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The role of small airway dysfunction in asthma control and
exacerbations: a longitudinal, observational analysis using
data from the ATLANTIS study

Monica Kraft, Matthew Richardson, Brian Hallmark, Dean Billheimer, Maarten Van den Berge, Leonardo M Fabbri, Thys Van der Molen,
Gabriele Nicolini, Alberto Papi, Klaus F Rabe, Dave Singh, Chris Brightling, Salman Siddiqui, on behalf of the ATLANTIS study group*

Summary

Background Although small airway disease is a feature of asthma, its association with relevant asthma outcomes
remains unclear. The ATLANTIS study was designed to identify the combination of physiological and imaging
variables that best measure the presence and extent of small airway disease in asthma, both cross-sectionally and
longitudinally. In this longitudinal analysis, we evaluated which small airway parameters studied were most strongly
associated with asthma control, exacerbations, and quality of life.

Methods In this observational cohort study, participants with mild, moderate, or severe stable asthma were recruited
between June 30, 2014, and March 3, 2017, via medical databases and advertisements in nine countries worldwide.
Eligible participants were aged 18—65 years with a clinical asthma diagnosis for at least 6 months. Participants were
followed up for 1 year, with visits at baseline, 6 months, and 12 months. Physiological tests included spirometry, lung
volumes, impulse oscillometry, multiple breath nitrogen washout (MBNW), and percentage decrease in forced vital
capacity during methacholine challenge. CT densitometry was performed to evaluate small airway disease. We
examined the associations between these measurements and asthma exacerbations, asthma control, and quality of
life using univariate and multivariate analyses. A composite ordinal score comprising percent predicted R5-20
(resistance of small-to-mid-sized airways), AX (area of reactance), and X5 (reactance of more central, conducting
small airways at 5 Hz) was constructed.

Findings 773 participants (median age 46 years [IQR 34-54]; 450 [58%] female) were included in this longitudinal
study. Univariate analyses showed that components of impulse oscillometry, lung volumes, MBNW, and forced
expiratory flow at 25-75% of FVC were significantly correlated with asthma control and exacerbations (Spearman
correlations 0-20-0-25, p<0-0001 after Bonferroni correction). As a composite of impulse oscillometry, the ordinal
score independently predicted asthma control and exacerbations in a multivariate analysis with known exacerbation
predictors. CT parameters were not significantly correlated with asthma control, exacerbation, or quality of life.

Interpretation Small airway disease, as measured by physiological tests, is longitudinally associated with clinically
important asthma outcomes, such as asthma control and exacerbations.

Funding Chiesi Farmaceutici.

Copyright © 2022 Elsevier Ltd. All rights reserved.

Introduction

Over 300 million people worldwide have asthma, an
obstructive airway disease that affects the entire bronchial
tree.” Small airways contribute to the clinical mani-
festations of asthma due to inflammation, increased
resistance, narrowing, and remodelling.** Most studies
evaluating the impact and prevalence of small airway
disease in asthma have either included only small
populations or those relatively homogeneous for disease
severity, or only tested a small number of physiological
small airway disease measures.”” The Assessment of
Small Airways Involvement in Asthma (ATLANTIS) study
was designed to identify the combination of biomarkers,
physiological testing, and imaging approaches that best
measured the presence and extent of small airway disease
in a large cohort of asthma patients cross-sectionally and
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over 1 year of follow-up.” The cross-sectional results of
ATLANTIS showed that small airway disease, as defined
by a score that encompassed all measures of small airway
function performed at baseline, is present in asthma
across all stages of severity, with prevalence increasing
with Global Initiative for Asthma (GINA) treatment
intensity steps.”

Here, we present the longitudinal 1-year follow-up data
of the ATLANTIS study in the asthma cohort. We aimed to
assess the prospective value of practically available tools to
assess small airway disease in asthma based on physio-
logical and imaging tests used in the cross-sectional
study;* and to determine whether these tests of small
airway function significantly correlate with asthma control,
quality of life, and exacerbations over time, individually
and within a model of other known predictors.
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Research in context

Evidence before this study

We searched PubMed for studies in asthma, including the
terms asthma, adult, and small airway dysfunction, published
between database inception and July 21, 2021. Small airway
disease has been understudied despite contributing
considerably to airflow limitation, a characteristic of asthma.
Before publication of our previous ATLANTIS cross-sectional
study, studies on the role of small airway disease in asthma
had been performed in small sample sizes or subgroups of
asthma and did not employ all the physiological and imaging
measures in the same cohort. We showed that small airway
disease, as denoted by a small airway disease score that
comprised multiple physiological parameters used to measure
small airway disease, was present in the majority of patients
with asthma, with prevalence increasing as GINA stage
increases. Small airway disease was also associated with
asthma control and previous exacerbations.

Added value of this study

To our knowledge, ATLANTIS is the largest study of patients
with asthma to date, involving 773 evaluable patients with
asthma and 99 controls without airway obstruction,
specifically designed to determine the prevalence and impact
of small airway disease in asthma cross-sectionally and

Methods
Study design and participants
From June 30, 2014, to March 3, 2017, participants were
recruited via general practitioner databases, chest
physician databases, and advertisements at 29 academic
medical centres across nine countries worldwide (Brazil,
Canada, China, Germany, Italy, Spain, the Netherlands,
the UK, and the USA), as previously described.* To be
included in this study, all asthmatic participants must
have been aged 18-65 years with a clinical asthma
diagnosis for at least 6 months, as confirmed by a chest
physician according to GINA 2012." At the time that the
protocol was written (2012), we were concerned about
overlap between asthma and chronic obstructive
pulmonary disease because that was commonly done at
the time; therefore, we limited the upper age of enrolment
to 65 years.” The sample size justification was outlined in
the cross-sectional paper and balanced across GINA
treatment steps.™

The diagnosis of asthma was determined by objective
evidence of any of the following at the baseline visit or in
the previous 5 years: positive airway hyperresponsiveness
to methacholine; or reversibility, defined as a change in
FEV, of at least 12% and at least 200 mL over baseline
FEV,, after inhaling 400 pg of salbutamol using a
pressurised metered-dose inhaler with or without a
spacer; or peak expiratory flow variability (ie, highest
minus lowest value over the day divided by mean value of
the twox100) of more than 20%, measured over 7 days;
or documented reversibility after a cycle (eg, 4 weeks) of

longitudinally. This longitudinal report in the asthmatic cohort
shows that small airway disease is an independent predictor of
future exacerbation risk. A composite of impulse oscillometry
biomarkers, the ordinal score, significantly predicted asthma
exacerbations in a model with other known predictors,
including GINA severity score, history of previous
exacerbations, blood eosinophils, and FEV,. When the ordinal
score was added to the model, the contribution of FEV, was no
longer significant. Therefore, measurement of small airway
function by impulse oscillometry is a valuable addition to
clinical practice because it can assist the clinician in
understanding the risk of an asthma exacerbation in their
patients along with routinely collected information on
treatment intensity and blood eosinophils.

Implications of all the available evidence

Small airway disease has been understudied in asthma.

Our results extend our cross-sectional report to show the
clinical relevance of small airway disease, which is present across
all severity stages of asthma and is associated with meaningful
asthma outcomes. Measurement of small airway dysfunction
by impulse oscillometry is a valuable addition to clinical practice
because it can assist the clinician in understanding the
prospective risk of an asthma exacerbation in their patients.

maintenance anti-asthma treatment. Patients also had to
have stable asthma on any previous regular asthma
treatment (rescue 32 agonists alone included) at a stable
dose for at least 8 weeks before baseline. Lifetime
smoking was limited to 10 pack-years or less. The main
exclusion criteria were a chronic obstructive pulmonary
disease diagnosis confirmed by a chest physician or an
asthma exacerbation occurring in the 8 weeks before
baseline. The Medical Ethics Committee of each centre
approved the protocol, and all patients provided written
informed consent.

Procedures

Participants were followed up for 1 year with visits at
baseline, 6 months, and 12 months.* Methods for
spirometry, hyperresponsiveness, pre-bronchodilator
multiple breath nitrogen washout (MBNW), impulse
oscillometry, body plethysmography, questionnaires,
blood tests, and health care utilisation were described
previously.* The presence or absence of atopy was
measured by Phadiatop (ThermoFisher Scientific,
Waltham, MA, USA), a respiratory allergy screening test
for evaluation of serum IgE antibodies to inhaled
allergens. Medications during the 8 weeks before
evaluation were used to assess GINA treatment steps.”
Potential small airway disease indices used for the
longitudinal analyses were derived from the structural
equation models of the original ATLANTIS analysis.
These included both physiological measures and
CT imaging measurements of the small airways
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(appendix p 6). Physiological measures that captured
small airway function included percentage decrease in
forced vital capacity (FVC) during hyperresponsiveness
testing (indicative of air trapping in peripheral airways);
spirometry (forced expiratory flow [FEF] at 25-75% of
FVC [FEF,, ] and at 50% of FVC [FEF,), both corrected
for FVC of the conducting small airways); lung volumes
via body plethysmography; the ratio of residual volume to
total lung capacity; impulse oscillometry parameters
R5-R20 (resistance of small-to-mid-sized airways), AX
(area of reactance), and X5 (reactance or distensibility of
more central, conducting small airways at 5 Hz); and
MBNW (Scond and Sacin). Additional information
regarding pulmonary function quality control and
medication holds for physiology testing is provided in the
appendix (p 1).

CT-measured volumetric whole lung scans were
obtained using a standardised protocol for each scanner
manufacturer and model to approximate the reference
scanner site (in Leicester, UK; Siemens Sensation 16
scanner [16x0-75 mm collimation, 1-5 mm pitch,
120 kVp, 40 mAs, 0-5 sec rotation time, and scanning field
of view of 500 mm)], Siemens, Manchester, UK). The scans
were obtained at full inspiration (near total lung capacity)
and at the end of expiration during tidal breathing (near
functional residual capacity). All participants were coached
in the breath-holding technique and practiced breath-
holding immediately before scanning. All participants
were scanned within 60 min of receiving 400 pg of
salbutamol via a spacer. Images were reconstructed with a
slice thickness of 0-75 mm at 0-5 mm intervals using the
B35f kernel for the reference scanner or a similar
algorithm. Post-processing was performed using the
semi-automated software Apollo version 1 (VIDA
Diagnostics, Coralville, IA, USA).

We previously reported the quality control and
standardisation of CT analyses in ATLANTIS. CT bio-
markers of small airway disease identified in the
original ATLANTIS structural equation model were
evaluated as predictors of longitudinal outcome
measures.” Specifically, the variables evaluated in
prospective modelling (after multivariate analyses
including a broader set of CT imaging biomarkers;
appendix p 6) were: the mean lung density ratio (the
ratio of mean lung density on the expiratory versus
inspiratory CT scan), as a biomarker of gas trapping in
the supine position; the CT lung volume ratio in cm3
(the ratio of CT-derived lung volume for inspiratory
versus expiratory scans), which is a measure of air
trapping and airway closure due to obstruction in both
conducting small and peripheral airways in the supine
position; and voxel index of =856 Hounsfield units from
expiratory scans, an index of expiratory air trapping.

Outcomes

Outcomes were asthma control, the number of exacer-
bations, and quality of life over the 12-month study
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period.* Asthma control was determined at baseline,
6 months, and 12 months using Asthma Control Test
(ACT) and Asthma Control Questionnaire 6 (ACQ-6)
scores. An exacerbation was defined as a substantial
deterioration of asthma signalled by one or more of the
following: need for a systemic corticosteroid course
(=3 days), hospitalisation for asthma, and emergency
department or urgent care presentation for asthma.
Quality of life was determined using the European
Quality of Life (EuroQoL 5D-5L) score.

Statistical analysis

As described previously,* several physiological tests were
done to assess large and small airway function
(appendix p 6). Previously, we created a small airway
disease score that encompassed these parameters and
evaluated its ability to predict meaningful asthma
outcomes cross-sectionally.* In this report, we did a
univariate analysis of each physiological and imaging test
that was evaluated in the cross-sectional paper to determine
whether specific tests were better than others in predicting
exacerbations and asthma control longitudinally. Initial
exploratory analyses focused on determining which of
these individual variables were most strongly associated
with our outcome measures at the 12-month timepoint.
We performed Spearman correlation analyses of the
baseline physiological and CT variables and the 12-month
outcomes of exacerbations, and ACT, ACQ-6, and
EuroQoL 5D-5L scores. A Bonferroni correction was
applied for multiple comparisons.

Given that many strong correlations exist between
variable pairs, we adopted a modelling approach that
would work in the presence of multicollinearity and
identify the most important variables that predicted
asthma control, exacerbations, and quality of life through
regularisation. For exacerbations occurring over the
study period, a penalised negative binomial model was fit
using glmregNB from the mpath package.” Similarly, for
the longitudinal outcomes of ACT score, ACQ-6 score,
and EuroQoL 5D-5L score, separate penalised regression
models were fit using the glmnet package. In all models,
the ridge regularisation path was used, and the models
were fitted using R 4.0.0. The candidate physiological
and CT predictors, and the modelling process for each of
the four outcomes are shown in the appendix (p 7).
Additional information regarding the penalised
regression models is provided in the appendix (pp 8-11),
as well as the models for exacerbations and ACT, ACQ-6,
and EuroQoL scores.

Based on the results of the regularised regression
models, R5-R20, AX, and XS5 were found to be
consistently associated with ACQ-6, ACT, and
exacerbations. Because these variables were highly
correlated with each other, a composite ordinal score
comprising percent predicted AX, percent predicted X5,
and percent predicted R5-R20 was constructed
(appendix p 12). Although percent predicted values were

See Online for appendix
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Figure 1: Ordinal score and asthma exacerbations

In the top panel, ordinal scores are shown as red, blue, and green circles; the black bars indicate means and SDs. The
bottom panel shows the distribution of participants with one or more exacerbation; black bars indicate means and
95% Cls. The distributions of the unpaired mean differences were estimated using non-parametric bootstrap
resampling.

used in the ordinal score, the regularised regression
models included the actual values of AX, XS, and
R5-R20 alongside the covariates of age, sex, and height.
For percent predicted AX, X5, and R5-R20, we assigned
the numerical values 1, 2, and 3 to the low, medium, and
high tertiles of the corresponding distribution. To
compute the score for a given participant, the value of
each variable was first mapped to its tertile (ie, percent
predicted AX was mapped to AX_tert [score of 1, 2, or 3],
percent predicted X5 was mapped to X5_tert [score of 1,
2, or 3], and percent predicted R5-R20 was mapped to
R5-R20_tert [score of 1, 2, or 3]). The ordinal score was
defined as: Score_Ord=AX_tert+R5-R20_tert+X5_tert
(appendix p 12). The minimum value of the score was 3
(141+1) and the maximum value was 9 (3+3+3). The
distribution of ordinal score across the cohort is shown
in figure 1 and the appendix (p 13). The distribution of
the unpaired differences was estimated using non-
parametric bootstrap resampling. The distribution of
ordinal score by GINA severity score is shown in the
appendix (p 14).

We compared two models to assess the performance of
the ordinal score as a predictive tool for each outcome.
The first model included several variables previously
associated with exacerbations (exacerbations in the past
12 months, GINA treatment intensity as an index of
asthma severity,” absolute blood eosinophil count [109/L],
and FEV, [percent predicted]) as well as the ordinal score.
The second model included the variables without the
ordinal score.

664

Exacerbations were modelled using a zero inflated
negative binomial distribution specified as nbinom2 in
the glmmTMP package from the MASS R package.”
The distribution of exacerbations across the cohort over
the 12 months of the study are shown in the appendix
(p 15). For each of the longitudinal exacerbation
outcomes (ACT score, ACQG6 score, and EuroQoL 5D-5L
score), separate generalised linear mixed models were
fitted using repeated measurements of the independent
variables at each study visit and the exacerbations in the
past 12 months, GINA treatment intensity, absolute
blood eosinophil count and FEV, percent predicted,
with and without the ordinal score. All models included
a random intercept term to account for inter-participant
heterogeneity. The models with and without the ordinal
score were compared using the Akaike information
criterion and pseudo R2. The comparison using the
Akaike information criterion was valid, and thus data
for complete cases were used in each case. All
generalised linear mixed models were fitted using the
Imer function from the Ime4 package.” The plot_summs
function from the jtools package” and functions from
the sjPlot package” were used to produce graphical
summaries of the models.

Role of the funding source

The funder of the study contributed to the study design,
data interpretation, and writing of the report. The funder
had no role in data collection or data analysis.

Results

As discussed in the cross-sectional study, 878 participants
were screened for eligibilty." Of these, 773 were enrolled
and contributed to baseline data. The median age of
participants was 46 years (IQR 34-54) and 450 (58%) were
female. Further baseline characteristics of the participants
are shown in table 1. Physiological parameters, blood
eosinophil and neutrophil count, and fractional exhalation
of nitric oxide (FeNO) at baseline and 12 months are
shown in table 2. These parameters changed little over
the course of 1 year. 76 participants were lost to follow-up
over the course of the study, for the following reasons:
lost to follow-up (n=44), withdrawal of consent (n=22),
medical issues felt to be intolerable by the participant or
investigator not related to asthma (n=6), pregnancy (n=3),
and death (n=1). Thus, 37 participants did not complete
testing at 6 months, and 76 were absent at 12 months. All
available data were included in the longitudinal analyses.
We used likelihood-based methods for modelling. These
methods have been shown to be robust against missing
values that are missing at random.?

The univariate analysis results for the physiological
and CT variables, for each of the outcomes at 1 year
(exacerbations) and at baseline and at 1 year (ACT,
ACQ-6, and EuroQol) are shown in the appendix
(pp 4-5). After Bonferonni correction for multiple
comparisons, there were significant correlations between
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exacerbations and several small airway parameters,
including components of the impulse oscillometry
R5-R20, AX, and MBNW (Scond). FEF,, , FEF,, and
FEV, were significantly correlated with exacerbations in
this univariate analysis (appendix p 4). Significant
correlations were also found between physiological
variables and ACT and ACQ-6. Only FEV, was correlated
with quality of life. None of the CT variables were
significantly correlated with these outcomes after
Bonferroni correction (appendix p 5).

An increase in the impulse oscillometry ordinal score
was directly related to an increase in exacerbations in the
cohort (figure 1). As the ordinal score increased,

www.thelancet.com/respiratory Vol 10 July 2022

increase in the ordinal score corresponded to a 16%
increase in the rate of exacerbations. Of note, FEV, was
not significant in the model after inclusion of the ordinal
score (Model 1).

We found a significant association between the ordinal
score and ACT scores, but not between the ACQ-6 and
EuroQoL 5D-5L scores. Table 3 shows the estimates and
p values for the ordinal score in modelling these
outcomes. The expiratory lung volume was correlated
with ACQ-6 and this trended towards statistical
significance (p=0-091). The other physiological and CT
variables were tested in this multivariate model; although
many trended towards statistical significance, only the
ordinal score was significant.

Participants (n=773) Baseline (n=773) 12 months (n=697) p value
Age, years 46 (34-54) FEV,, % predicted 82.7 (69-9-93-8) 83-8 (71-6-94-1) 038
Sex Bronchodilator reversibility, % 7-6 (4-1-12:7) NA NA
Female 450 (58%) FEV,/FVC, % predicted 85-8 (76-5-93-9) 86-8 (78:3-94-6) 022
Male 323 (42%) FVC, % predicted 961 (85:5-105-6) 959 (85:7-1057) 0-67
Body-mass index, kg/m? 26 (23-30) FEF,, % predicted 620 (43-2-84-0) 646 (45-0-897) 0-12
Atopy 454 (59%) FEF,; 5, % predicted 56-6 (37-6-75-6) 56-0 (38:4-78-2) 0-50
Smoking status* RV, % predicted 1171 (98-4-138-9) 115-6 (97-7-138-8) 056
Ex-smoker 156 (20%) TLC, % predicted 104-9 (95-9-115-4) 105-0 (96-2-114-3) 0-73
Current smoker 27 (4%) RV/TLC, %predicted 106-1 (91-6-125-8) 105-5 (91-4-123-5) 0-58
Never smoker 590 (76%) FRC, % predicted 108-7 (93-5-126:6) 107-7 (92-8-126.7) 0-97
GINA severity scale Raw, % predicted 143-0 (91-6-231.0) 142-0 (93-1-226-7) 0-47
1 135 (17%) sGaw, % predicted 605 (42:6-94-6) 633 (44-4-95-6) 0-96
2 85 (11%) R20, % predicted 114-6 (97-4-134-9) 1151 (96-1-136.7) 0-85
3 207 (27%) R5-R20, %predicted 2786 (91-2-640-9) 267-6 (93-8-653-2) 0-87
4 300 (39%) X5, % predicted 1304 (94-4-184-6) 1303 (95-0-185-2) 0-97
5 46 (6%) AX, % predicted 2093 (95-2-507-6) 197-2 (91-6-478-2) 0-38
FEV,, % predicted Scond x VT, % predicted 180-5 (100-7-305-3) 1523 (73-5-2557) 0059
<60% 98 (13%) Sacinx VT, % predicted 107-2 (77-9-154-6) 1087 (77-0-154-6) 0-69
60-80% 237 (31%) Blood eosinophils, 10°/L 0-24 (0-13-0-38) 0-23 (0-13-0-35) 0-67
>80% 423 (55%) Blood neutrophils, 10°/L 3.7 (3:0-4-7) 3.7 (2:9-4-6) 0-48
FVC, % predicted FeNO, 50 mL/s 25.0 (16-0-38-0) 24-0 (15-0-38-0) 0-89
<60% 8(1%) All parameters are presented as median (IQR). NA=not applicable. FVC=forced vital capacity. FEF,,=forced expiratory flow
60-80% 108 (14%) at 50% of FVC. FEF,, =forced expiratory flow at 25-75% of FVC. RV=residual volume. TLC=total lung capacity.
~80% 646 (84%) FRC=functional residual capacity. Raw=airway resistance. sGaw=specific airway conductance. R5-R20=peripheral airway
o resistance. X5=resistance at 5 Hz. AX=area of reactance. Scond xVT=ventilation inhomogeneity in the conductive zone of
Medication the lungs. Sacin x VT=ventilation inhomogeneity of the acinar zone of the lungs. FeNO=fraction of expired nitric oxide.
Oral corticosteroids 22 (3%)
lares 32 (4%) Table 2: Physiology, biomarkers, and asthma control at baseline and 12 months
PC,,, mg/mL 1.25(0-4-4-2) TR . . .
i _ indicative of increased small airway resistance, the
Decrease in FVC post provocation challenge, % 17% (12-22) . K
number of exacerbations also increased.
ACT score 210 (18-0-24-0) . .
Although impulse oscillometry measurements were
ACQ-6 score 0-875 (0-319-1-51) Coa . . . .
individually and collectively correlated with exacerbations
EuroQoL 5D-5L score 80-0 (70-0-90-0) . . . . . .
longitudinally in isolation, we sought to determine
Data are presented as median (IQR) or n (%). GINA=Global Initiative for Asthma. whether the ordinal score contributed to a model
FVC=forced vital capacity. PC,,=provocative concentration of methacholine that Containing variables known to be associated with asthma
results in a 20% decrease in FEV,. ACT=Asthma Control Test. ACQ-6=Asthma . . . . %
p S e exacerbations. These included blood eosinophil count,
ontrol Questionnaire 6. EuroQoL 5D-5L=European Quality of Life. *Ex-smoker K K .
was defined as a previous history of smoking of less than 10 pack-years and no FEV,” exacerbations in the previous year,” and GINA
smoking in the 12 months before enrolment; current smoker was defined as severity score.” Figure 2 shows the incidence rate ratios
currently smoking witha hist?ry of less than 10 pack-years; never smoker was of the models both with and without the ordinal score,
defined as no history of smoking. . . . .
showing that the ordinal score contributes to the ability
Table 1: Baseline clinical characteristics of the model to predict exacerbation rate. A one-point
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Incidence rate ratio
(95% C1)
Number of exacerbations | -@- Model 1 —o— 1.58 (1-44-2-19)
in previous year -@- Model 2 — 1.70 (1-19-2-42)
i —t - 1:33(0-59-3-01)
GINA 2-3 (vs GINA 1) — | 135 (0-60-3-04)
3-08 (1-43-6-66)
_ | ———
GINA 4-5 (vs GINA 1) o 3-09 (1-43-6-65)
Eosinophils | . 114 (1-04-1-26)
(per 100 cell/pL change) A 113 (1.03-125)
FEV, % predicted | o 0-94 (0-81-1-09)
(per 10% change) d 0-87(0:76-0-99)
Ordinal score — lo 116 (1-02-132)
T T T 1
05 5 10 50
Incidence rate ratio

Figure 2: Incidence rate ratios for exacerbations from models with and without the impulse oscillometry

ordinal score

Model 1 included the ordinal score; model 2 did not include the ordinal score. GINA=Global Initiative for Asthma.
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Ordinal score estimate (95% Cl) p value
ACT -0-1635 (-0-3049 to -0-0219) 0:024
ACQ-6 0-0348 (~0-0062 to 0-0759) 0-097
EuroQol 5D-5L  -0-5610 (-1-2104 to 0-0883) 0:091

Estimates and p values were calculated when the ordinal score was added to a
model that included baseline Global Initiative for Asthma score, baseline blood
eosinophils, baseline FEV, and exacerbations in the previous year before study
entry. Estimates are from unstandardised variables. ACT=Asthma Control Test.
ACQ-6=Asthma Control Questionnaire 6. EuroQoL 5D-5L=European Quality of Life.

Table 3: Estimates of ACT, ACQ-6, and EuroQoL 5D-5L scores with a
model including the ordinal score

Discussion

The findings of this longitudinal cohort study indicate that
asthmatic small airway disease predicts asthma control
and the number of exacerbations experienced. Specifically,
small airway function as measured by the components of
impulse oscillometry, R5-20, AX, and X5 were significantly
correlated with asthma exacerbations and other measures
of small airway function, including FEF and FEF,,
per the univariate analysis. FEV, was also significantly
correlated with exacerbations in the univariate analysis, as
well as asthma control and quality of life. However, when
the impulse oscillometry values of R5-R20, AX, and X5
were defined by a composite ordinal score, the score
independently predicted asthma exacerbations and
asthma control in models in which other known predictors
were included, including GINA severity, previous
exacerbations in the past 12 months, blood eosinophil
count, and FEV,. The presence of small airway disease
as measured by impulse oscillometry conferred a

16% increase in the risk of exacerbation with each one-
point increase in the score. CT parameters did not
significantly correlate with exacerbations, asthma control,
or quality of life. Overall, these data suggest that small
airway disease, as measured by physiological testing,
increases the risk of increased asthma symptoms and
exacerbations.

Dysfunction of the large and small airways is an
important aspect of asthma pathophysiology.~* To our
knowledge, ATLANTIS is the first study to compre-
hensively evaluate small airway function in a large
cohort. In our previous cross-sectional evaluation, we
defined a small airway disease score that was composed
of the results of multiple physiological tests of small
airway function. We showed that small airway disease,
measured in several different ways, was present in the
majority of our 773 participants with asthma, and that
this score was associated with a previous history of
exacerbation and health-care utilisation.* Although
instructive, the small airway disease score is not directly
applicable to clinical practice.

The purpose of the current longitudinal analysis was
also to assess whether specific components of the small
airway disease score, which represent small airway
measurements, would be by themselves predictive of
meaningful asthma outcomes, such as asthma control,
as defined by the ACT* and the ACQ-6* scores,
exacerbations, and quality of life, which was defined by
the EuroQoL 5D-5L questionnaire.” Our data suggest
that several small airway physiological measurements
correlate with exacerbations and asthma control via
univariate analyses. However, when these variables were
placed in a model with other known predictors of
exacerbations and asthma control, oscillometry, as
defined by the ordinal score, was the only small airway
parameter that was an independent predictor. GINA
treatment step and exacerbations in the past year were
the strongest predictors. However, when the ordinal
score was added to the model (Model 1), the effect of
FEV, as a predictor of exacerbation was no longer
significant. This reduced effect attributable to FEV, in
the multivariate model of exacerbations is probably
caused by correlation between FEV, and the impulse
oscillometry parameters. Parameter estimates in
multiple regression models are the marginal contri-
bution of the regressor, given all the other predictors in
the model. Although FEV, is felt to be a primarily a
larger airway measurement, it does capture the cross-
sectional area of the lung,' whereas the impulse
oscillometry parameters, including the ordinal score, are
more specific to resistance measures in the distal lung.”
Therefore, impulse oscillometry parameters and FEV,
are likely to be correlated to some degree.

One of the goals of this analysis was to provide a
simple message to clinicians who care for patients with
asthma around the value of measuring small airway
function. We originally performed a factor analysis
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using the percent predicted values for AX, X5 and
R5-R20. However, to make the calculation of the ordinal
score easy for clinicians to perform if they desire, a
simplified version using direct summation of the
components has been presented. Although the simpli-
fied score assumes a linear trend in the magnitude of
association, we presented the simplified score with this
as a tacit assumption. We acknowledge the limitations of
the simplified score (eg, oscillometry might not identify
everyone with small airway disease because it is
calculated from impulse oscillometry only, and the
availability of oscillometry as a test in primary care
practices could limit generalisability), but we believe that
its simplicity would make it applicable to datasets
sharing similar distributional properties to that of the
ATLANTIS dataset.

Measurement of small airway function via oscillometry
is available at most clinical centres and in pulmonary
function laboratories. The use of oscillometry in clinical
practice will increase the ability of a provider to determine
whether small airway disease is present in patients with
asthma; to warn the clinician that their patient is at
increased risk for asthma exacerbation if impulse
oscillometry parameters are abnormal; and to understand
that reduced asthma control and quality of life could be
due, at least in part, to small airway disease. Thus, small
airway disease should be added to the list of risk factors
of poor asthma outcomes as outlined in GINA 2021.%* At
present, this approach is not standard for asthma
evaluation, and we suggest that it should be, given the
large number of participants with asthma across the
severity scale studied in ATLANTIS who demonstrated
small airway disease measured using oscillometry.

The limitations of this study include a low prevalence
of exacerbations, because this cohort was not enriched
for exacerbations. Thus, future studies to evaluate the
role of small airway disease in a cohort with a higher
prevalence of exacerbations could be a topic of future
study. Also, once participants were enrolled, their asthma
was managed by their providers, making this closer to a
so-called real-world study with improved generalisability,
but the medication changes made during the longitudinal
phase were not captured. Additionally, the simplified
ordinal score assumes a linear trend in the magnitude of
association, and we presented the simplified score with
this as a tacit assumption. We believe the simplified
score by virtue of its simplicity would be applicable to
datasets sharing similar distributional properties to that
of the ATLANTIS data set.

In summary, ATLANTIS, using a non-interventional
prospective cohort approach, increased our knowledge of
small airway disease, showing that small airway disease
is present in a large proportion of patients with asthma
across the severity spectrum, with a higher prevalence in
severe asthma. The results showed a significant asso-
ciation between small airway disease and clinically
important outcomes in asthma, even though participants

www.thelancet.com/respiratory Vol 10 July 2022

with frequent exacerbations and poor asthma control
were not enriched in this cohort. Of note, small airway
disease, as easily measured by impulse oscillometry via
R5-20, AX, and XS5, predicts asthma control and
exacerbations. For optimal care of patients with asthma,
small airway function should be assessed along with
large airway function and biomarkers as part of asthma
phenotyping to better understand the risk of poor asthma
outcomes for each individual patient.
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