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Small airway dysfunction (SAD) is both common and clinically
relevant in patients with asthma. However, there is no
recognized "gold standard" approach for the identification of
SAD in clinical practice. The ATLANTIS (AssessmenT of smalL
Airways involvemeNT In aSthma) study was a prospective (1-
year follow-up), multicenter, international observational study
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that aimed to identify the best, or best combination of
biomarkers, physiological tests, and imaging markers for the
determination of the presence of SAD, and to evaluate the
contribution of SAD across all asthma severities to meaningful
clinical asthma outcomes. A large number of analyses from the

ATLANTIS study have been conducted or are planned. This
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Abbreviations used
ATLANTIS- AssessmenT of smalL Airways involvemeNT In
aSthma
AUC- Area under the receiver operating characteristic
curve
AX- Reactance area
BOLD- Burden of Obstructive Lung Disease
CADSET- Chronic Airway DiSeases Early sTratification
COPD- Chronic obstructive pulmonary disease
CT- Computed tomography
FEF- Forced expiratory flow
FEV;- Forced expiratory volume in 1 second
FRC- Functional residual capacity
FVC- Forced vital capacity
GINA- Global Initiative for Asthma
HRCT- High-resolution computed tomography
HRQoL- Health-related quality of life
10S- Impulse oscillometry
LCI- Lung clearance index
LR+- Positive likelihood ratio
MBW- Multiple breath washout
PAL- Persistent airflow limitation
PEF- Peak expiratory flow
R5-R20- Resistance drop from 5 Hz to 20 Hz
RV- Residual volume
Sacin- Acinar airway ventilation heterogeneity
SAD- Small airways dysfunction
SADT- Small Airways Dysfunction Tool
Secona- Conducting airway ventilation heterogeneity
SEM- Structural equation modeling
TLC- Total lung capacity
U-BIOPRED- Unbiased Biomarkers for the Prediction of
Respiratory Disease Outcomes
X5- Lung reactance

narrative review summarizes the key findings to date and the
future directions. Perhaps the most important finding so far
is that a "toolbox" of spirometry, oscillometry, and a small
airways dysfunction questionnaire can detect SAD with high
accuracy (area under the receiver operating characteristic
curve 0.96 and positive likelihood ratio 12.8). Further,
collaboration with other consortia has demonstrated the use
of oscillometry to identify asthma phenotypes. We advocate
the adoption of the ATLANTIS toolbox into interventional
studies in asthma—and if validated, this could form a useful
part of research and daily clinical practice. © 2025 The
Authors. Published by Elsevier Inc. on behalf of the Amer-
ican Academy of Allergy, Asthma & Immunology. This is an
open access article under the CC BY license (http://creative
commons.org/licenses/by/4.0/). (J Allergy Clin Immunol
Pract 2026;14:56-66)

Key words: Asthma; Small airways; Oscillometry; Spirometry;
Questionnaire

The small, or peripheral, airways are those with diameter <2
mm, and comprise the respiratory bronchioles, alveolar duct,
and alveolar sac (Figure 1). Historically, asthma was considered
to be a disease that primarily involved the large airways, in part
due to limitations of the assessment methods available. How-
ever, with modern techniques, it is apparent that at least 50% of
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patients, across all asthma severities, have small airways
dysfunction (SAD)." This is important, as patients with asthma
who have SAD tend to be more symptomatic, have worse
health-related quality of life (HRQoL), an increased risk of
asthma exacerbations, and suboptimal asthma control compared
with patients without SAD (Figure 2).”® SAD also has impli-
cations in the general population: in an analysis of the Burden of
Obstructive Lung Disease (BOLD) study, which recruited a
representative general population sample of more than 20,000
individuals, those with SAD were not only more likely to have
respiratory symptoms than those without SAD, but also had an
increased likelihood of a cardiovascular disease.”

In view of the many, often small studies where SAD was
assessed, we describe the various tools that have been used to
identify SAD, and summarize the key findings and the future
directions of a study (ATLANTIS [AssessmenT of small Air-
ways involvemeNT In aSthma]) that aimed to identify the best
tool or combination of tools for the determination of the
presence of SAD.

IDENTIFYING SMALL AIRWAYS DYSFUNCTION

Given the increasing awareness of the importance of SAD in
asthma prognosis and (potentially) treatment selection, reliable
and easy-to-perform methods to identify SAD in individual
patients are needed.® Ideally, such methods should be usable in
both research and clinical practice.

Forced expiratory volume in 1 second (FEV,) is well estab-
lished in the diagnosis of asthma, and together with peak
expiratory flow (PEF) is an important component of the
assessment of future risk of adverse outcomes.’ Although FEV,
is a useful measure that broadly evaluates lung function, it does
not reliably assess the small airways. Spirometry values do not
become abnormal until approximately 75% of small airways are
obstructed,'”'! and so neither FEV, nor PEF can be used to
assess the presence of SAD. Instead a series of methods
(including other spirometry evaluations) have been proposed to
identify SAD (Table 1).""* Historically, these have typically
been used in cross-sectional studies, often relatively small in size
and recruiting subgroups of asthma severity. Importantly, there
is no consensus on a single, "gold-standard" SAD assessment.

Computed tomography

High-resolution computed tomography (HRCT) does not
yet have sufficient resolution to visualize individual small air-
ways. However, by evaluating airway morphometry (such as
airway wall thickness), lung densitometry and gas trapping,
HRCT imaging provides indirect measures of SAD.'***7%44-%
Further, more recent techniques combining HRCT with com-
puter simulations have been useful in visualizing the small air-
ways (eg, evaluating the change in density between inspiratory
and expiratory images, to discriminate emphysema from non-
emphysematous air trapping, or functional SAD"'), and in
simulating 3-dimensional aerosol deposition throughout all re-
gions of the lung.”*” However, these techniques are currently
used only in clinical trials.

Spirometry

Although FEV, cannot be used on its own to detect SAD,
spirometry parameters such as forced expiratory flow between
25% and 75% (FEF;s0,.750,) or at 50% (FEFsqo,) and forced
vital capacity (FVC) have been used to detect the presence of
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FIGURE 1. Location of the small airways. AD, Alveolar duct; AS, alveolar sac; C7, computed tomography; RB, respiratory bronchiole.

airflow obstruction and air trapping, respectively, as indirect
markers of SAD (eg, FVC fall following bronchial chal-
lenge).' #1434 However, these measurements are highly
variable and depend on the quality of the FVC maneuver.
Further, spirometry is a broad, imprecise evaluation of overall
lung health, and a key challenge is that SAD involves airway
ventilation heterogeneity.

Plethysmography

Body plethysmography is a more sensitive measure of small
airways obstruction than spirometry.”” The parameters func-
tional residual capacity (FRC), residual volume (RV), and the
ratio of RV to total lung capacity (TLC) are markers of gas
trapping, indicating hyperinflation, which is suggestive of the
presence of SAD.'"?" Further, hyperinflation measured by body
plethysmography is frequently associated with poorly controlled
asthma.”” However, plethysmography equipment is complex,
requiring well-trained and experienced staff, and is generally
performed in specialist pulmonary practice and rarely in primary
care settings.

Oscillometry

Impulse oscillometry (I0S) measures the mechanical prop-
erties of the lungs during regular, quiet tidal breathing by
applying pressure oscillation at the mouth.""***” The resistance
drop from 5 Hz to 20 Hz (R5-R20), lung reactance (X5), and
reactance area (AX) are indicative of small airways obstruction.
Previous studies have also confirmed the association of IOS with
small airway ventilation heterogeneity using quantitative HRCT
imaging’* and small airway wall thickening using optical
coherence tomography.”" Although historically 10S has been
restricted to use in research, portable devices are now available so
that the technique can be incorporated into clinical practice.
However, the current high cost of the equipment makes this
difficult to accomplish in nonspecialist care (and even in
specialist care in many parts of the world).

Multiple breath washout

Multiple breath washout (MBW) assesses ventilation distri-
bution by measuring how efficiently the lungs can clear an inert
tracer gas (such as nitrogen). Narrowing and obstruction of the
small airways impacts the ability of the gases to spread

throughout the lung, increasing the time taken for the tracer gas
to wash out of the lung.”’* 3¢ Ventilation heterogeneity is
expressed in terms of the lung clearance index (LCI) of the
inhaled tracer gas and the indices S.ong (associated with the
conductive airways) and S,, (associated with the acinar small
airways).’z'1 LCI, Sconds and S, have been shown to correlate
with spirometry to define airflow limitation in patients with
asthma’” and are altered during an asthma exacerbation.” The
utility of the results are strongly dependent on skilled, trained
operators, and although use is becoming more routine in clinical
practice, this is more for cystic fibrosis than asthma.

Transbronchial biopsy

Patients with asthma tend to have greater alveolar accumu-
lation of eosinophils and macrophages than nonasthmatic con-
trols,”” and nocturnal asthma is associated with increased
eosinophils and CD4+ lymphocyte levels compared with non-
nocturnal asthma.>® Further, severe asthma is associated with
mast cell infiltration of the airway submucosa®*’ and with a
significantly higher total inflammatory cell count in the small
airways than the medium or large airways, suggesting that SAD
can potentially be identified in transbronchial biopsy tissue
samples.”” However, transbronchial biopsy requires invasive
tissue sampling and is restricted to research.

SMALL AIRWAYS DYSFUNCTION—TARGETED
THERAPIES

Appropriate identification of SAD is important not only to
better establish the prognosis of an individual’s asthma but also
to help with therapy selection. For example, a number of
controlled studies and real-world analyses have evaluated the
impact of inhaled therapies that can penetrate the small airways
in patients with asthma.”*®* In particular, extrafine particle
formulations (defined as having mass median aerodynamic
diameter <2 pm®’) have been shown to better penetrate the
small airways than non-extrafine formulations.”®® In clinical
studies, patients with asthma were more likely to achieve control
and had greater improvements in HRQoL when using extrafine
formulation inhaled corticosteroids than when using non-
extrafine formulations,””** with similar results in a retrospec-
tive matched cohort study.(’2 However, no clinical trials have
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FIGURE 2. Implications of small airways dysfunction (SAD).?® HRQoL, Health-related quality of life.

TABLE I. Overview of small airways dysfunction assessments and associated end points

References
12,22,33,41,44-49

Assessment method Associated end points

Computed tomography Lung pattern, airway wall thickness, expiratory to inspiratory lung density, and in

combination with computer simulations to visualize small airways

Spirometry Forced vital capacity, forced expiratory flow from 25%-75% or at 50%, and percent fall 10.12-19.43.46
during bronchial challenge

Plethysmography Functional residual capacity, residual volume (RV), and ratio of RV to total lung capacity 202

Oscillometry Resistance drop from 5 Hz to 20 Hz, lung reactance, and reactance area H.23-29

30-32,34-36

Multiple breath washout Lung clearance index of the inhaled tracer gas, conducting airway ventilation heterogeneity,

and acinar airway ventilation heterogeneity

Transbronchial biopsy
inflammation in alveolar tissue

Lymphocyte, macrophage, and eosinophil influx into alveolar tissue; mast cell activation and

37-40,42

conclusively identified that extrafine therapies are the best
management approach for patients with asthma and SAD, and 2
meta-analyses had conflicting results on the benefits of extrafine
therapies over non-extrafine formulations.®””"

There is also growing interest in the impact of biologic
therapies on SAD, especially in patients with severe eosinophilic
asthma. For example, in a prospective clinical trial, mepolizu-
mab was associated with improvements in small airways func-
tion assessed using MBW, with this improvement associated
with improved asthma control.”® In other trials, dupilumab was
associated with statistical improvements in IOS and numerical
improvements in a functional respiratory imaging end point
(specific regional airway volumes corrected for lung volume).”""
73 Results from retrospective, "real-life" studies are more mixed:
mepolizumab was associated with improvements in FEF;50, 7504
in 3 studies,'>'*7* although another study showed no effect;””
benralizumab improved spirometry and asthma control,

although there was no improvement in FEF;s0, 750, or IOS-
measured SAD;’® and dupilumab was associated with a nu-
merical (but not statistically significant) improvement in
FEF 5057506

Overall, these various studies highlight the potential impor-
tance of SAD-targeted therapies in the management of asthma,
although the contrasting results and the range of tools used to
assess SAD make drawing firm conclusions challenging.

ATLANTIS
ATLANTIS design

Given the lack of agreement over a "gold standard" SAD
assessment method, a worldwide partnership created the
ATLANTIS study (NCT02123667) to identify the best, or best
combination of biomarkers, physiological tests and imaging
markers to determine the presence of SAD.”® In addition,
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FIGURE 3. Small airways dysfunction assessment and the ATLANTIS (AssessmenT of smalL Airways involvemeNT In aSthma) study.
AX, Reactance area; CT7, computed tomography; FEF,59.759, forced expiratory flow between 25% and 75%; FEF509, forced expi-
ratory flow at 50%; FRC, functional residual capacity; FVC, forced vital capacity; HRCT, high-resolution computed tomography; LC/,
lung clearance index; MBW, multiple breath washout; R5-R20, resistance drop from 5 Hz to 20 Hz; RV, residual volume; S,.;,, acinar
airway ventilation heterogeneity; SAD, small airways dysfunction; S.,,s conducting airway ventilation heterogeneity; 7LC, total lung

capacity; X5, lung reactance.

ATLANTIS secks to evaluate the contribution of SAD across all
asthma severities to the clinical expression of asthma, both in a
cross-sectional and longitudinal manner.

ATLANTIS was a prospective observational study with 1-
year follow-up, conducted in Brazil, China, Germany, Italy,
Spain, the Netherlands, the United Kingdom, the United States,
and Canada (Figure 3). The study recruited 773 participants
with asthma (Global Initiative for Asthma [GINA] severity
stages 1-5) and 99 control participants without asthma.”” All
were aged 18 to 65 years on entry; those with asthma had an
objective, clinical diagnosis confirmed by a chest physician.
Patients were extensively clinically characterized including a
variety of measurements of large and small airways function,
with HRCT conducted in a subset of 294 patients (at TLC and
FRC). In addition to evaluating the use of a range of assessment
tools, ATLANTIS aimed to validate use of a simple patient-
completed SAD questionnaire to suggest the presence of SAD.

ATLANTIS results so far

Structural equation modeling. The ATLANTIS study
showed that the prevalence of SAD in patients with asthma was
dependent on the measure used, varying from 19.3% (S,n) to
73.1% (FVC), with 91% of participants found to have SAD
when defined as any abnormal physiological variable (Figure 4,
Aj see the figure legend for the definition used for each and the
paper by Postma et al”” for the full reference equations). This
wide variability illustrates the importance of identifying a "gold
standard" tool or set of tools to define the presence of SAD. To
achieve this, structural equation modeling (SEM) was applied to
the ATLANTIS data to assess the contribution of all physio-
logical and HRCT variables to SAD in participants with asthma.

SEM is a statistically unbiased analysis technique that in-
corporates path analysis, factor analysis, and regression analysis
into a single modeling framework to assess how different pa-
rameters provide independent information on an outcome. The
final clinical SEM model of SAD in ATLANTIS included 3
latent variables—1 for ventilation heterogeneity, 1 for expiratory
flow limitation, and 1 for gas trapping and conductive SAD
(Figure 4, B).”? This allowed a clinical SAD score to be defined
that indicated the degree of SAD in each patient. Although SAD
was present across all GINA asthma severities, overall the clinical
SAD score correlated with asthma severity and control, exacer-
bation risk, severity of airflow limitation, hyperinflation, and
airway resistance as reflected by 10S.””

Interestingly, patients with asthma in ATLANTIS had higher
systolic blood pressure than the control participants, with both
systolic and diastolic blood pressure correlating to the clinical
SAD score.”” This is consistent with findings from BOLD, in
which individuals in the general population with SAD had an
increased likelihood of a cardiovascular disease, although not
hypertension.” Further research is required to understand the
impact of SAD on cardiometabolic outcomes and the potential
of confounding influences such as oral steroid treatment expo-
sure, which might mediate outcomes indirectly.

Because computed tomography (CT)-scan parameters were
only available for a subset of patients, a second SEM model was
developed that used the CT-derived small airways measure-
ments to define CT SAD scores in this subset. However, the
results of the CT SAD and clinical SAD scores were only
weakly concordant in ATLANTIS (r = 0.28; P = .001).”?
Several factors could account for this discordancy, including
the impact of supine acquisition of CT scans on basal airway
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FIGURE 4. (A) Prevalence of airways dysfunction, as measured by several variables, in the full asthma cohort in ATLANTIS (Assess-
menT of smalL Airways involvemeNT In aSthma) (reprinted from Postma et al,”® with permission from Elsevier). (B) The 3 latent var-
iables included in the structural equation model developed for small airways dysfunction in ATLANTIS.”® In panel (A), the presence of
airways dysfunction was defined as values either above the upper limit of normal (>ULN), or below the lower limit of normal (<LLN), as
follows: R20 (>ULN), FEV4 (<LLN), FEV4/FVC (<LLN), Sacin (>ULN), RV/TLC (>ULN), Scong (>ULN), RV (>ULN), X5 (<LLN), AX
(>ULN), R5-R20 (>ULN), FEF5q (<LLN), FEF55.75 (<LLN), and decrease in FVC (>ULN). AX, Reactance area; FEF, forced expiratory
flow; FEV,, forced expiratory volume in 1 second; FVC, forced vital capacity; R20, resistance at 20 Hz; R5-R20, peripheral airway
resistance; RV, residual volume; S..,, acinar airway ventilation heterogeneity; SAD, small airways dysfunction; S.,,s, conducting
airway ventilation heterogeneity; 7LC, total lung capacity; X5, reactance at 5 Hz.

closure, or the acquisition of CT scans at only 2 points in the ~ Longitudinal follow-up. In longitudinal analyses of
breathing cycle. In comparison, lung function tests are ac- ATLANTIS, baseline SAD values significantly correlated with
quired in the sitting posture and over several tidal breathing  asthma severity over the 1-year follow-up period.”’ In particular,
cycles. Further exploratory work is ongoing within the  the 3 IOS parameters AX, X5, and R5-R20 independently and

consortium. consistently associated with subsequent asthma control,
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HRQoL, and the number of exacerbations. Given these IOS
variables highly correlated with each other, a composite ordinal
score comprising percent predicted AX, percent predicted X5,
and percent predicted R5-R20 was constructed. This composite
ordinal score was the most discriminative at predicting future
asthma exacerbations (incidence rate ratio 1.16 [95% confidence
interval: 1.02-1.32]), when compared with the individual
physiological and HRCT assessments, adjusting for prior exac-
erbations, asthma severity, FEV; % predicted, and the type 2
biomarkers blood eosinophils and forced exhaled nitric oxide.”
Prior analyses, such as those using the ORACLE score (Oxford
Asthma Attack Risk Scale), have shown that high blood eosin-
ophil levels (defined as >150 cells/pIL) or high exhaled nitric
oxide fraction (defined as >25 ppb) can quantify the excess risk
of asthma exacerbations in patients with type 2 high asthma.”'
The ATLANTIS results imply that the presence of SAD adds to
the stratification of exacerbation risk due to these type 2 bio-
markers and is an independent exacerbation risk predictor
because in analyses of the longitudinal follow-up data, SAD was
most discriminative at predicting exacerbations. In contrast, the
impact of the presence of SAD at baseline on subsequent
changes in symptoms (Asthma Control Questionnaire) and
quality of life (EuroQoL and Asthma Quality of Life Ques-
tionnaire) were small and below the minimum clinically
important difference.

Overall, these data suggest that the measurement of small
airway function by IOS could be a useful addition to clinical
practice as it can assist clinicians to better understand a patient’s
exacerbation risk when combined with routinely collected in-
formation on treatment intensity and blood eosinophils.*”**

Persistent airflow limitation. Beyond exacerbations, SAD
in asthma may progress to the development of persistent and
nonreversible airflow limitation. Although ATLANTIS was not
a natural history study, and the 1-year prospective follow-up was
insufficient to evaluate disease progression, baseline data were
used to examine the association of SAD with persistent airflow
limitation (PAL). When PAL was defined as postbronchodilator
(360 pg of albuterol [equivalent to 400 [ig of salbutamol])
FEV,/FVC below the lower limit of normal, at baseline, 33% of
the ATLANTIS participants had PAL.*> These patients were
more likely to have SAD, with independent associations be-
tween the presence of PAL and the SAD parameters R5-R20,
TLC, RV/TLC, Scong> and S,

The ATLANTIS consortium has formed partnerships with
other research consortia, including CADSET (Chronic Airway
DiSeases Early sTratification) and U-BIOPRED (Unbiased
Biomarkers for the Prediction of Respiratory Disease Out-
comes), to further study the causes and clinical consequences of
PAL.**® For example, a recent study comparing data from U-
BIOPRED and ATLANTIS developed a novel phenotyping
approach called "radiomultiomics," which integrates quantita-
tive CT data, transcriptomics, and proteomics.g(7

In the initial ATLANTIS analyses, the group of patients with
high levels of SAD had more severe airflow obstruction, and
were more likely to have severe asthma and type 2 inflamma-
tion.”” The use of radiomultiomics identified a cluster of pa-
tients who had many of the same clinical and CT features as
those with SAD in ATLANTIS—specifically air trapping on
CT, severe airflow limitation, and hyperinflation. These patients
had  upregulated signaling of cytokine

and  matrix
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metallopeptidase 1, 2, and 9 pathways. These findings highlight
the potential of analyses combining datasets to understand the
pathophysiology of SAD.

The Small Airways Dysfunction Tool. Although the
identification of a "gold standard" physiological assessment is
critical to the diagnosis of SAD, none of the methods are suit-
able for population-level triage. An ideal tool for such use would
be a symptom-based questionnaire. A patient-completed ques-
tionnaire called the Small Airways Dysfunction Tool (SADT)
was previously created by conducting interviews and focus
groups in individuals both with and without SAD selected from
a primary care database of patients in the Netherlands.”” Tt
consists of 63 items covering signs and symptoms suggestive of
the presence of SAD, which participants of ATLANTIS
completed at baseline, and at 6 and 12 months.

Patients in ATLANTIS were assigned to 1 of 2 SAD groups
based on clinical SAD score (ie, less likely or more likely to have
SAD), determined from SEM described earlier. The associations
of the individual SADT items with SAD group were then
evaluated using logistic regression, in order to select key SADT
items. The selected key SADT items together with available
clinical information were used to build logistic regression
models to predict the SAD group. For each model, the area
under the receiver operating characteristic curve (AUC), positive
likelihood ratio (LR+), and sensitivity and specificity were
calculated, using a probability cutoff of 0.5 to indicate predicted
SAD.** A single item of the SADT, Item 8 ("I sometimes
wheeze when I am sitting or lying quietly”) combined with
patient characteristics such as age and body mass index detected
SAD with a reasonable degree of accuracy (AUC of 0.74 and an
LR+ of 2.3; Figure 5).5 Adding spirometry (FEV; % pre-
dicted) increased the diagnostic accuracy (AUC of 0.87 and
LR+ of 5.0), which was maximized by the inclusion of the IOS
parameters R5-R20 and AX (AUC of 0.96 and LR+ of 12.8).

These data provide an initial indication that the combination
of IOS with a single item from the SADT could be useful in the
identification of SAD in patients with asthma, and that this
combination be sufficient as diagnostic end points in clinical
studies in asthma. This needs to be validated in other pop-
ulations—and indeed a study is underway to validate a variation
of this questionnaire to identify SAD in patients with chronic
obstructive pulmonary disease (COPD) (the SCOOP study;
EUPAS1000000183).

Gene expression. Using nasal epithelial gene expression
data from 369 patients with asthma and 58 nonasthmatic
controls included in ATLANTIS, 67 higher expressed and 59
lower expressed genes were identified in the patients with
asthma, including CLCA1, CST1, and POSTN.*® By employing
hierarchical clustering, an endotype was identified with higher
blood and sputum eosinophils, high fractional exhaled nitric
oxide, and more severe small airway dysfunction, suggesting that
nasal epithelial gene expression profile reflects asthma-related
processes in the lower airways. Although this requires further
validation, these results suggest that the nasal epithelium could
be a useful noninvasive tool to identify asthma endotypes.

Limitations. Although ATLANTIS recruited a broad asthma
population, the findings (and in particular the combination of
the SADT with oscillometry to identify patients with SAD)
need to be validated in other cohorts. In particular, although
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FIGURE 5. The combination of a single item from the Small Airways Dysfunction Tool (SADT) with spirometry and impulse oscillometry
detects small airways dysfunction in the ATLANTIS (AssessmenT of smalL Airways involvemeNT In aSthma) cohort with a high degree
of accuracy (reproduced with permission of the European Respiratory Society 2024%2). Area under the receiver operating curve (AUC)
and positive likelihood ratio (LR+) for the 3 prediction models: bronze, including age, age at asthma diagnosis, body mass index (BMI),
and SADT item 8 (“l sometimes wheeze when | am sitting or lying quietly”); silver, including age, BMI, SADT item 8, and spirometry
(percentage predicted forced expiratory volume in 1 second [FEV; % pred]); and gold, including age, BMI, SADT item 8, spirometry
(FEV, % pred), and oscillometry (resistance difference between 5 and 20 Hz [R5-R20] and reactance area [AX]). Data are shown with
95% confidence intervals. All variables are continuous, except SADT item 8 (for which the answer "yes" indicates higher risk of small
airways disease), with a higher risk of small airways disease indicated by increased age, lower age at diagnosis, higher BMI, lower FEV,

% predicted, higher R5-R20, and lower (more negative) AX.

patients were recruited from 9 countries, most of the partici-
pants were White (88% of those with asthma and 96% of the
control group) nonsmokers, and all were aged 18 to 65 years on
entry.”” Second, the longitudinal follow-up was only 1 year. A
longer follow-up period may be needed to fully evaluate the
correlation between SAD and asthma progression, especially any
development of PAL. Finally, the logistic regression models are
statistical constructs. Although the combination of an SADT
item, patient characteristics, spirometry, and oscillometry was
predictive of greater likelihood of the presence of SAD at a
population level, this methodology does not determine specific
cut-points for each parameter.

Summary so far. The key findings from ATLANTIS to date
are that SAD is common in patients with asthma (although the
wide variability in prevalence between assessments clearly
demonstrates the need for a "gold standard" assessment tool),
and that oscillometry could have a useful role for clinicians in
identifying the presence of SAD (in particular those individuals
at increased exacerbation risk), especially in combination with a
question from the SADT. In addition, the findings from

ATLANTIS can potentially be used to inform the design of
studies that assess the impact of treatment on SAD, hopefully
creating a more consistent approach. Furthermore, analyses
suggest an association between SAD and PAL; this parameter
can be easily assessed post-treatment and can be useful in
treatment selection.

FUTURE DIRECTIONS

First, we believe that the results of ATLANTIS should be
used to inform the identification of patients for clinical studies
in asthma and the monitoring of physiology after intervention,
including I0S- and spirometry-based detection of SAD. In
particular, if SAD is assessed as standard in the early stages of
asthma (potentially supported by the SADT), this may have the
potential for early intervention before the development of PAL.
The recent identification of a minimal clinically important
difference in IOS parameters may further aid the design of such
studies.*” We also encourage clinical studies designed to assess
the impact of SAD-targeted therapies on PAL in asthma and of
biologic therapies in severe asthma on SAD outcomes and PAL.
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Second, the association between SAD and PAL in
ATLANTIS®”* suggests that SAD may be a precursor to the
development of chronic PAL in patients with asthma (and
possibly in those with early COPD). The early diagnosis and
management of SAD may thus have a wider impact on respi-
ratory health at a population level, with the development and
validation of the SADT" representing an opportunity for
screening of SAD in potential new incident populations using a
single item, triaging those that need physiological testing. This
requires validation in an external cohort.

Third, ATLANTIS has demonstrated that SAD can be
identified using a combination of IOS and spirometry. How-
ever, given that the classification of SAD in ATLANTIS was
based on a statistical model, further validation against patho-
logical disease in the small airways and HRCT imaging-based
SAD would provide additional confidence in this approach.
Studies evaluating the association of imaging-based SAD and its
heterogeneity and SAD progression in ATLANTIS, as well as
analyses in transbronchial biopsies designed to provide associa-
tions between SAD markers in ATLANTIS and histopatho-
logical disease are ongoing,.

Finally, collaboration between ATLANTIS and other con-
sortia, including U-BIOPRED and CADSET, have enabled
follow-up analyses and reuse of the original data to answer new
research questions, such as the use of artificial intelligence to
analyze HRCT scans, the relationship between SAD and lung
senescence, the use of oscillometry to identify asthma pheno-
types, and the relationship between sputum eosinophilia and
large and small airways disease. These will be expanded further.

CONCLUSION

We advocate the adoption of the ATLANTIS toolbox for
SAD detection into interventional studies in asthma. The re-
sults of ATLANTIS so far suggest that future assessments of
treatment effects on SAD can be more comprehensively per-
formed and should include oscillometry. Further, the combi-
nation of spirometry, oscillometry, and the SADT will
hopefully help further identify the clinical importance of SAD
in asthma, and of appropriately targeted therapy (including
extrafine formulations or biologic therapies) for asthma man-
agement—and if this is successful and the results are validated
in other cohorts, the SADT may in the future become the
"gold standard" for the detection and monitoring of SAD.
Such studies require a commitment from industry and
academia to progress beyond FEV as an end point, ultimately
unlocking the "silent zone" of the small airways for the benefit
of those with asthma.
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