oxide; LABA=long acting beta agonist; ICS=inhalemttecosteroid; OCS=oral corticosteroid.
519 *Significance of difference (p<0.05) between grougetermined using an unpaired t-test for
520 parametric data or Mann-Whitney test for nonparaimelata; 'Median (range)*n=12; *n=10;
521  'n=7;"n=8;""n=26;"n=17;%n=18.
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522 Table2. Whole lung and lobar CT and MRI measurements

All Uncontrolled Controlled Significance
(n=27) EB EB of
(n=13) (n=14) difference
(p)*
CT mucus plug score
Post-BD whole lunf 3.0(0.0-17.0) 11.0(2.5-15.5) 0.0(0.0-17.0) 0.0006
Post-BD RUL 0.0 (0.0-3.0) 1.0 (0.0-3.0) 0.0 (0.0-2.0) 0.01
Post-BD RML[! 0.5 (0.0-2.0) 1.0 (0.0-2.0) 0.0 (0.0-2.0) 0.02
Post-BD RLL 1.0 (0.0-5.0) 2.0 (0.0-5.0) 0.0 (0.0-4.0) 0.003
Post-BD LUL 0.5 (0.0-5.0) 3.0 (0.5-5.0) 0.0 (0.0-5.0) <0.0001
Post-BD LLL 0.5 (0.0-5.0) 3.0 (0.0-5.0) 0.0 (0.0-5.0) 0.006
MRI ventilation defect percent (%)
Pre-BD whole lung 8.15.8 10.845.9 5.9+4.8 0.02
Pre-BD RUL 5.4+7.2 6.7+7.5 4.0£7.0 0.12
Pre-BD RML 9.8+10.1 11.4+10.0 8.2+10.4 0.24
Pre-BD RLL 10.1+8.4 13.2+10.0 7.9+4.7 0.21
Pre-BD LUL 5.94+5.1 6.5+3.0 5.2+6.9 0.09
Pre-BD LLL 12.9+10.3 16.4+11.9 9.1+6.9 0.17
Post-BD whole lung 4.6+2.8 6.2+3.1 3.1+1.2 0.004
Post-BD RUL 3.0+43 47453 1.1+1.3 0.006
Post-BD RML 3.5#35 5.3+3.7 1.6x1.9 0.007
Post-BD RLL 6.314.0 7.9+4.5 4.6+2.8 0.045
Post-BD LUL 3.3:£3.0 4.9+3.7 1.4+1.3 0.006
Post-BD LLL 6.345.5 8.4+5.9 4.1+2.4 0.04
523 Values are mean * standard deviation except wiaindted otherwise.
524 EB=eosinophilic bronchitis; CT=computed tomograp®tJL=right upper lobe; RML=right
525 middle lobe; RLL=right lower Ilobe; LUL=left upperolbe; LLL=left lower lobe;
526 BD=bronchodilator.
527 *Significance of difference (p<0.05) between growgeermined using an unpaired t-test for
528 parametric data or Mann-Whitney test for nonparaimelata; 'Median (range)*n=12; 3n=11;
529 'n=26;"n=23.
530
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Table 3. Univariate relationships between CT mucus scoreMRdl ventilation defect percent
for the whole lung and individual lobes

Spearmanr (p)
Pre-bronchodilator Post-bronchodilator
Whole lung 0.68 (0.0001) 0.72 (<0.0001)
Right upper lobe 0.48 (0.02) 0.42 (0.046)
Right middle lobe 0.46 (0.03) 0.44 (0.04)
Right lower lobe 0.53 (0.01) 0.33(0.12)
Left upper lobe 0.62 (0.002) 0.69 (0.0002)
Left lower lobe 0.70 (0.0002) 0.60 (0.003)

"'n=26,"n=23
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Table4. Multivariablelinear regression modelsto predict MRl VDP

Unstandar dized Standardized P-value

Variable B Standard Error B
Pre-bronchodilator MRI VDP (R=0.79; R=0.62, p<0.0001)

CT mucus score 0.82 0.17 0.79 <0.0001

Sputum eosinophils % NA NA NA NA
Post-bronchodilator MRI VDP (R=0.87; R=0.75, p<0.0001)

CT mucus score 0.36 0.09 0.65 0.001

Sputum eosinophils % 0.08 0.04 0.33 0.049

Bold values denote statistical significance. B=andardized regression coefficierfizstandardized
regression coefficient; NA=not added to model.
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FIGURE LEGENDS

Figure 1. CT mucus scores and MRI ventilation heterogeneity for representative severe
asthmatics

Centre coronal slice MRI ventilation in cyan coistgred to anatomicdH MRI in grey-scale
for four representative severe asthmatics demdmgjravorse ventilation heterogeneity in
patients with mucus plugging identified on CT. @lucus score (MS) and MRI ventilation
defect percent (VDP) pre- and post-bronchodilatergovided for the whole lung (WL), right
upper lobe (RUL), right middle lobe (RML), rightier lobe (RLL), left upper lobe (LUL) and
left lower lobe (LLL).

Subject 09, mucus score=0.0: 45 year-old femaloGputum eosinophils, ACQ=1.6, pre-BD
FEV1=103%eq post-BD FE{=115%yeq pre-BD VDP=3%, post-BD VDP=2%.

Subject 35, mucus score=3.0: 53 year-old femak&o3Fputum eosinophils, ACQ=1.4, pre-BD
FEV1=56%yeq pOSt-BD FEM=74%,eq pre-BD VDP=8%, post-BD VDP=3%.

Subject 38, mucus score=10.0: 69 year-old maléo5putum eosinophils, ACQ=0.6, pre-BD
FEV1=101%eq post-BD FEV=107%eq pre-BD VDP=16%, post-BD VDP=8%.

Subject 30, mucus score=12.0: 45 year-old femd@e3% sputum eosinophils, ACQ=1.5, pre-

BD FEV1=46%yeq POst-BD FEV{=60%,eq pre-BD VDP=17%, post-BD VDP=11%.

Figure2. Worse MRI ventilation heter ogeneity in asthmatics with high CT mucus score

(A) Pre-bronchodilator MRI VDP was statistically sigogintly higher for asthmatics with a high
CT mucus score compared to asthmatics with a lown@gus score (p=0.0008).

(B) Post-bronchodilator MRI VDP was statistically siggantly higher for asthmatics with a

high CT mucus score compared to asthmatics witlwadT mucus score (p=0.0004).
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Box and whisker plots show the minimum™%ercentile, median, 75percentile and maximum
with individual data points for all patients supeposed on the plot. P-values were determined

using Mann-Whitney tests.

Figure 3. Spatial relationship between mucus plugs and ventilation defects for two
representative asthmatics

Yellow crosshairs identify the spatial relationshigtween a focal mucus plug observed on CT
(window width, 1200 HU; window level, -600 HU) anentilation defect observed on MRI
(ventilation MRI in cyan co-registered to anatorhi¢d MRI in grey-scale). The left most panel
shows the mucus plug in the axial, sagittal andmalrview.

Subject 37, mucus plug in the RB1 segment: 58 g&hifemale, 15.8% sputum eosinophils,
mucus score=13.5; ACQ=1.0, pre-BD FE81%eq post-BD FEVY=91%yeq pre-BD
VDP=14%, post-BD VDP=9%.

Subject 39, mucus plug in the LB7 segment: 57 pédumale, 13.3% sputum eosinophils, mucus
score=14.0; ACQ=1.9, pre-BD FE¥79%yeq post-BD FEV=86%yeq pre-BD VDP=15%,

post-BD VDP=10%.

Figure4. Univariate relationships between the CT mucus score and MRI ventilation defect

per cent

(A) CT mucus plug score was significantly correlatethyre-bronchodilator MRI VDP (r=0.68,
p=0.0001).

(B)CT mucus plug score was significantly correlatedhwpost-bronchodilator MRI VDP

(r=0.72, p<0.0001).
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Dotted lines=95% confidence intervals.

Figure 5. Classification of patients based on the contributors (mucus and sputum

eosinophils) to luminal plugging

(A) Patients were divided into four groups based onpttesence of sputum eosinophits3%o
sputum eosinophils=es<3% sputum eosinophils=epsand mucus plugging (CT mucus
score>1=mucu$; CT mucus score <1=muclsl) eodmucus, n=13; 2) eosnucug, n=5; 3)
eosmucus, n=0 and 4) edsucus, n=9.

(B) There was a statistically significant differencepire-bronchodilator VDP between groups
(p=0.01). Pre-bronchodilator VDP was statisticadignificantly higher for edsnucug
patients (10.8+5.9%) compared to ®wscus patients (3.8£2.8%) (p=0.007). There was no
statistically significant difference between &uosicus andeosmucus patients(p=0.94) or
eosmucus andeosmucuspatients (p=0.17).

(C)There was a statistically significant differencepiost-bronchodilator VDP between groups
(p=0.002). Post-bronchodilator VDP was significgntligher for eofmucus patients
(6.2+3.1%, p=0.004) and eowicus patients (4.0+0.5%, p=0.02) compared to @OSUS
patients (2.5+1.1%). There was no statisticallynidigant difference between €wmsucus
andeosmucus patientgp=0.07).

Box and whisker plots show the minimum™gercentile, median, 75percentile and maximum

with individual data points for all patients supepiosed on the plot.
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Figure6. CT mucusscoreisassociated with IL-4/1L-13 pathway

(A) FeNO was statistically significantly higher for lastatics with a high CT mucus score
compared to asthmatics with a low CT mucus scot8.(8).

(B) Sputum IL-4 was statistically significantly highter asthmatics with a high CT mucus score
compared to asthmatics with a low CT mucus scor@.(2). The dotted line represents the
90" percentile threshold of healthy.

(C) Sputum IL-13 was not significantly different fortlasiatics with high and low CT mucus
scores (p=0.50). The dotted line represents tiep@centile threshold of healthy.

Box and whisker plots show the minimum™gercentile, median, 75percentile and maximum

with individual data points for all patients supeposed on the plot. P-values were determined

using Mann-Whitney tests.
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== CHEST online Supplement

e-Appendix 1.

CT mucus score inter-rater agreement: Two radiologists, who were blinded to clinical data and study
measurements, independently scored all de-identified CT datasets. The inter-rater bias and agreement of
the CT mucus score were evaluated by a wilcoxson matched-pairs signed rank test and intraclass correlation
coefficient (ICC), respectively. ICC estimates and their 95% confident intervals were calculated using SPSS
23.00 (Armonk, USA) based on a mean-rating (k = 2), absolute-agreement, 2-way random-effects model.
For all 27 CT datasets, there was no statistically significant bias between the raters (mucus scores: rater
1=6.0%6.5, rater 2=3.5+4.5, p=0.09) and the ICC was 0.65 (95% confidence interval 0.26 to 0.84). To
compensate for poor agreement in a subset of datasets, if the individual mucus scores differed by <4 points,
the scores of both raters were averaged. If the individual scores differed by =4 points, the cases were re-
scored together by both raters to reach a consensus. The inter-rater difference in the CT mucus score was
>4 points for 9 of 27 datasets. The discordant assessments of the mucus plugging by the
radiologists was due to a consistent difference between each radiologist in interpreting the
appearance of sub-segmental airways with mucus plugging, affecting sensitivity for mucus
plugging and associated scoring. This systematic interpretative difference was easily resolved
with discussion. This allowed for more uniform scoring prospectively when reinterpreting cases.
For the 18 CT datasets that differed by <4 points, there was no statistically significant bias between the
raters (mucus scores: rater 1=3.0£4.5, rater 2=3.5+5.5, p=0.20) and the ICC was 0.97 (95% confidence

interval 0.92 to 0.99). Intra-rater agreement was not evaluated.
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== CHEST online Supplement

e-Table 1. Univariate relationships between the CT mucus score, MRI VDP and traditional measurements
of lung function

Spearman r (p)
CT Mucus Score MRI VDP

Post-BD Pre-BD Post-BD
Spirometry
FEV: Pre-BD %pred -0.29, 0.15 -0.46, 0.02 -0.21, 0.29
FEV1 Post-BD %pred -0.26, 0.19 -0.35, 0.08 -0.18, 0.36
FVC Pre-BD %pred -0.27, 0.18 -0.30, 0.14 -0.15, 0.46
FVC Post-BD %pred -0.22, 0.28 0.02, 0.91 -0.03, 0.87
FEV1/FVC Pre-BD % -0.42, 0.03 -0.67, 0.0002 -0.39, 0.05
FEV:/FVC Pre-BD % -0.44, 0.02 -0.72, <0.0001 -0.49, 0.01
Plethysmography
FRC Pre-BD %pred 0.41, 0.04 0.62, 0.0008 0.47, 0.02
FRC Post-BD %pred 0.41, 0.04 0.61, 0.001 0.52, 0.006
RV Pre-BD %pred 0.37, 0.06 0.66, 0.0002 0.39, 0.05
RV Post-BD %pred 0.68, 0.0001 0.62, 0.001 0.53, 0.005
TLC Pre-BD %pred 0.29, 0.15 0.42, 0.03 0.31, 0.12
TLC Post-BD %pred 0.30, 0.14 0.48, 0.02 0.38, 0.06
RV/TLC Pre-BD % 0.55, 0.003 0.64, 0.0004 0.53, 0.006
RV/TLC Post-BD % 0.51, 0.007 0.50, 0.01 0.54, 0.004

Bold values denote statistically significant relationships.

FEVi=forced expiratory volume in one second; BD=bronchodilator; FVC=forced vital capacity;

FRC=functional residual capacity; RV=residual volume; TLC=total lung capacity.
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== CHEST online Supplement

e-Table 2. Demographics and clinical characteristics for patients classified based on the contributors (sputum eosinophils and

mucus) to luminal plugging.

Mucus* Mucus” Significance of difference (p)
Eos* Eos- Eos- All groups* Eos+ Mucus+
(n=13) (n=5) (n=9) vs. Eos-Mucus+"

Age yrs 51+13 42+12 42+15 0.32 0.25
Female sex n (%) 9 (69) 4 (80) 7 (78) -- --

BMI kg/m? 29+5 30+5 274 0.55 0.91

ACQ Score 1.8+1.1 1.9+1.4 1.7+0.6 0.93 0.95
AQLQ Score 5.0+£1.2 5.3%£1.7 5.1+1.3 0.91 0.69

FEV1 Pre-BD Y%pred 67+188 5420 7921 0.09 0.21

FEV1 Post-BD Ypred 78%15 68+14 88+20 0.09 0.18

FVC Pre-BD %opred 84+138 76+18 88+21 0.39 0.32

FVC Post-BD %pred 88+9 897 92+20 0.41 0.95
Reversibility of FEV1 %* 15(0-70)8 11(6-99) 12 (1-28) 0.61 0.96
Reversibility of FVC %?* 6(-7-29)8 14(-10-62) 1(-3-22) 0.13 0.13
FeNO ppb 24(11-83)"" 19(7-146)N 11 (5-16)"" 0.02 0.79
Asthma Medications

LABA dose pg/day* 100(50-200) 100(83-100) 100(100-150) 0.55 0.65

ICS dose pg/day* 2000(400-4000) 1400(500-2000) 1000(400-2000) 0.13 0.34

OCS dose mg/day* 7.5(0.0-30.0) 0.0(0.0-5.0) 0.0(0.0-10.0) 0.008 0.02

OCS dependent n (%) 11(85) 2(40) 2 (22) - --

Values are mean * standard deviation except when indicated otherwise.

BMI=body mass index; ACQ=asthma control questionnaire; AQLQ=asthma quality of life questionnaire; FEV:=forced expiratory volume in one
second; BD=bronchodilator; FVC=forced vital capacity; FeNO=fractional exhaled nitric oxide; LABA=Ilong acting beta agonist; ICS=inhaled
corticosteroid; OCS=oral corticosteroid.

*Significance of difference between groups determined using an ANOVA for parametric data or Independent-samples Kruskal Wallis Test for
nonparametric data; Significance of difference between groups determined using a t-test for parametric data or Independent-samples Mann-
Whitney U test for nonparametric data; “Median (range); 5n=12; lin=3; **n=5; ""n=10.
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e-Table 3. Clinical characteristics for eos"mucus* patients

Subject 017 Subject 014 Subject 040 Subject 010 Subject 006

Mucus plug score 17 12 3 3 1
Sputum eosinophil % IS IS IS IS 1.5
Sputum EFG IS IS IS IS None
Hx of sputum eosinophilia (-) (-) (+) (+) (-)
FeNO ppb 146 19 7 42 --
FEV1 Pre-BD %pred 34 55 73 75 33
Reversibility of FEV1 % 99 6 8 11 51
Blood eosinophils 0.5 0.4 0.1 0.0 0.1
ACQ 3.6 2.9 0.4 0.4 2.0
AQLQ 2.9 4.0 6.8 6.8 5.8

IS=patient was unable to provide a sufficient sputum sample (<0.08g of sputum separated from saliva)

following three rounds of saline inhalation; EFG=eosinophil free granules; Hx=history; FeNO= fractional

exhaled nitric oxide; FEVi=forced expiratory volume in one second; BD=bronchodilator; ACQ=asthma

control questionnaire; AQLQ=asthma quality of life questionnaire.
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