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Abstract
Background Small airways dysfunction (SAD) in asthma is difficult to measure and a gold standard is
lacking. The aim of this study was to develop a simple tool including items of the Small Airways
Dysfunction Tool (SADT) questionnaire, basic patient characteristics and respiratory tests available
depending on the clinical setting to predict SAD in asthma.
Methods This study was based on the data of the multinational ATLANTIS (Assessment of Small
Airways Involvement in Asthma) study including the earlier developed SADT questionnaire. Key SADT
items together with clinical information were now used to build logistic regression models to predict SAD
group (less likely or more likely to have SAD). Diagnostic ability of the models was expressed as area
under the receiver operating characteristic curve (AUC) and positive likelihood ratio (LR+).
Results SADT item 8, “I sometimes wheeze when I am sitting or lying quietly”, and the patient
characteristics age, age at asthma diagnosis and body mass index could reasonably well detect SAD (AUC
0.74, LR+ 2.3). The diagnostic ability increased by adding spirometry (percentage predicted forced
expiratory volume in 1 s: AUC 0.87, LR+ 5.0) and oscillometry (resistance difference between 5 and
20 Hz and reactance area: AUC 0.96, LR+ 12.8).
Conclusions If access to respiratory tests is limited (e.g. primary care in many countries), patients with
SAD could reasonably well be identified by asking about wheezing at rest and a few patient characteristics.
In (advanced) hospital settings patients with SAD could be identified with considerably higher accuracy
using spirometry and oscillometry.

Introduction
Asthma is a heterogeneous and chronic respiratory disease affecting 10–15% of the population [1].
Different asthma phenotypes have been identified based on different underlying disease and inflammatory
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processes, to include type 2 asthma, manifested by cytokines interleukin-4, -5 and -13, or non-type 2
asthma [2–4]. In addition to central airways dysfunction, small airways dysfunction (SAD) is also well
recognised to play a role in asthma, even if it is more difficult to assess. SAD can even be present in the
absence of symptoms and in patients with normal spirometry. There is increasing evidence that SAD is an
early sign in the pathogenesis of not only asthma but also COPD [5, 6]. SAD affects the small airways
which are defined by a diameter ⩽2 mm. In addition to systemic therapies, patients with SAD may
particularly benefit from treatment with extra-fine inhaled corticosteroids, with or without a long-acting
β-agonist, which has been shown to improve lung function, airway responsiveness, symptoms, exacerbation
rates and asthma control [7–10]. Hence, more insight into a diagnosis of SAD is clinically valuable as it
might enable tailored pharmacotherapy.

To provide more insight into the presence and extent of SAD, the multinational ATLANTIS (Assessment
of Small Airways Involvement in Asthma) study was conducted. ATLANTIS aimed to assess which
combination of biomarkers, physiological tests and imaging markers best measured SAD in asthma
patients. It was found that SAD was present across all severities and particularly in more severe asthma.
Moreover, it was found that SAD could be captured by a combination of respiratory tests usually only
available in advanced hospital settings [11]. In a previous study, the Small Airways Dysfunction Tool
(SADT) questionnaire was developed according to standard development rules [12].

The SADT questionnaire was developed based on interviews, focus groups and theory on both patients
with and without SAD. It consists of 63 items regarding specific signs and symptoms which could be
suggestive for SAD or suggestive for less SAD. However, to be feasible and implementable in clinical
practice, the number of SADT items should be reduced. In addition to the SADT items, basic patient
characteristics that are always available in basic care settings and respiratory tests that are available
depending on the clinical setting could both add to the possibility to detect SAD. Therefore, the aim of
this analysis was to develop a simple tool including SADT items, basic patient characteristics and
respiratory test outcomes depending on the clinical setting to predict SAD in asthma patients.

Methods
Study design and population
This study was based on the data of the ATLANTIS study [11]. The ATLANTIS study was a multinational
prospective cohort study in adult asthma patients (aged 18–65 years) from general practices, databases of
chest physicians and advertisements. Patients were recruited at 29 centres across nine countries (Brazil,
China, Germany, Italy, Spain, Netherlands, UK, USA and Canada). All participants had a physician
diagnosis of asthma supported by objective evidence at baseline or during the past 5 years and their asthma
was stable on any previous regular treatment. Participants were assessed at baseline (visit 1), 6 months
(visit 2) and 12 months (visit 3) with spirometry (after appropriate washout from bronchodilators and
including reversibility (defined as a change in forced expiratory volume in 1 s (FEV1) ⩾12% and ⩾200 mL
within 30 min) after inhaling 400 μg salbutamol), body plethysmography, impulse oscillometry,
multiple-breath nitrogen washout, computed tomography (in selected participants), and questionnaires
about asthma control, quality of life, health status and the 63-item SADT questionnaire [12, 13].
Participants completed the questionnaires independently during the visits. Our study was based on baseline
data of the ATLANTIS study. Data from visit 2 and visit 3 were used for checking the temporal validity of
the prediction models.

SAD score, parameters and groups
In the ATLANTIS study, a physiological SAD score was developed based on structural equation modelling
[11]. A spectrum of physiological parameters was considered, including spirometry and oscillometry.
Using model-based clustering, patients were classified into two SAD groups, with one group of patients
who were less likely to have SAD and one group of patients who were more likely to have SAD [11].
These two SAD groups were taken as the primary outcome variable (dependent variable) of the models in
the current study.

SADT questionnaire
The SADT questionnaire was developed before and independent of the ATLANTIS study, and consists of
63 items [12]. SADT items were scored on a 3-point scale (no, yes, unknown). The items reflect specific
signs and symptoms which could be suggestive for SAD (positive SADT items, n=21) or could reflect
signs and symptoms that are suggestive for less SAD (negative SADT items, n=41). One item was an open
question (“At what age did you first suffer from asthma symptoms?”). SADT items covered the following
domains: asthma symptoms, ear–nose–throat symptoms, localisation of somatosensory perceptions,
physical exercise, allergens, weather conditions, distress and fatigue, gastrointestinal complaints, skin
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problems, and miscellaneous other items. The SADT questionnaire was completed by the patients in the
ATLANTIS study at all three visits.

Statistical analysis
As a first step, SADT items were selected that showed a relation in the expected direction based on content
validity of the items (i.e. SADT items suggestive for SAD should show a positive relation with the SAD
score and SADT items suggestive for less SAD should show a negative relation with the SAD score).
These regression analyses were corrected for age, age at asthma diagnosis, sex and height. In addition, the
answers on the SADT items were recoded from three (no, yes, unknown) into two answer options
(no/unknown, yes). In a sensitivity analysis we compared the final models using the original and recoded
answer options.

With the remaining items, two approaches were used to select the most important SADT items. First, we
looked at the associations of the individual SADT items with SAD group using logistic regression adjusted
for age, age at asthma diagnosis, height and sex. Second, logistic regression models were built to predict
the SAD group (supplementary figure A1). In addition to the individual SADT items, the following patient
characteristics were also considered as independent predictors in the models: sex and splines at quintiles of
age, age at asthma diagnosis and height. Bootstrapping resampling was used to increase stability of the
models [14, 15]. Each prediction model construction was repeated in 100 bootstrap samples and in each
run the selected questions were recorded. SADT items with the highest selection frequency in these 100
samples were selected as key SADT items. In addition to SAD group as outcome, the logistic regression
approach was repeated with individual SAD parameters (dichotomised as abnormal/normal) as outcome
variables in sensitivity analysis.

The selected key SADT items together with available clinical information were used to build logistic
regression models to predict the SAD group. Clinical information could be available at three levels: 1)
Bronze: basic patient characteristics (age, sex, age at asthma diagnosis and body mass index (BMI)), 2)
Silver: spirometry test results (FEV1 % pred) and 3) Gold: oscillometry test results (resistance difference
between 5 and 20 Hz (R5–R20) and reactance area (AX)). These lung function parameters were chosen
because they showed the strongest linear correlation with the physiological SAD score in the ATLANTIS
study [11]. Interactions between the independent variables were considered. 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 cut-off of 0.5 to indicate predicted SAD. The AUC is a
measure of discrimination and gives the probability that a randomly drawn patient with SAD has a higher
predicted probability than a randomly drawn patient without SAD. It is constructed by calculating the
AUC of the relationship between sensitivity and 1−specificity for all possible probability cut-offs to
indicate predicted SAD. The LR+ is a measure of validity which is, unlike the positive predictive value of
a test, independent of the prevalence of SAD, and incorporates both the sensitivity and the specificity of
the instrument. The value of LR+ is the point on the sensitivity and 1−specificity relationship for a single
probability cut-off. These statistics were corrected for optimism by calculating the difference of the
statistics in 500 bootstrap samples and those from the original data, and subtracting the average differences
from the estimates obtained in the original data. This was done for the AUC, sensitivity and specificity,
after which the LR+ was calculated using the optimism-corrected sensitivity and specificity. 95%
confidence intervals were calculated for the corrected AUC and LR+.

To assess the temporal validity of the prediction models that were built using the baseline data, these models
were applied in the data of visit 2 and visit 3 of the ATLANTIS study and the AUC and LR+ were
compared. All statistical analyses were performed using Stata version 17 (StataCorp, College Station, TX,
USA).

Results
Patients
The clinical characteristics of the adult asthma patients (n=764) in the two SAD groups were extensively
described in Table 4 of the ATLANTIS paper [11]. In brief, patients in group 1 (less likely to have SAD,
n=452) had a median age of 43 years, 57% were female and median FEV1 % pred was 90.2%, and
patients in group 2 (more likely to have SAD, n=312) had a median age of 50 years, 60% were female and
median FEV1 % pred was 70.1%. One patient was excluded because the SAD parameters applicable for
our study were missing, thus 763 patients were included in the analysis based on the baseline data (visit 1).
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SADT item selection
Of the 62 SADT items, 12 items were excluded because they showed a significant association in the
unexpected direction based on content validity, leaving 50 items for further analysis (supplementary table A1).
Of the SADT items suggestive for SAD, item 8 (“I sometimes wheeze when I am sitting or lying quietly”)
showed the highest adjusted OR (2.17; p<0.001). Of the SADT items suggestive for less SAD, item 17 (“I
am able to walk a long distance without having to rest”) showed the lowest adjusted OR (0.54; p=0.001)
(table 1). SADT items with the highest selection frequency in the 100 bootstrap samples of the logistic
regression models predicting SAD group were again item 8 with a frequency of 95 and item 16 (“As a
child, I always participated in all games and sports”) with a frequency of 51 and being suggestive for less
SAD (table 1). Prediction models with an increasing number of SADT items, based on their selection
frequency, showed that after the inclusion of the most frequently selected SADT items, adding more items
did not relevantly increase the discriminative ability (supplementary table A2).

Prediction of SAD group based on levels of available clinical information
Hence, items 8, 16 and 17 were included in logistic regression models to predict the SAD group based on
three levels of available clinical information. When item 8 was included in the models, the added value of
item 16 or 17 was marginal (supplementary table A3). Therefore, item 8 was selected in the final models
for the three levels of available clinical information. The first model (Bronze model) including SADT item
8 and the basic patient characteristics age, age at asthma diagnosis and BMI showed an AUC of 0.74 and a
LR+ of 2.3. In the Silver model, adding FEV1 % pred increased the AUC to 0.87 and LR+ to 5.0. Finally,
by adding R5–R20 and AX these values were 0.96 and 12.8 (Gold model) (figure 1). Once respiratory test
outcomes are added (Silver and Gold models), the added value of item 8 diminished (supplementary table
A3). The 95% confidence intervals of AUC and LR+ for the three visits of the ATLANTIS study in the
three models (Bronze, Silver and Gold) overlap considerably, indicating no relevant differences (figure 2).

Sensitivity analyses showed that using three answer options instead of two decreased the predictive value
of the models (supplementary table A4). In addition, the sensitivity analysis with individual SAD
parameters as outcome variables in the logistic regressions in 100 bootstrap samples showed that item 8
had overall the highest selection frequency (supplementary table A5).

Discussion
The results of our study suggest that a simple tool including one SADT item and basic patient
characteristics may contribute to the prediction of SAD in asthma patients. In fact, even without respiratory
test outcomes, SADT item 8 (“I sometimes wheeze when I am sitting or lying quietly”) and the basic
patient characteristics age, age at asthma diagnosis and BMI could reasonably well discriminate the
patients who were more likely to have SAD from the patients who were less likely to have SAD (Bronze
model). The diagnostic ability to detect SAD increased considerably by adding spirometry test outcomes
(FEV1 % pred: Silver model) and oscillometry test outcomes (R5–R20 and AX: Gold model).

SAD in asthma patients is complex to measure as it includes a composite of different domains requiring
different measurement strategies. The ATLANTIS study developed a composite score based on structural
equation modelling to indicate the extent to which SAD is present in a patient. However, this composite
score is largely based on a combination of respiratory tests usually only available in advanced hospital
settings. Our study showed that a simple tool including one SADT item and a few basic patient parameters
which are always available may reasonably predict SAD in asthma patients (Bronze model). This is
especially relevant for primary care settings where in many countries access to spirometry is limited [16,
17]. Even in European counties, a considerable part of primary care practices does not perform lung
function tests and when they do, formal accredited training rates were found to be low [18–20]. Moreover,
the diagnostic ability of the Bronze model was comparable to other frequently used tests in primary care,
e.g. fractional exhaled nitric oxide in diagnosing asthma [21] or the nitrite test in diagnosing urinary tract
infections [22, 23]. Of course, if respiratory test outcomes are available a better prediction of SAD could
be made (spirometry: Silver model; oscillometry: Gold model). Sometimes these respiratory test outcomes
are available in primary care, otherwise they could be obtained in hospital settings and advanced/research
hospital settings. Furthermore, the statistical added value of the SADT item diminished once respiratory
test outcomes are added to the models.

Remarkably, of all the 62 SADT items, one key item, “I sometimes wheeze when I am sitting or lying
quietly”, emerged to be important in predicting SAD through different analyses in this study. This item is
intuitively associated with SAD in asthma and in line with the idea that wheeze in relation to asthma is
produced by movement of air through narrowed lower airways [24]. In addition, age at asthma diagnosis
adds to the prediction when no respiratory tests are available. When respiratory tests are available, age at

https://doi.org/10.1183/13993003.00558-2022 4

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | J. KOCKS ET AL.

http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00558-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00558-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00558-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00558-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00558-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00558-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00558-2022.figures-only#fig-data-supplementary-materials


asthma diagnosis has no additional predictive value. A possible explanation is that younger age at asthma
diagnosis is associated with lower lung function [25]. Based on allergen particle diameter, we expected
beforehand that the SADT items on cats would emerge as being predictive for SAD, since cat epithelial
allergens are much smaller (diameter <2.5 μm) [26] than, for example, pollen allergens [27]. However, the

TABLE 1 Adjusted odds ratios of Small Airways Dysfunction Tool (SADT) items on small airways dysfunction group and bootstrapped selection
frequency

Item OR# p-value Frequency¶

8 2.17 <0.001 I sometimes wheeze when I am sitting or lying quietly 95
46 2.07 0.000 I almost always feel slightly asthmatic and I take a rescue puff regularly 50
23 1.57 0.008 Actually, I cannot perform strenuous exercise or sport, because I will become short of breath 13
32 1.53 0.044 Sometimes I get asthma symptoms or short of breath because of heartburn 5
36 1.52 0.017 When I am short of breath, I sometimes feel bloated 10
34 1.47 0.076 Sometimes I have stomach problems which can make me short of breath 40
20 1.45 0.022 When I’m physically active (like walking up the stairs), I sometimes wheeze 4
58 1.40 0.041 I become short of breath more rapidly due to weather changes 4
2 1.31 0.414 I have an immediate allergic reaction to birds 6
25 1.28 0.157 I frequently have a hoarse or husky voice 8
47 1.25 0.201 In stressful situations, I become especially short of breath 2
6 1.25 0.189 I’m not able to breathe in deeply when I am short of breath 3
61 1.22 0.212 My asthma worsens in autumn 5
45 1.22 0.229 I can suddenly become short of breath without having any other symptoms 7
62 1.21 0.467 I get eczema because of weather changes 16
14 1.19 0.336 I often have runny or painful eyes without having hay fever 12
57 1.14 0.442 I tire more rapidly due to weather changes 3
44 1.11 0.532 I can see it coming when I become short of breath 7
13 1.09 0.712 My ears are often painful 7
22 1.07 0.672 Physical activities always make my asthma worse 33
59 1.05 0.755 I become short of breath when I suddenly enter a cold environment 7
49 1.05 0.830 I always sleep with an open window, otherwise I become short of breath 12
24 1.04 0.803 I have suffered from bronchitis 16
1 1.04 0.837 I have an immediate allergic reaction to cats 14
30 1.02 0.885 I often have a shallow, tickly cough before I get bothered by coughing more deeply 7
35 1.02 0.920 When I am short of breath, I feel a stab or a sting in my back or my ribs 14
31 1.01 0.955 In stressful situations I have physical symptoms, for instance of the nose, throat or voice 11
9 1.01 0.952 I only wheeze when I am very short of breath 39
50 1.01 0.969 I often get car sick or travel sick 7
29 1.01 0.974 I often cough unexpectedly 18
37 0.99 0.960 When I am short of breath, I often have a sensation of tightness or pressure 8
39 0.96 0.832 When I am short of breath, I feel it in my chest 16
15 0.94 0.717 I usually have runny or painful eyes when I have hay fever 10
63 0.93 0.691 When I become short of breath when exercising, it is very often due to the weather 6
28 0.92 0.634 When I am short of breath, it often comes with symptoms of my throat, nose, ears or eyes 31
19 0.91 0.577 Sometimes I go running or jogging 8
60 0.87 0.417 My breathing becomes easier in cold air 12
11 0.81 0.202 When I am short of breath, I almost always have symptoms comparable to a cold 12
12 0.81 0.235 I usually get a cold first, and afterwards I start coughing 8
27 0.80 0.298 When I am short of breath, I often also suffer from a sore throat 28
52 0.79 0.415 My shortness of breath symptoms and eczema alternate 41
10 0.78 0.136 My shortness of breath symptoms come on after the flu or a cold 13
26 0.77 0.148 My tonsils or adenoids have been removed 22
3 0.74 0.094 I cannot stand woollen blankets or clothes 36
16 0.69 0.056 As a child, I always participated in all games and sports 51
43 0.68 0.031 There are often periods of time when I don’t feel asthmatic and don’t need rescue puffs 41
21 0.65 0.012 When I become short of breath when exercising, it is very often due to the environment (grass, trees, pollen) 44
33 0.63 0.090 Sometimes, when I’m short of breath, it can be a relief to burp 11
18 0.61 0.015 When I’m not ill, I can easily do physical activities such as walking up the stairs 12
17 0.54 0.001 I am able to walk a long distance without having to rest 23

#: odds ratio, adjusted for splines of age, age at asthma diagnosis, height and sex; ¶: selection frequency in 100 bootstrap samples.
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items regarding small-particle allergens were not predictive for SAD in asthma. Furthermore, the answer
option “unknown” was often chosen in relation to questions regarding environmental factors (e.g. cats,
birds, pollen, weather, season). However, sensitivity analysis showed that the “unknown” option was not a
useful option as it decreased the predictive value of the models.

In addition to the SADT item on wheeze and the basic patient characteristics, the respiratory tests
(spirometry and oscillometry) play an important role in the Silver and Gold models. Of these two tests,
spirometry is best known in the respiratory field and oscillometry is an emerging technique [28] more
often available in advanced hospital settings. Although spirometry is highly standardised, the overall
quality of routine measurements was found to be poor, with only 13% meeting American Thoracic
Society/European Respiratory Society criteria in an outpatient setting [29]. In contrast, oscillometry test
outcomes can be derived from tidal breathing, making it less vulnerable to errors. Oscillometry test
outcomes turned out to be highly correlated with the physiological SAD score in the ATLANTIS study
and thus play an important role in identifying SAD in asthma [11, 30]. Of the spirometry test outcomes,
particularly forced expiratory flow at 25–75% of forced vital capacity (FEF25–75%) is seen as indicator for
SAD in asthma [31]. However, in our study FEV1 % pred was chosen as an independent predictor in the
models because it showed a stronger correlation with the physiological SAD score than the FEF parameters
in the ATLANTIS study [11]. Furthermore, a possible caveat of FEF25–75% in clinical practice is that it is
highly dependent on the degree of expiratory effort [32].

The clinical implications of this study are that the Bronze model supports accessible detection of SAD in
asthma in primary care where access to respiratory tests is often limited [16, 17]. Although SAD may be
present across all severities of asthma, it is particularly present in more severe asthma [11]. Since severe
asthma warrants structural monitoring and management advice, or referral to secondary care if asthma
remains uncontrolled [1], it is important that this is well recognised in primary care. Another reason why it
is important to identify patients with SAD in asthma is to match the particle size of the medication to the
patient characteristics. Clinical studies have shown that patients with SAD benefit from extra-fine inhaled
corticosteroids, which improved lung function, airway responsiveness, symptoms, exacerbations rates and
asthma control [7–10].
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shown with 95% confidence intervals.
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The major strength of this study is that it is based on a well-characterised multicountry patient cohort [11].
When looking at the Bronze, Silver and Gold models, one could argue that outcome variable SAD group
(dependent variable) was related to the independent variables because these variables were together with a
spectrum of other variables part of the structural equation modelling to develop the physiological SAD
score. However, this is not of concern in relation to the aim of the current study, because we aimed to
predict SAD in asthma patients (based on the advanced physiological SAD score) as well as possible with
as few as possible accessible parameters (SADT items, basic patient characteristics that are always
available in basic care settings and respiratory tests that are available depending on the clinical setting). In
addition, one could debate on the cut-off of the probability and with shifting this cut-off one would accept
either more false-positive or more false-negative outcomes, but it was decided that the cut-off of the
probability was not shifted and set at the conservative value of 0.5. Still, the SADT developed in this study
needs to be further validated in external datasets. For implementation of the SADT in clinical practice, the
models need to be converted into a simple calculator to be feasible as a point-of-care test.

In conclusion, this study showed that with limited resources one could reasonably well discriminate
patients who were more likely to have SAD from patients who were less likely to have SAD. If access to
respiratory tests is limited, which is the case in primary care in many parts of the world, asking about
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FIGURE 2 a) Area under the receiver operating curve (AUC) and b) positive likelihood ratio (LR+) for the three
prediction models (Gold, Silver and Bronze) at baseline (visit 1), 6 months (visit 2) and 12 months (visit 3). Data
are shown with 95% confidence intervals.

https://doi.org/10.1183/13993003.00558-2022 7

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | J. KOCKS ET AL.



wheezing at rest and a few patient characteristics will support healthcare providers in identifying patients
with SAD and providing proper care for these patients. Not surprisingly, if one has access to spirometry,
which is often the case in hospital settings, and if one has access to oscillometry, which is often the case
in advanced hospital settings, the diagnostic accuracy to detect SAD in asthma increases considerably.
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