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Abstract

Background Airway clearance is a fundamental component of bronchiectasis care. Lung clearance index
(LCI) is a measurement of ventilation inhomogeneity. Its responsiveness to long-term airway clearance is
unknown. We aimed to compare two methods of daily airway clearance over 4 weeks: autogenic drainage
(AD) and oscillating positive airway pressure (0PEP), and to determine effects of airway clearance on LCI
and clinical outcomes.

Methods Adults with bronchiectasis naive to airway clearance were randomised to daily airway clearance
with either AD or oPEP. Difference in LCI as primary outcome, spirometry, sputum volume and
purulence, and quality of life were at randomisation and after 4 weeks of airway clearance.

Results 51 patients (32 women and 19 men, mean age 66.2+12.8 years) were randomised and 49
completed the study (25 AD and 24 oPEP). The LCI and forced expiratory volume in 1 s did not change
between visits between groups (difference between groups 0.02), nor between visits in either group.
Sputum quantity decreased in 12 out of 24 (50%) of the oPEP group, and in six out of 25 (24%) of the
AD group (p=0.044). The “treatment burden” worsened or was unchanged in 70% of participants
randomised to AD and 55% randomised to oPEP (p=0.038).

Conclusion Sputum quantity decreased in more participants randomised to oPEP group after 1 month of
daily airway clearance, with a better treatment burden. The effects of 4 weeks of airway clearance on LCI
were not significant in either treatment group.

Introduction

Bronchiectasis is a chronic airway disease characterised by productive cough and bronchial inflammation
with abnormal dilatation of the bronchi. Bronchiectasis is associated with poor quality of life and frequent
exacerbations [1, 2]. A major component of bronchiectasis is the self-perpetuating process of bronchial
infection, inflammation, impaired muco-ciliary clearance and structural lung damage [1]. Therefore, a basic
part of bronchiectasis treatment is airway clearance, aimed to prevent mucus stasis [3]. While airway
clearance is accepted as a first line treatment, current knowledge on the preferred method is limited. A
major obstacle to determining the efficacy of an airway clearance technique is the limitations of currently
used end-points [4]. Traditional end-points that have been used include spirometry, exacerbation frequency
and quality of life. However, these end-points are relatively insensitive to airway clearance in
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bronchiectasis patients [5, 6]. There is therefore a need to define more sensitive end-points in evaluating
interventions to improve airway clearance in bronchiectasis [7].

The lung clearance index (LCI) measured by multiple breath washout (MBW) is a measure of ventilation
inhomogeneity and was shown to be sensitive to early ventilation impairment [8]. Its usefulness has been
demonstrated in cystic fibrosis (CF), particularly in children and adults with mild disease, with LCI
reduction of —0.6 to —1 following therapeutic interventions [9-12]. The LCI has been assessed in
bronchiectasis patients and found to be higher (worse) than in healthy subjects, inversely correlating with
forced expiratory volume in 1s (FEV,) [13, 14]. LCI was found to be non-significantly higher among
exacerbating versus stable bronchiectasis patients, and a single session of airway clearance had no effect on
LCI [14]. In a study of 60 patients with bronchiectasis, LCI was found to correlate with both radiological
severity and FEV;, although LCI was abnormal in more patients than FEV; [15]. Similar findings were
seen in CF patients [16-18].

To the best of our knowledge, no study has been performed to test the long-term effect of any lung
clearance technique or device on LCI.

Aerobika (Trudell Medical International, London, Ontario, Canada) [19] is an oscillating positive
expiratory pressure (oPEP) device, developed for mobilisation and clearance of secretions in people with
suppurative lung diseases. It has been tested and found safe and effective in chronic bronchitis [20, 21].
Autogenic drainage (AD) is a method of airway clearance that aims to propel secretions by controlling the
depth of a patient’s breathing effort, from low, medium and high breathing volumes, gradually, followed
by huffing and expectoration of mucus that finally reaches the larynx [22, 23]. The two methods, AD and
oPEP, are commonly used in bronchiectasis; superiority of either one has not been established [24, 25].

The aims of our study were: 1) to explore the effects of 4 weeks of airway clearance on LCI; and 2) to
compare the effects between two methods of airway clearance, AD and oPEP, on LCI, spirometry, sputum
quantity and quality of life in bronchiectasis patients.

Methods

Study population

The study population consisted of patients diagnosed with bronchiectasis, followed at our institution in
Carmel Medical Center, Haifa, Israel. Subjects were included if they were >18 years old, able to give
informed consent, had bronchiectasis in at least two lung lobes confirmed by high-resolution computed
tomography, were clinically stable, with a predicted FEV; >50%, and had not regularly performed airway
clearance. Patients taking mucolytics, including inhaled isotonic or hypertonic saline, for 3 weeks or more
and maintaining the same treatment during the trial were included. Exclusion criteria included a diagnosis
of CF or primary ciliary dyskinesia (PCD), and an exacerbation or any change in respiratory medications
during the 4 weeks before randomisation. The rationale for excluding people with PCD was that in Israel, a
diagnosis of CF or PCD entitles patients to daily physiotherapy treatments by therapists who may not
comply with the study protocol. Written informed consent was obtained at inclusion. The study protocol
was approved by Carmel Medical Center Helsinki committee (approval no. CMC-87-16) and was
registered in ClinicalTrials.gov (trial registration no. NCT03013452).

Study design

At baseline, patient history was recorded and validated against the participants’ electronic medical record
of medications, past pulmonary exacerbations (PEx) and quality of life using the quality of life
questionnaire for bronchiectasis (QoL-B) [26]. Past pulmonary exacerbations were defined as an increase in
at least three respiratory symptoms for 2 days that led to a change in medications [27]. Exacerbations were
recorded as separate events if at least 21 days apart. The daily amount of sputum expectorated (e.g. amount
in teaspoons, tablespoons or cups) was recorded in equivalent millilitres, and the sputum purulence was
quantified according to a validated score on a visual scale [28]. Spirometry and MBW were performed.
Participants were randomised by simple randomisation (a random number was generated by an online
application for every participant, with even numbers allocated to AD and odd numbers to oPEP) and
instructed how to perform the selected method by a study physiotherapist trained in both AD and oPEP.
Typical instruction sessions lasted 30 min but were not limited in time. An oPEP device (Aerobika, Trudell
Medical International) was provided to patients randomised to this intervention. All participants were
instructed to perform the assigned airway clearance technique daily for 15-20 min or until no further
sputum was produced, for the duration of the study (4 weeks), and not to perform any other form of airway
clearance (this was also specified in a letter to the primary physician given at the first visit). Exacerbations,
adverse events and patient-reported adherence to airway clearance were recorded daily by the participants
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and reported weekly by telephone calls. Sputum purulence was assessed by grading on a four-scale visual
chart [29]. After 4 weeks, all participants performed an end-of-study visit, which included history and
physical examination, review of medications, review of exacerbations since last visit, recording of adverse
events and PEX, a repeat QoL-B questionnaire, and performance of MBW and spirometry. The technicians
and investigators performing and interpreting spirometry and MBW were blinded to the treatment
allocation.

Lung function assessments

Multiple breath washout measurements were performed using the Easy-One Pro, MBW Module (NDD
Medical Technologies, Zurich, Switzerland) as described by Fuchs et al. [30]. The system consists of a
side stream ultrasonic transducer for temperature- and humidity-independent sampling of the molar mass, a
mainstream ultrasonic transducer for flow sampling and a side stream infrared carbon dioxide (CO,)
analyser to correct the molar mass signal for exhaled CO,. The WBreath software (NDD) was used for
data acquisition, storage and analysis.

The LCI was calculated as the cumulative expired volume during the washout phase divided by the functional
residual capacity (FRC), which is the number of FRC turnovers required to wash out nitrogen [31].
An increased LCI indicated more FRC turnovers required for the washout, reflecting ventilation
inhomogeneity [8]. As recommended, the minimum re-equilibration time between trials was the time needed
for washout in the previous trial [30]. All MBW tests underwent visual quality control before analysis,
ensuring regular tidal breathing before washout and absence of a leak.

Spirometry was performed in accordance with the American Thoracic Society/European Respiratory
Society (ATS/ERS) Task Force, using a Jaeger MasterScope spirometer (Erich Jaeger AG, Wiirzburg,
Germany) [32].

Statistical analysis

The primary end-point was defined as the LCI change. Assuming an LCI of 10-12 and a standard error of
0.31-3.4 [13-15], a sample size of 22 subjects in each group was calculated to detect a difference of 1 in
LCI with a power of 90%.

Continuous variables are presented as meantsp or medians and interquartile range (IQR). Categorical
variables are presented as numbers and proportions. Differences in demographical and clinical
characteristics between the two treatment groups (oPEP versus AD) were analysed using the Chi-square
test for categorical variables; and independent t-test or Mann—Whitney, as appropriate, for the continuous
variables.

Pre/post absolute change and per cent change was calculated. Correlation between two continuous
variables (such as FEV; and LCI) was analysed using the Pearson or Spearman correlation, as appropriate.
Paired t-test or Wilcoxon sign rank test was used to check pre/post difference in each group separately for
the continuous variables.

Statistical analyses were performed using IBM SPSS Statistics 24.0 (IBM, New York, NY, USA). For all
analyses, p<0.05 (for the two-tailed tests) was considered statistically significant.

Results

A total of 51 patients were recruited between March 2017 and October 2019 (AD group, n=26; oPEP
group, n=25; figure 1 (Baseline characteristics were similar, except that FEV; was higher, with more past
exacerbations in patients randomised to AD (table 1).

At baseline, LCI was inversely correlated with FEV, (correlation coefficient, 0.552; p<0.0001). Baseline
LCI was not correlated with age (r=0.17, p=0.26), sex (p=0.63), PEx in previous 12 months (p=0.18),
sputum volume (r=—0.005, p=0.97), sputum purulence (p=0.412), Reiff index (r=0.07, p=0.65) or any
domain of the QoL-B questionnaire (correlation coefficients for the various domains were in the range of
—0.09 to 0.65).

Self-reported adherence to airway clearance routine was 88+2% and 87+3% for the AD and oPEP groups,
respectively (p=0.63). Adverse events were recorded in 13 (59%) AD participants and 11 (48%) of the
oPEP participants (p=0.45); all were mild and deemed unrelated to treatment. One participant in each
group stopped the study due to adverse events (chest pain in one participant performing AD, a pulmonary
exacerbation in a participant performing oPEP, both deemed unrelated to the interventions); they were both
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FIGURE 1 Flow of participants through the study. AD: autogenic drainage; AE: adverse event; AWC: airway
clearance; MBW: multiple breath washout; oPEP: oscillating positive expiratory pressure; PEx: pulmonary
exacerbation.

TABLE 1 Baseline characteristics of patients

Parameter AD oPEP
Subjects n 26 25
Age years (meanzsp) 66.7+12.3 65.7+13.4
Sex (female n(%)/male n(%)) 19 (73.1)/7(26.9) 14 (56.0)/11 (44.0)
Lung function: FEV; % (meanzsp) 96.1+18.3** 81.3+18.1**
Lung function: FVC % (meanzsb) 101.7+£16.5* 89.6+20.0*
LCI (meanzsp) 10.0£2.1 9.0+2.5
Daily sputum production mL (median; IQR) 17.5 (5.0; 41.3) 15.0 (5.0; 20.0)
Sputum bacterial infection* n (%) 9 (34.6) 13 (54.2)
Sputum purulence scale (0-1/2-3) n (%) 13 (59.1)/9 (40.9) 15 (62.5)/9 (37.5)
Previous PEx/year (median, IQR) n=26 2 (1; 4)* n=241 (0; 2)*
Treatment at baseline n (%)
ICS 5(19.2) 8 (32.0)
LABA 5 (20.0) 9 (36.0)
LAMA 0 (0) 3 (12.0)
Hypertonic saline 19 (73.1) 20 (80.0)
Performing exercise 14 (53.8) 12 (48.0)
CT findings
Number of infected lobes on CT (median, IQR) n=21 2.0 (2.0, 3.5) n=20 2.0 (2.0, 3.75)
Reiff index (median, IQR) n=24 3.0 (2.0, 4.0) n=25 3 (2, 4.5)
Findings on auscultation n (%)
Wheeze 1(3.8) 3(12.0)
Rales 9 (34.6) 9 (36.0)

Sputum bacterial infection relates to any positive culture from a respiratory sample in the past 12 months.
Sputum purulence was noted on a scale from 0 to 3, with 0 indicating transparent-yellow and 3 being green
with traces of blood. AD: autogenic drainage; oPEP: oscillating positive expiratory pressure; sp, standard
deviation; FEV; %: forced expiratory volume in 1s, per cent predicted; FVC: forced vital capacity, percent
predicted; LCI: lung clearance index; IQR: interquartile range; PEx: pulmonary exacerbations in the previous
12 months; ICS: inhaled corticosteroids; LABA: long-acting B-agonists; LAMA: long-acting muscarinic agonists;
CT: computed tomography. *: p<0.05; **: p<0.001.
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FIGURE 2 Results of lung clearance index (LCI) before and after 4 weeks of daily airway clearance according to
method of airway clearance. Each coloured line represents one individual participant. AD: autogenic drainage;
oPEP: oscillating positive expiratory pressure.

unavailable for end-of-study assessment, leaving 49 patients eligible for analysis at week 4 (AD, 25; oPEP,
24) (figure 1). In both groups, several participants reported increases in symptoms which necessitated a
change in treatment and qualified as a PEx during the study period (six in the AD group; five in the oPEP
group).

After 4 weeks of regular airway clearance, there was no significant change in LCI between groups
(figure 2): in the oPEP group, LCI changed from mean+ sp 9.38+1.6 to 9.97+2.5. In the AD group, LCI
changed from 10.04+2.1 to 9.88+2.0. The difference between groups after 4 weeks was 0.02. Spirometry
parameters did not change in either treatment group (table 2). At 4 weeks, median (IQR) LCI increased by
a mean of 0.6 in the oPEP group and decreased by 0.16 in the AD group: mean of difference between
groups —0.56 (95% CI —1.27-0.21, p=0.142).

Self-reported daily sputum quantity was reduced in 12 (52%) oPEP participants, compared to 6 (24%) AD
participants after 4 weeks (p=0.04, table 2). Sputum quantity was reduced from a median (IQR) of
17.5mL (5-42.5) to 15 mL (5-45) in the AD group (p=0.969) and from 15 mL (5-25) to 5 mL (5-20)
(p=0.493) in the oPEP group. In the QoL-B domains, Vitality improved from a median (IQR) of 44 (27.5—
66.8) to 67 (44-67) p=0.027, and Social Functioning from 50 (21-67) to 58 (37.5-76.5), p=0.042 in the

TABLE 2 Effects of treatment on symptoms and lung function

AD oPEP p-value
Subjects n 25 24
Change in sputum purulence” n (%) >0.99
Improved 4 (20) 5 (23)
Unchanged 13 (65) 13 (59)
Worsened 3 (15) 4 (18)
Change in sputum quantity n (%) 0.044
Less sputum 6 (24) 12 (52)
More sputum 19 (76) 11 (48)

Change in sputum quantity (mL); median (range) randomisation to end of study ~ 17.5 (5-42.5) to 15 (5-45) 15 (5-25) to 5 (5-20) 0.386

LCI change after 4 weeks" n (%) 0.847
Improved 8 (32) 6 (25)
Unchanged 7 (28) 8 (33)
Worsened 10 (40) 10 (42)

FEV; % change after 4 weeks, median (range) 0.05 (—23-7.6) 0 (—11.8-10.5) 0.71

AD: autogenic drainage; oPEP: oscillating positive expiratory pressure; LCI: lung clearance index; FEV;: forced expiratory volume in 1s. *: sputum
purulence was recorded on a four-point scale. Values in bold represent p<0.05. *: improvement, a decrease of 0.5 or more; worsening, an increase
of 0.5 or more; unchanged, difference <0.5 in any direction.
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QoL domain AD oPEP
Baseline 4 weeks p-value Baseline 4 weeks p-value

Subjects n 25 24

Respiratory symptoms 67 (44-79.5) 70 (50-79.5) 0.732 65 (46-7T7) 72 (48.8-80.3) 0.139
Physical functioning 60 (20-83.5) 67 (37-86.5) 0.393 53.5 (21.8-93) 60 (36.5-87) 0.412
Vitality 44 (27.5-66.8) 67 (44-67) 0.027 44 (1-100) 50 (33-67) 0.231
Role functioning 73 (53-87) 87 (56.5-93) 0.073 70 (41.8-87) 73 (48.5-80) 0.970
Emotional functioning 83 (54-100) 83 (62.5-100) 0.611 79 (60.3-92) 79 (67-98) 0.690
Social functioning 50 (21-67) 58 (37.5-76.5) 0.042 n=23 58 (42-83) n=23 58 (44-75) 0.919
Treatment burden n=20 56 (33-78) n=20 44 (33-64.3) 0.085 n=20 56 (35.8-75.3) n=20 56 (33.3-67) 0.458
Health perceptions 42 (33-67) 58 (42-75) 0.177 33 (25-58) 42 (33-64.8) 0.048

Scores presented as median (interquartile range) unless otherwise stated. Domains of the quality of life questionnaire for bronchiectasis (QoL-B)
[21] were scored on a scale of 0 (worst) to 100 (best) and compared between baseline and end-of-study visits. QoL: quality of life; AD: autogenic
drainage; oPEP: oscillating positive expiratory pressure. Values in bold represent p<0.05.

AD group. In the oPEP group, the score for Health Perceptions improved from 33 (25-58) to 42 (33—
64.5), p=0.048 (table 3). Treatment burden score in the QoL-B did not change for the entire cohort but
was worsened or unchanged in 17 of 20 participants (85%) who reported at least 70% adherence in the
AD group, and in only 11 of 20 (55%) in the oPEP group (p=0.038).

Spirometry did not change in either group (table 2). There was no association between 33% or more
sputum volume reduction and LCI change of 0.5 or more (p=0.532); sputum change and increase of 8 or
more units in QoL-respiratory domain (p=0.770); and an increase of 8 or more units in QoL-respiratory
domain and LCI change of 0.5 or more (p=0.371). 8 units is the established minimally clinically important
difference (MCID) in the QoL-B [33]. To the best of our knowledge, the MCID for sputum volume was
not established; 33% was arbitrarily chosen to reflect a significant reduction in sputum volume.

Discussion

This study was designed to test the effects of two airway clearance methods in bronchiectasis on LCI and
other outcome measures. We compared two established airway clearance methods: AD and oPEP, practised
daily for 4 weeks. After 4 weeks, there was no difference in LCI between treatment groups, and LCI did
not change significantly between visits in either group. The minimally important difference in LCI is not
well established; we chose a low cut-off of 0.5, which was the difference between groups reported in an
intervention with inhaled hypertonic saline in children with CF [10]. Self-reported daily sputum quantity
was reduced compared to baseline in significantly more patients randomised to oPEP than to AD (52%
versus 24%, respectively; p=0.04). Improvements in various domains of the QoL-B were seen in both
groups. In contrast to studies investigating the benefits of a single airway clearance session, in which an
increase in expectorated sputum was desired, we considered a reduction in 24-hour sputum quantity to
reflect less inflammation and a beneficial outcome in bronchiectasis. A reduction in sputum volume was
seen in several studies of long-term treatments in bronchiectasis [34-40], including mannitol, a mucoactive
agent [34, 35]. The recruited bronchiectasis patients were either newly diagnosed or referred. However,
according to local practice in our centre, the majority of participants in both groups (73% and 80%) started
treatment with inhaled hypertonic saline prior to study inclusion. Hypertonic saline inhalation itself may
decrease sputum purulence [41] and promote sputum clearance by coughing. Therefore, some effect of
treatment may have occurred prior to randomisation to the study, and this may have lessened the treatment
effect observed in the study.

The difference between these two airway clearance methodologies may reflect the efficacy in clearing
sputum from the airways. However, training to perform AD may require more time than for oPEP. Since
the study protocol limited training to a single session with the study therapist, the oPEP results may reflect
the ease of training participants in self-managing their sputum production. Treatment burden was worsened
or unchanged in 55% oPEP versus 85% of AD (p=0.038) participants who reported adherence to daily
airway clearance of 70% or above. The better results obtained by the oPEP group may reflect the ease of
performing and persisting in using a self-managing device, in comparison to AD.

The LCI was not reduced by either method after 4 weeks of daily airway clearance. Similar to our
findings, a previous study also did not find a good correlation between LCI and QoL in people with
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bronchiectasis [15]. In bronchiectasis, LCI is elevated compared to healthy controls [15]. This is
believed to reflect lung inhomogeneity, with poorly ventilated areas contributing to delayed clearance of
inert gas. Elevated LCI in bronchiectasis may be explained by mucus plugs obstructing and delaying gas
mixture from portions of the bronchial tree, and clearance of mucus is hypothesised to improve LCI
[31]. However, LCI was not found to significantly improve after a single airway clearance session [14,
23]. In CF, LCI was found to be responsive to long-term treatment with inhaled hypertonic saline, with a
reduction of —0.63 units in preschool children [11], and is increasingly used as an end-point in clinical
trials. To the best of our knowledge, LCI has never been reported to respond to a long-term intervention
in adults with bronchiectasis, although evaluated as an exploratory end-point in a randomised trial of
inhaled tobramycin [42, 43]. In contrast to studies of long-term interventions in CF, we did not find that
LCI improves significantly after 4 weeks of airway clearance. This may reflect a difference between
bronchiectasis patients, in whom changes to lung structure may be irreversible, from younger patients
with CF, or may result from insufficient effect of physiotherapy. It will be interesting to see the effect on
LCI by other bronchiectasis interventions.

Our study has some limitations. First, this study may have been under-powered to detect a change in
LCI, as power analysis was based on cross-sectional studies of LCI in bronchiectasis, rather than
response to treatment [13-15]. Second, we included patients with a relatively preserved lung
function. This was intentional, as LCI performed better in people with preserved lung function, but
may limit the extension of our results to more severely affected patients. The study design of
4 weeks, and once daily airway clearance, may not have been extensive enough to see changes in
lung ventilation. While researchers were blinded to treatment allocations, participants were not, and
this may have potentially affected results (mainly QoL-B but also sputum quantity). Finally,
estimation of adherence and sputum volume were done by questioning rather than weighing, and thus
may be subject to bias.

Despite the above limitations, to the best of our knowledge, this is the first study to compare the long-term
effects of airway clearance on LCI. Future studies testing the responsiveness of LCI to therapeutic
interventions in bronchiectasis are needed.
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