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Abstract

Background: In preschoolers, performing an acceptable spirometry and measuring bronchodilator response (BDR) is challeng-
ing; impulse oscillometry (IOS) may be an alternative to spirometry. However, there is still no consensus in standardization of
BDR for IOS in young children. Objective: The objective of the study was to identify optimal thresholds to define a positive
BDR test with IOS. Methods: Young infants aged 3 to 6 years with suspected asthma were evaluated in a real life setting
with both IOS and spirometry pre- and post-BDR. The BDR was defined as positive when the change of FEV1 was [?]12%
and/or [?]200 mL. Results: Among 72 patients (age 4.98 ± 0.94 years; 64% boys), 36 (age 5.15 ± 0.99 years; 64% boys) were
selected for the subsequent analysis according to ATS / ERS quality criteria of measurements. The spirometric BDR was found
positive in seven subjects (19.4%). In IOS, the mean decrease in R5 and AX was 19.86% ± 10.04 and 44% ± 22.10, and the
mean increase in X5 was 23.28% ± 17.82, respectively. A decrease in R5 of 25.7% (AUC 0.77, p = 0.03) and an increase in X5
of 25.7% (AUC 0.75, p = 0.04) showed the best combination of sensitivity and specificity to detect an increase of FEV1 [?]12%
and/or [?]200 mL. Conclusion: The IOS may present a valid alternative to spirometry to measure BDR in preschool children.
We are considering a decrease of 26% in R5 and an increase of 26% in X5 as diagnostic threshold for BDR.
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Background : In preschoolers, performing an acceptable spirometry and measuring bronchodilator response
(BDR) is challenging; impulse oscillometry (IOS) may be an alternative to spirometry. However, there is still
no consensus in standardization of BDR for IOS in young children.
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Objective : The objective of the study was to identify optimal thresholds to define a positive BDR test
with IOS.

Methods : Young infants aged 3 to 6 years with suspected asthma were evaluated in a real life setting with
both IOS and spirometry pre- and post-BDR. The BDR was defined as positive when the change of FEV1
was [?]12% and/or [?]200 mL.

Results : Among 72 patients (age 4.98 +- 0.94 years; 64% boys), 36 (age 5.15 +- 0.99 years; 64% boys)
were selected for the subsequent analysis according to ATS / ERS quality criteria of measurements. The
spirometric BDR was found positive in seven subjects (19.4%). In IOS, the mean decrease in R5 and AX
was 19.86% +- 10.04 and 44% +- 22.10, and the mean increase in X5 was 23.28% +- 17.82, respectively. A
decrease in R5 of 25.7% (AUC 0.77, p = 0.03) and an increase in X5 of 25.7% (AUC 0.75, p = 0.04) showed
the best combination of sensitivity and specificity to detect an increase of FEV1 [?]12% and/or [?]200 mL.

Conclusion : The IOS may present a valid alternative to spirometry to measure BDR in preschool children.
We are considering a decrease of 26% in R5 and an increase of 26% in X5 as diagnostic threshold for BDR.

Keyword: oscillometry, spirometry, bronchodilator response, Preschool asthma

Introduction

Asthma is a common, chronic respiratory disease affecting an estimated 300 million individuals worldwide
and all age groups. Global paediatric asthma prevalence has increased strikingly since the 1950s. Asthma
is now the most common chronic respiratory condition affecting approximately 5.5 million subjects in the
European Union, making it a leading cause of emergency department visits and 1 of the top 3 indications
for hospitalization [1-4].

In preschool children, wheezing is one of the most common symptoms in clinical practice. Approximately one
in three children has at least one episode of wheeze before their third birthday and a considerable minority
of children will continue to experience wheezing in school years and beyond, diagnosed as asthmatic [5-7].
Moreover, preschoolers have the highest rate of unscheduled medical visits and more limitations of everyday
activities for wheezing and asthma symptoms, compared with all other age groups [5,8,9]. However, there is
considerable uncertainty in the diagnosis of asthma in preschool age, since lung function testing can rarely
be performed in children below 3 years. In addition, there is no gold-standard to confirm the diagnosis of
asthma and no single abnormal test by itself is sufficient to make the diagnosis [2]. Specifically, a recent
European Respiratory Society (ERS) clinical practice guideline recommends using objective tests such as
spirometry, bronchodilator reversibility test (BDR) and fractional exhaled nitric oxide (FeNO) as first line
tests and bronchial challenge tests as second line tests [2,10].

Spirometry is the most common pulmonary function test, widely used in the non-invasive assessment of lung
function to provide objective information for the diagnosis of lung diseases and monitoring lung health. In
presence of an experienced operator, spirometry is achievable in the majority of children aged [?]5 years
and major asthma guidelines recommend performing it as part of asthma diagnostic work-up [1,2,11-13]. It
is important to note that spirometry as a one-off measurement has a low sensitivity and is therefore poor
at excluding asthma. Due to the variable nature of the condition, it may result in normal values also in
asthmatic patients and serial measurements may be required to confirm the diagnosis. Conversely, abnormal
spirometry has good specificity for asthma [2,12].

In contrast with spirometry, which requires the active participation of the patient, the IOS represents an
alternative technique to investigate lung function performing an effort-independent analysis of the mechanical
properties of the lungs during tidal breathing. Several studies demonstrated that IOS may represent a key
tool in studying respiratory function in preschool children (mainly over 3 years old) [14-21]. In this scenario,
there is increasing research on IOS that, with or without bronchodilator reversibility, may represent a useful
diagnostic tool in patients who cannot perform acceptable and reproducible spirometry manoeuvres [10,14,15-
21]. Different studies have shown that a bronchodilator response (BDR) based on IOS is better than one based
on spirometry. In children, several studies showed that a BDR based on IOS discriminates better asthmatic
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from healthy subjects than one based on spirometry. However, in preschoolers, data are conflicting since in
some studies IOS were not able to discriminate wheezy and non-wheezy patients [14,22-25].

Given the diversity of age ranges, equipment and protocols, there is still no consensus in the literature
regarding standardization of the cut-off point for the bronchodilator response in preschoolers [14,22]. In past
years, several authors suggested different cut-offs between 20-40% [14,23,26,27]. Nevertheless, a recent ERS
technical standard suggests that a change of at least -40% in resistance at 5 Hz (R5), +50% in reactance
at 5 Hz (X5) and -80% in area of reactance (AX) is required to consider as positive the response in either
children or adults [14, 15]. The objective of the present study was to identify the optimal thresholds to
define a positive BDR test with IOS in preschoolers with suspected asthma.

Patients and methods

Preschool children aged 3-6 years who attended between 01.05.2022 and 30.11.2022 the Division of Paediatric
Allergy, Pulmonology and Cystic Fibrosis of the University Hospital in Frankfurt with suspected asthma were
retrospectively analysed.

All children had a history of recurrent episodes of physician-documented wheezing, cough and/or respiratory
distress with bronchodilator responsiveness of which at least one episode in the last 12 months. Furthermore,
they were free from respiratory tract infections for [?]2 weeks prior to the measurements.

Atopy in children was defined as a positive skin prick test (SPT) > 3 mm against common allergens (birch,
grass, house dust mites, cat, milk and egg).

Patients receiving SABA and LABA, in the last 6 and 24 hours respectively, were excluded as well as those
suffering from chronic disease or infections affecting the respiratory system (e.g., congenital heart disease,
cystic fibrosis, bronchopulmonary dysplasia, tuberculosis, HIV).

Ethics approval was obtained from the ethics committee of the Goethe University in Frankfurt (Application
Number 2022-1094). According to the German Federal Data Protection Act (BDSG) there is no right to
information under article 15 of regulation (EU) 2016/679, as the data is required for scientific research
purposes and providing the information would require a disproportionate effort.

Assessment of asthma control

The respiratory control of patients was assessed with the 5-item, caregiver-completed test for Respiratory
and Asthma Control in Kids (TRACK). It includes frequency of respiratory symptoms (wheeze, cough,
shortness of breath), activity limitation, and night-time awakenings in the past 4 weeks, rescue medication
use in the past 3 months, and oral corticosteroid use in the previous year [28]. A total score of less than 80
suggests a suboptimal respiratory control status [29].

IOS measurements

IOS measurements were performed using a Vyntus(r) APS/IOS (Vyaire GmbH, Hochberg, Germany), cali-
brated daily with a 3 L syringe as directed by the manufacturer, and analysed using the SentrySuite(r) soft-
ware package (version 3.10). According to current international recommendations, measurements were taken
before spirometry to avoid the effect of forced spirometry manoeuvres on bronchial tone [15]. IOS measure-
ments were performed in accordance with ERS guidelines [28]. Prior to testing, each child was familiarized
with the procedure. During the measurement, the patient remained seated with the head in a neutral or
slightly extended position, breathing through a mouthpiece and wearing a nose clip; moreover, the patient’s
cheeks were firmly maintained by the hands of the investigator or caregiver to minimize pressure losses. Only
triplicate artefact-free IOS measurements lasting [?]20 s with a coherence value [?] 0.8 in R5 and [?] 0.9 in
R20 and a coefficient of variation [?] 15% were selected.

Spirometry measurements

Spirometry measurements were conducted using a Vyntus(r) APS/IOS (Vyaire GmbH, Hochberg, Germany),
calibrated daily with a 3 L syringe according to the manufacturer’s instructions, and analysed using the Sen-
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trySuite(r) software package (version 3.10). Spirometry was performed in accordance with ATS/ERS guide-
lines and after explanation and demonstration of the correct execution technique [57]. Among measurements
fulfilling acceptability and usability criteria, three acceptable flow volume loops (FVL) were selected, with
the second highest forced vital capacity (FVC) and forced expiratory volume in 1 second (FEV1) within 0.1
L or 10% of the highest value.

Bronchodilator response (BDR)

One measurement according to the aforementioned criteria 15 min after administration of 400 μg of salbuta-
mol via a metered-dose inhaler with spacer was selected for both IOS and spirometry. The spirometric BDR
was defined as positive when change of forced expiratory volume in one second (FEV1) was [?]12% and/or
[?] 200 mL.

Statistical analyses

Statistical analyses were conducted using GraphPad Prism 9.5.0 (GraphPad Software, LLC). Pulmonary
function parameters and their respective z-scores were expressed as means and standard deviations (SDs).
The correlations between IOS and spirometric parameters were evaluated using Spearman’s rank correlation
coefficient (ρ). The correlation was considered minimal when ρ was between 0 and 0.2, low when between
0.2 and 0.4; moderate between 0.4 and 0.6; good between 0.6 and 0.8; and very good between 0.8 and 1.

Pre- and post-BDR measures were compared using Wilcoxon signed-rank test, and differences between groups
were evaluated using Mann-Whitney U-test.

To define the sensitivity and specificity of IOS parameters to detect an increase of 12% in FEV1, a receiver-
operating characteristic (ROC) curve was plotted; cut-off levels were optimised using the Youden index
(sensitivity + specificity - 1), and the accuracy was measured by the area under the ROC curve. A p-value
of <0.05 was considered as statistically significant.

Results

Subjects

Among 72 patient records (mean age 4,98 ± 0,94 yrs; 64% boys) preliminarily identified as meeting the
previously mentioned anamnestic inclusion criteria, 36 (mean age 5,15 ± 0,99 yrs; 64% boys) were associated
with high-quality pulmonary function measurements for both IOS and spirometry and therefore selected for
the subsequent statistical analysis. Their clinical characteristics are summarized in Table 1.

The selected patients were 23 male and 13 female with a mean age of 5,15 ± 0,99 years; 19 of 36 were atopic
and 14 took control medications, specifically 1 LTRA (Montelukast), 5 ICS (Fluticasone) and 8 ICS + LABA
(Fluticasone + Salmeterol).

Baseline lung function measurements

The baseline lung function measurements are presented in Table 2 and were characterized by a good corre-
lation between FEV1 and the main IOS parameters. Specifically, the Spearman’s rank correlation coefficient
(ρ) between FEV1 and R5, X5 and AX was of -0,67 (p<0.0001), 0,62 (p<0.0001) and 0,6 (p=0.0001),
respectively.

Bronchodilator response

A positive spirometric BDR was detected in 7 patients (19.4% of total), who presented a mean increase in
FEV1 on baseline of 18.71% ± 5.91.

Mean percentual changes on baseline of oscillometric parameters R5 and X5 differed significantly between
patients with positive and negative spirometric BDR (Table 3). Patients with a positive BDR showed a
decrease of 26.82% ± 6.58 in R5 whereas those with a negative BDR showed a decrease of 18.18% ± 10.08
for the same parameter (p = 0.03). Similarly, the increase in X5 resulted of 34.3% ± 9.83 and 20.59% ±
18.43 in subjects with a positive and a negative BDR, respectively (p = 0.04).
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The Mann-Whitney U-test highlighted no significant differences in baseline IOS parameters between BDR-
positive and BDR-negative patients (Table 4); furthermore, no significant differences emerged in clinical
characteristics (age, atopy, TRACK score, taking of control medications). The modifications in all analyzed
parameters for spirometry and IOS in all patients after BDR test are summarized in Table 5. All post-
bronchodilation values were significantly different in relation to the respective pre-bronchodilation for all
analysed indexes.

The mean modifications on baseline of main IOS parameters were -19.86% +- 10.04 (p<0.0001) in R5, 23.25%
+- 17.85 (p<0.0001) in X5, and -44.63% +- 22.1 (p<0.0001) in AX.

After bronchodilator administration, the correlation between FEV1 and R5, X5 and AX was good only for R5
(ρ=-0.64; p<0.0001), whereas resulted moderate for X5 (ρ=0.42; p=0.01) and AX (ρ=-0.44; p=0.007). Fi-
nally, in assessing BDR, no significant correlation was found between FEV1 and all analyzed IOS parameters
in terms of percentual change on baseline.

ROC curve analyses and optimal cut-off values

The performance of IOS parameters in predicting a positive BDR was assessed calculating the ROC curve
for each analyzed parameter, that resulted significant only for R5 and X5 (figure 1).

A decrease in R5 of 25.7% on baseline exhibited the best combination of sensitivity and specificity (0.71
[95%CI 0.36-0.95] and 0,79 [95%CI 0.62-0.9], respectively) to detect an increase of FEV1 [?]12% and/or
[?]200 mL with an area under the ROC (AUC) of 0.77 (p = 0.03).

Similarly, an increase in X5 of 25.7% on baseline resulted the optimal cut-off in terms of sensitivity and
specificity (0.86 [95%CI 0.49-0.99] and 0.69 [95%CI 0.51-0.83], respectively) with an AUC of 0.75 (p = 0.04).
Conversely, AX was not able to discriminate between a positive and negative BDR test (AUC 0.53; p =
0.83).

Discussion

In preschool age the diagnosis of asthma is particularly challenging due to both the heterogeneity of wheez-
ing and to the difficulties of performing acceptable and reproducible spirometric manoeuvres. However,
objectifying the lung function of these patients remains crucial to reduce the risk of misdiagnosis, over and
under treatment of patients. In this context, the IOS represents a useful method for assessing lung function
and BDR in young children. Several studies have demonstrated that IOS is capable of identifying airway
obstruction and response to bronchodilators and bronchoconstrictors [17,19,23,24,26,27,30].

The presented study was aimed to identify the optimal oscillometric cut-offs of the BDR in preschool children
with history and symptoms consistent with asthma. Regarding baseline measurements, we found a significant
good correlation between FEV1 and IOS indices R5 (ρ=-0.67), X5 (ρ=0.62) and AX (ρ=0.6). Previously,
Carvalho et al. found a significant weak to moderate associations only between FEV1 and IOS parameters
that reflect small airway obstruction (Di5-20 and AX), whereas the correlation between FEV1 and R5 was
minimal [31].

However, after BPD, a significant good correlation with FEV1 was demonstrated only for R5 (ρ=-0.64)
whereas X5 and AX exhibited a significant moderate correlation (ρ=0.42 and ρ=-0.44, respectively). These
data are consistent with those published by Olagúıbel et al., who demonstrated that R5 was correlated with
FEV1 at both baseline and post-bronchodilator in 33 asthmatic preschoolers [32]. Moreover, among IOS
parameters, R5 and X5 differed significantly between patients with positive and negative BDR. Specifically,
the magnitude of this variation was of 26.82% ± 6.58 vs. 18.18% ± 10.08 for R5 and of 34.3% ± 9.83
vs. 20.59% ± 18.43 for X5 in patients with positive and negative BDR test, respectively. Considering that
a positive BDR in patients with a symptom pattern consistent with asthma configures these patients as
asthmatic and that in older children IOS is more sensitive than spirometry in assessing BDR, this finding is
not surprising [10,22].
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Contrary to findings by Malmberg et al., in our study the BDR was not related to baseline lung function
since no significant difference in baseline spirometry and IOS parameters was found between patients with
positive- and negative BDR [33].

Regarding to the optimal cut-offs for establishing a positive BDR with IOS in preschool children, we found
that a decrease in R5 of 25.7% and an increase in X5 of 25.7% on baseline exhibited the best combination
of sensitivity and specificity to detect an increase of FEV1 [?]12% and/or [?]200 mL with an AUC of 0,77
and 0,75, respectively. A recent ERS technical standard stated that recommended IOS thresholds that
define BDR for both children and adults are -40% in R5, +50% in X5 and -80% in AX [34]. However, in
preschoolers, there is still no consensus in the literature regarding standardization of oscillometric cut-offs
for BDR.

Our findings are in close agreement with those obtained by Gleason et al. and Bisgaard and Nielsen, who
suggested as cut-off a decrease in R5 of respectively 24% and 29% in children aged 2 to 6 years [35,36].
Similarly, Marotta et al. proposed to consider a decrease between 20 and 25% in R5 as a positive IOS BDR
and this range was confirmed by Konstantinou et al. and Shin et al., who found a cut-off of 20.5% and 19%
respectively [23,30,37]. In contrast, different results were obtained by other studies, that proposed a decrease
in R5 between 37% and 43% as threshold to define a positive BDR [24-26].

In reference to X5 parameter, Shin et al. reported results comparable with those obtained in our work since
they considered an increase of 24% as a positive BDR [30]. Nielsen et al. and Thamrin et al., on the other
hand, fixed this threshold at 42 and 61%, respectively [25, 34, 35].

Finally, in our study, AX was not able to discriminate between a positive and negative BDR test (AUC 0,53;
p = 0,83) although the work of Oostveen et al. suggested that a decrease on baseline of 81% is indicative
for a positive BDR [24].

The large discrepancies detectable between the previously mentioned studies might be attributable to dif-
ferences in IOS technique, populations, and study design. In fact, many of the reported thresholds for
different oscillometric parameters are based on varying, heterogeneous criteria for the differentiation be-
tween asthmatic and non-asthmatic subjects (e.g., clinical diagnoses, questionnaire-based diagnoses). This
fact, combined with the wide heterogeneity of preschool wheezing that complicates the diagnostic work-up
of asthma in these patients, might explain the different results of various studies.

Our threshold values for oscillometric parameters were based on an objective criterion, such as a 12% increase
in FEV1 and/or [?] 200 mL in patients able to perform acceptable and reproducible spirometry and high
quality oscillometric measurements. This explains the small number of patients analyzed (n=36) despite the
larger number of patients initially examined (n=72).

Nevertheless, the small number of evaluated patients and the retrospective nature of the study remain a
limitation of the presented work. Furthermore, the approach to derive oscillometric thresholds from a less
sensitive technique such as spirometry remains a limitation. However, BDR in spirometry still presents
an objective consensus technique to diagnose asthma and might therefore be superior to discriminating
thresholds by clinical parameters.

In conclusion, the IOS represents a useful technique since it requires only minimal collaboration of the
patient and provides additional information to the spirometry; moreover, the BDR test is a further tool able
to improve the sensitivity of IOS in detecting patients with small airway obstruction. Our data demonstrated
a positive BDR at a 26% decrease in R5 and a 26% increase in X5 in preschoolers with symptoms consistent
with asthma.
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Tables and figures

Table 1. Clinical and anamnestic characteristics of patients.

Total

Patients [n] 36
Male / Female [n] 23 / 13
Age [years, mean ± SD] 5.15 ± 0.99
Height [cm, mean ± SD] 113.14 ± 8.9
Weight [kg, mean ± SD] 19.83 ± 4.32
BMI [kg/m2, mean ± SD] 15,.3 ± 1.51
Atopy [n/%] 19 (52.8)
TRACK score [mean ± SD] 68,33 ± 20,84
Control medications: Control medications:
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Total

Total [n/%] 14 (38.9)
LTRA [n/%] 1 (2.8)
ICS [n/%] 5 (13.8)
ICS + LABA [n/%] 8 (22,2)

Abbreviations: LTRA, leukotriene receptor antagonist; ICS, inhaled corticosteroid; LABA, long-acting beta-
agonist.

Table 2: Baseline lung function measurements of patients .

Parameter Mean ± SD

FVC [L] 1.21 ± 0.32
FVC % predicted [%] 93.06 ± 15.18
FVC z-score -0.52 ± 1.13
FEV1 [L] 1.12 ± 0.28
FEV1% predicted [%] 95.11 ± 14.19
FEV1 z-score -0.37 ± 1.1
R5 [KPa/(L/s)] 0.92 ± 0.19
R5 % predicted [%] 104.32 ± 17.71
R5 z-score 0.19 ± 0.89
X5 [KPa/(L/s)] -0.35 ± 0.12
X5 z-score -0.74 ± 1.24
Fres [1/s] 25.01 ± 4.11
Fres z-score 2.11 ± 1.04
Di5-20 [KPa/(L/s)] 0.32 ± 0.14
AX [KPa/L] 3.63 ± 1.67

Abbreviations: FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; R5, resistance at 5
Hz; X5, reactance at 5 Hz; Fres, resonant frequency; Di5-20, difference of resistance at 5 Hz and 20 Hz; AX,
area of reactance.

Table 3: Change on baseline in IOS parameters in BDR-positive and BDR-negative patients.

Parameter

Positive-BDR %
Change on baseline
[Mean ± SD]

Negative-BDR %
Change on baseline
[Mean ± SD] P

R5 [KPa/(L/s)] -2.82 ± 6.58 -18.18 ± 10.08 0.03
X5 [KPa/(L/s)] 34.3 ± 9.83 20.59 ± 18.43 0.04
Fres [1/s] -13.28 ± 4.87 -17.39 ± 14.21 0.5
Di5-20 [KPa/(L/s)] -35.19 ± 23.15 -38.58 ± 28.9 0.6
AX [KPa/L] -48.27 ± 14.48 -43.75 ± 23.7 0.85

Table 4: Baseline IOS parameters in BDR-positive and BDR-negative patients.

Parameter
Positive-BDR [Mean ±
SD]

Negative-BDR [Mean
± SD] P

R5 [KPa/(L/s)] 1,04 ± 0,20 0,9 ± 0,18 0,09
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Parameter
Positive-BDR [Mean ±
SD]

Negative-BDR [Mean
± SD] P

R5 % predicted [%] 116,43 ± 13,39 101,4 ± 17,56
R5 z-score 0,80 ± 0,70 0,04 ± 0,88
X5 [KPa/(L/s)] -0,45 ± 0,2 -0,33 ± 0,09 0,07
X5 z-score -1,78 ± 1,96 -0,49 ± 0,87
Fres [1/s] 25,5 ± 4,38 24,89 ± 4,12 0,61
Fres z-score 2,26 ± 1,08 2,08 ± 1,04
Di5-20 [KPa/(L/s)] 0,44 ± 0,11 0,29 ± 0,13 0,06
AX [KPa/L] 4,91 ± 2,2 3,32 ± 1,39 0,07

Table 5: Post-bronchodilator lung function measurements of all patients.

Parameter Post-BDR [Mean ± SD]
Post-BDR % Change
on baseline [Mean ± SD] P

FVC [L] 1.24 ± 0.35 2.67 ± 7.6 0.02
FVC % predicted [%] 95.06 ± 15.20 -
FVC z-score -0.37 ± 1.14 -
FEV1 [L] 1.18 ± 0.30 5.44 ± 9.16 0.0002
FEV1% predicted [%] 99.78 ± 14.54 -
FEV1 z-score 0 ± 1.11 -
R5 [KPa/(L/s)] 0.74 ± 0.15 -19.86 ± 10.04 <0.0001
R5 % predicted [%] 83.19 ± 14.07 -
R5 z-score -0.81 ± 0.74 -
X5 [KPa/(L/s)] -0.26 ± 0.09 23.25 ± 1.,85 <0.0001
X5 z-score 2.91 ± 15.99 -
Fres [1/s] 20.64 ± 3.56 -16.59 ± 12.97 <0,0001
Fres z-score 0.97 ± 0.91 -
Di5-20 [KPa/(L/s)] 0.19 ± 0.10 -37.92 ± 27.6 <0.0001
AX [KPa/L] 1.92 ± 1 -44.63 ± 2.,1 <0.0001
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Figure 1 : Receiver-operating characteristic (ROC) curves

Changes in R5 (left, AUC 0.77; p = 0.03) and in X5 (right, AUC 0.75; p = 0.04) from baseline to detect a
12% increase in FEV1.
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