Short-term effect of autogenic drainage on ventilation inhomogeneity in adult patients with stable non-cystic fibrosis bronchiectasis.
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ABSTRACT
Background: Lung clearance index (LCI), a measure of ventilation inhomogeneity derived from a multiple breath washout test, is a promising tool for assessing airway function in patients with non-cystic fibrosis (CF) bronchiectasis. However, it is unknown if ventilation inhomogeneity could improve after successful elimination of excessive secretions within bronchiectasis.
Objective: To assess the short-term effects of lung secretion clearance using autogenic drainage (AD) technique on standard lung function tests and LCI in patients with non-CF bronchiectasis.
Methods: Nitrogen-based multiple breath washout, spirometry and body plethysmography tests were performed 30 minutes prior to AD in adults with stable non-CF bronchiectasis. The AD session was followed by a 5 minute break, after which the tests were repeated in the same order. Sputum expectorated during AD was quantified as dry weight and correlated with change between post and pre measurements (Δ). Paired t-test or Wilcoxon-signed rank tests were used to compare pre- and post-AD measurement outcomes. A P-value ≤ .05 was considered as statistically significant.
[bookmark: _GoBack]Results: 24 subjects were studied (18 female, median (range) age: 65 years (21 – 81)). Mean (±SD) LCI significantly improved after AD (10.88 ± 2.62 vs 10.53 ± 2.35, P = .04). However only 20% of subjects with mucus hyper-production during AD had a ΔLCI that exceeded measurement variability. Percent predicted slow vital capacity (SVC%) also slightly improved (88.7% ± 19.3 vs 90% ± 19.1, P = .02). ΔLCI was inversely related to dry sputum weight (r = -.48, P = .02) and ΔSVC% (r = -.64, P = .001). ΔSVC% also correlated with dry sputum weight (r = 0.46, P = .02).
Conclusion: In adults with non-CF bronchiectasis and mucus hypersecretion, AD improved ventilation inhomogeneity. LCI change may be the result of the maximal recruited lung volume and the amount of cleared mucus secretion.
Abstract word count: 296/300
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TEXT
INTRODUCTION
Non-cystic fibrosis (CF) bronchiectasis is a chronic lung disorder characterized by irreversible dilatation of the airways.1 Clinical features imply chronic cough, bronchorrhea and recurrent exacerbations with concurrent impacts on health-related quality of life, morbidity and mortality rates.2-4 Among the current therapeutic arsenal offered to these patients, chest physiotherapy (CPT) with bronchial drainage is acknowledged as an important element in their regular management.5 By facilitating discharge of excessive bronchial secretions, CPT aims to maintain the patency of the airways in order to preserve lung function and delay the progression of the disease. However, proving the effectiveness of treatments and especially CPT via standard pulmonary function tests is challenging in patients with non-CF bronchiectasis.6-8 Indeed, current lung function end-points such as forced expiratory volume in one second (FEV1) lack the required sensitivity to allow early detection of treatment effects.9, 10
In this context, lung clearance index (LCI) derived from a multiple breath washout test is of particular interest. LCI is a non-invasive and radiation-free measurement of ventilation inhomogeneity. Since sputum accumulation can contribute to the uneven distribution of ventilation, the elimination of airway secretions may promote its homogenization and therefore be captured by LCI measurement. In non-CF bronchiectasis, LCI has been shown to be repeatable, discriminatory and is a more sensitive marker of lung function than FEV1,11-13 but its role as a potential end-point to witness CPT efficiency remains little explored.12
The primary aim of this study was to assess the impact of a 30 minute long autogenic drainage session (AD) on ventilation inhomogeneity via LCI in adults with stable non-CF bronchiectasis. We hypothesized that LCI change would inversely relate to the amount of expectorated sputum during the AD session and/or with the severity of bronchiectasis, as measured with the recently developed bronchiectasis severity index (BSI).14

METHODS
Study population
Adults with stable non-CF bronchiectasis were prospectively recruited in the Cliniques universitaires Saint-Luc (Brussels, Belgium) between March and October 2015. Participation was solicited via phone-call or during a routine clinical consultation. Patients were included if they were aged 18 and over, had radiological evidence of bronchiectasis confirmed on high resolution computed tomography, were clinically stable (no antibiotics in the preceding 4 weeks) and if the clinical notes within the year mentioned the presence of chronic productive cough. Exclusion criteria included a diagnosis of CF, severe obstruction (FEV1 < 30% pred) or inability to refrain from taking short-acting β2-adrenoreceptor agonists if prescribed the day of the study. Written informed consent was obtained before inclusion. The study was approved by the local Ethics Committee (Comité d’Ethique Hospitalo-Facultaire Saint-Luc – IRB: 00001530) and is registered in ClinicalTrials.gov, NCT02411981.
Study design
Multiple breath washout using nitrogen as inert gas, spirometry and body plethysmography tests were performed 30 minutes prior to AD. The AD session was followed by a 5 minute break, after which the tests were repeated in the same order. During both treatment and the resting period, patients expectorated in a sterile transparent container. To account for salivary contamination, the secretions were dried in the container without the cap in an oven for at least 72 hours at 70°C. The mass of wet and dried secretions were thus measured.
Measurements
Multiple breath nitrogen washout
A commercially available open-circuit multiple breath washout test with hard- and software package was used for data processing and data analyses (Exhalyzer D and Spiroware 3.1 EcoMedics AG, Duernten, Switzerland). This setup measures nitrogen concentration indirectly from O2 (measured by a sidestream laser O2-sensor) and CO2 fraction (measured by mainstream infrared CO2-sensor). Flow and derived volumes were measured by a mainstream ultrasonic flowmeter.
Patients were examined in sitting position, wearing a nose clip and breathing through a silicone mouthpiece. Multiple breath washout tests were performed in accordance with the current consensus15 albeit we performed two technically acceptable multiple breath washout runs instead of three. We chose two runs as it significantly decreases testing time without influencing either mean LCI values or its sensitivity to detect abnormal ventilation distribution efficiency.16, 17 Three or more runs were conducted whenever quality standards were not met. A run was considered complete when the nitrogen concentration fell below 2.5% (1/40th) of its starting concentration for three consecutive end tidal expirations. LCI was then calculated as the ratio of cumulative expired volume (CEV) to functional residual capacity (FRCwashout), with CEV defined as the sum of all expiratory volumes over the washout. FRCwashout was calculated as the ratio of exhaled nitrogen volume during the washout to the difference in starting and ending end-tidal fraction of that tracer gas. A multiple breath washout run was discarded whenever leaks, sighs or irregular breathing patterns occurred or if the FRC of one run differed by more than 10% compared to the highest FRCwashout of a valid measurement. Measurements were performed by a single operator certified by the ECFS-CTN standardisation committee.
Spirometry and body plethysmography
Spirometry and body plethysmography (Jaeger Masterscreen, Würzburg, Germany) were conducted according to ATS/ERS standards.18 Reported spirometry outcomes were slow vital capacity (SVC), forced vital capacity (FVC), FEV1, FEV1/FVC and forced expiratory flow at 25-75% of the FVC (FEF25-75). Raw data were normalized (% pred. and Z-scores) according to the Global Lungs Initiative equations19 except for SVC where Pistelli et al. predictive equations were used.20 Body plethysmography measurements were FRC (FRCpleth), residual volume (RV), total lung capacity (TLC), RV/TLC and specific airway resistance (sRaw) and conductance (sGaw). Raw measurements were converted according the predictive equations from Stocks and Quanjer.21
Bronchiectasis severity index (BSI)
BSI is a recently validated multidimensional severity score for predicting future hospital admission and long-term mortality.14, 22 BSI takes into account age, body mass index, FEV1, prior hospital admission and exacerbations, Medical Research Council dyspnoea score, bacterial colonization and high resolution computed tomography score. The latter was carried out within the year of recruitment and scored by two independent operators. Otherwise, data were collected the day of the last routine medical visit.
Chest physiotherapy
AD consists in maximizing expiratory airflow during tidal breathing at different lung volumes in order to mobilize the mucus while minimizing coughing episodes.23 AD is initiated in the expiratory reserve volume until the inspiratory reserve volume is reached. The treatment session progresses through 3 phases: (1) unsticking the secretions in low volume; (2) collecting at medium volume; (3) evacuation by breathing at high volume.24 When sufficient mucus has reached the upper airways, the mucus can be evacuated by a cough or a huff.23, 24 AD was performed in a semi-lying position (at a 45° angle from the horizontal).
Statistical analysis
We estimated sample size based on the coefficient of repeatability of the LCI previously published.25 Using a two-sided alpha of .05 and assuming a mean LCI change of 1 unit and a standard deviation of the mean difference of 1.8,13 we estimated to recruit 24 patients to provide a power of .80.
All analyses were performed using SPSS (version 22, SPSS, Inc., Chicago, IL) software. Normality of data was verified with Kolmogorov-Smirnov and Shapiro-Wilk tests. For normally distributed data, values are presented as mean (SD). Non-normally distributed values and baseline characteristics are reported as median [interquartile range - IQR]. Paired t-test or Wilcoxon-signed rank tests were used to compare pre- and post-CPT measurement outcomes as appropriate. LCI and FRC are reported as the mean of two technically acceptable multiple breath washout runs within one test occasion. Within-test repeatability of LCI and FRC were calculated as ratio of difference between runs over their average (%). Changes in measurements with AD were expressed as the difference between post and pre-measurements (Δ). Using ΔLCI of 1 lung turnover as a cut-off, participants were further divided into two groups and the Mann-Whitney U test was used to compare their variables. Relations between ΔLCI and changes in other variables of interest or expectorated sputum weights were investigated by applying Pearson correlation coefficients. Bland–Altman statistics were carried out to assess the mean difference (bias) between FRCpleth and FRCwashout in addition to the upper and lower 95% limits of agreement (bias ± 1.96 SD of the difference).26 Finally, simple linear regression was conducted to model the relationships between FRC bias and lung function parameters. A P-value ≤ .05 was considered as statistically significant.

RESULTS
Study population
Twenty-six subjects were investigated. Two of them were excluded from any analysis because of repeated mouth leaks during consecutive multiple breath washout runs, leaving 24 subjects (aged 21 to 81 years) for the final analysis (Figure 1). Baseline characteristics are displayed in Table 1. Pre and post-AD lung function measurements are presented in Table 2.
The medians [IQR] of wet and dry sputum weights were 12.75g [1.24 – 24.04] and 0.44g [0.1 – 1.11], respectively. LCI and SVC (% pred) statistically improved after the CPT session (Table 2). No other lung function outcome differed statistically. ΔLCI was inversely correlated with spirometry measurements change and expectorated sputum weights (Figure 2). ΔSVC (% pred) was also correlated with wet sputum weight (r = .52, P = .01) and dry sputum weight (r = .46, P = .02). BSI total score and its categories were not related to any lung function measurements at baseline nor their respective change with AD. Using a LCI difference of 1 unit as a meaningful cut-off,25 only five subjects (21%) had a relevant change (all improved). The bronchiectasis etiology among those subjects were: primary ciliary dyskinesia (3), idiopathic (1) and post-infectious (1). The amount of cleared sputum and the associated gain of SVC were significantly more important in these five responders compared to the other participants: medians [IQR] of wet sputum weight: 24.7g (21.4 – 37.4) vs 9.6g (0.9 – 21.9); dry sputum weight: 1.3g (0.9 – 2.3) vs 0.2g (0.1 – 0.7); SVC (% pred): 5.3% (1.1 – 5.9) vs 0.6% (-0.4 – 1.4), P ≤ .01.
Before AD, there was a small but significant bias towards higher FRCpleth when compared with FRCwashout suggesting trapped gas within the lungs. Mean difference (95% confidence interval, CI) was 0.19L (0.05 to 0.34), P = .01. Limits of agreement were -0.47L and 0.86L; corresponding relative mean difference was 7.6% and limits of agreement were -14.5% to 29.6%. Linear regression shows that normalized RV/TLC and RV explained 21% (R² =.21) and 18% (R² =.18) of the variability of trapped gas (FRCpleth – FRCwashout) before AD, respectively. Similar results were observed after AD (data not shown).

DISCUSSION
In this study we show that LCI statistically improved after an airway clearance session. However, only 5 of 24 subjects showed an improvement in ventilation inhomogeneity that exceeded measurement variability. The magnitude of LCI change was independent of disease severity but was rather related to the change of SVC and the amount of cleared sputum. Taken together, our findings suggest that the recruitment of lung volumes following elimination of excessive airway secretions results in a redistribution of ventilation, improving gas mixing efficiency. According to our data, we believe that the quantity of mobilized sputum with treatment should be taken into consideration when assessing the effects of CPT on ventilation inhomogeneity.
Our results contrast with previous studies investigating the role of physiotherapy on ventilation inhomogeneity through LCI. Although physiotherapy modalities and the allocated time for airway clearance techniques duration differed between studies, their analyses systematically concluded in no consistent effect on lung ventilation maldistribution.12, 27, 28 However, the mean LCI improvement in our study was rather weak with a mean relative decrease of 3%, well below 10% corresponding to the magnitude of between test variability.25 Looking for individual physiologically meaningful change – i.e. ΔLCI ≥ 1 lung turnover –25 only 5 subjects (21%) improved. Interestingly, although Pfleger et al. did not find mean LCI change after a 30 minute long supervised positive expiratory pressure mask therapy in CF, 17/29 patients (59%) had a physiologically relevant LCI change (10 had a LCI increase ≥ 1 lung turnover while 7 decreased).28 The paradoxical raise of LCI after CPT is an acknowledged phenomenon attributed to the unveiling of newly partially obstructed airways previously completely plugged, therefore not contributing earlier to ventilation inhomogeneity.15 In other words, individual relevant alterations in gas mixing were greater in their study. We assume that the underlying pathophysiological condition may partly explain these discrepancies. In CF, the lungs are diffusely and unevenly affected, with chronic sputum hyper-production being a common clinical sign.29-31 Likewise, non-CF bronchiectasis is a lung disease involving patchy defects but etiologies are various and the airways can be either diffusely or locally affected.1 In the latter forms, net effect of airway clearance therapy might not be sufficient to provoke demonstrable LCI change. Our responders cleared a greater amount of sputum during AD session in comparison to the remainder of the patient cohort. In addition, 3 out of the 5 responders had primary ciliary dyskinesia, a disease which shares common features with CF. It suggests that a minimum amount of sputum needs to be mobilized in order to elicit a detectable effect on ventilation inhomogeneity. 
Recently, Lin et al. have shown that the direction and magnitude of LCI change varied over time after a CPT session in CF children with an acute exacerbation.32 LCI worsened and peaked at 1 hour post-CPT, then slowly decreased to finally become significantly lower than the baseline value 24h post-CPT. On the other hand, time-course CPT effect on FEV1 in patients with CF displays a different pattern of change, with an optimal improvement observed between 30 minutes and 2 hours after the physiotherapy session.33 In our study, lung function tests were performed nearly immediately after the CPT session, while Pfleger et al. and Grillo et al. performed tests 30 and 60 minutes after the CPT session, respectively.12, 28 Both studies observed a clinically small but significant improvement in FEV1 with no mean LCI change, the opposite of what we found. Measurement time points are therefore an additional potential issue to consider when assessing CPT effectiveness and future studies attempting to clarify underpinning mechanisms are necessary.
We also observed a significant bias towards lower FRCwashout values as compared to FRCpleth. Body plethysmography uses Boyle’s law to determine lung volumes and takes into account all compressible gases within the thorax, whereas inert nitrogen washout uses dilution properties of gases, only considering those in communication with the mouth. The difference between both measurements is therefore expected in obstructive diseases and provides an estimate of gas trapped in the lungs.34 However, it is also admitted that the commercial multiple breath nitrogen washout device used in this study overestimates true FRC to such an extent that some authors even report higher FRCwashout than FRCpleth.35-38 The mechanism behind this remains unclear but as we found a small positive bias towards higher FRCpleth, we assume that substantial volumes of gas were trapped in a number of our subjects. The relatively high values observed in RV and RV/TLC, both markers also traditionally utilized to represent gas trapping,34, 39 and their positive associations with the magnitude of the bias (i.e. FRCpleth – FRCwashout) further support this hypothesis.
A limitation of this research includes the heterogeneity of the disease and the inherent wide spectrum of excessive mucus production between subjects. Another limitation was the measure of expectorated sputum weight itself. Indeed, sputum can be unintentionally swallowed, therefore inducing error in the calculations. Finally, as the intervention was not controlled, it was also not possible to conclude that the result was the effect of AD alone. Forced expiratory maneuvers associated with spirometry measurements or coughing and huffing episodes interspersing the AD technique could also account for ventilation redistribution.
In conclusion, we found a small but statistically significant short-term impact on uniformity of gas distribution following an AD session in patients with non-CF bronchiectasis. However, only a small subgroup of patients with mucus hypersecretion showed an improvement in ventilation inhomogeneity that exceeded measurement variability. It suggests that mucus hyper-production could be a prerequisite to provoke a physiologically meaningful change in ventilation inhomogeneity with airway clearance techniques.
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FIGURE LEGENDS
Figure 1: Flow Chart of Study Participants. Two patients were unable to achieve two multiple breath washout runs due to repeated mouth leaks.
Figure 2: Relation between lung clearance index (LCI) difference and pulmonary lung function measurement changes or sputum weights, reported as Pearson’s r and linear regression (R²). Correlation between LCI difference and (A) change in percent predicted of slow vital capacity (SVC), (B) change in percent predicted of forced expiratory volume in one second (FEV1), (C) change in percent predicted of forced vital capacity (FVC), (D) change in percent predicted of forced expiratory flow between 25% and 75% of forced vital capacity (FEF25-75%), (E) change in wet sputum weight and (F) change in dry sputum weight. Dashed lines represent linear regression lines.

QUICK LOOK
Current Knowledge
Chest physiotherapy is frequently advocated in patients with non-cystic fibrosis bronchiectasis in order to mobilize airway secretions, but assessing its impact using standard lung function endpoints is challenging. Lung clearance index is a non-invasive, sensitive and convenient measurement of ventilation inhomogeneity. Effect of chest physiotherapy on ventilation inhomogeneity in patients with non-cystic fibrosis bronchiectasis has been poorly described.
What This Paper Contributes To Our Knowledge
Chest physiotherapy improved ventilation inhomogeneity, and the magnitude of change of lung clearance index is related to the amount of secretion expectorated during the session. There was no difference in body plethysmography or spirometry measurements, except for slow vital capacity.
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