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Background: Multiple-breath washout (MBW) is a sensitive method for assessing lung volumes and ventilation inhomogeneity in infants, but remains prone to artefacts (e.g., sighs). There is a lack of tools for systematic retrospective analysis of existing datasets, and unlike N2-MBW in older children, there are few specific quality control (QC) criteria for artefacts in infant SF6-MBW.



Aim: We aimed to develop a computer-based tool for systematic evaluation of visual QC criteria of SF6-MBW measurements and to investigate interrater agreement and effects on MBW outcomes among three independent examiners.



Methods: We developed a software package for visualization of raw Spiroware (Eco Medics AG, Switzerland) and signal processed WBreath (ndd Medizintechnik AG, Switzerland) SF6-MBW signal traces. Interrater agreement among three independent examiners (two experienced, one novice) who systematically reviewed 400 MBW trials for visual artefacts and the decision to accept/reject the washin and washout were assessed.



Results: Our tool visualizes MBW signals and provides the user with (i) display options (e.g., zoom), (ii) options for a systematic QC assessment [e.g., decision to accept or reject, identification of artefacts (leak, sigh, irregular breathing pattern, breath hold), and comments], and (iii) additional information (e.g., automatic identification of sighs). Reviewer agreement was good using pre-defined QC criteria (κ 0.637–0.725). Differences in the decision to accept/reject had no substantial effect on MBW outcomes.



Conclusion: Our visual quality control tool supports a systematic retrospective analysis of existing data sets. Based on predefined QC criteria, even inexperienced users can achieve comparable MBW results.
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1 Introduction

Multiple-breath washout (MBW) is an established test to evaluate the functional residual capacity (FRC) and ventilation distribution of the lungs by assessing the washout of an inert tracer gas (1, 2). Its main outcome, the lung clearance index (LCI), is a sensitive marker of early structural lung disease (1, 3) which is used for clinical surveillance of patients with cystic fibrosis (CF) (4, 5) as well as an outcome in clinical trials of new therapies (6–8). Unlike other lung function tests such as conventional spirometry, MBW requires only passive cooperation and relaxed tidal breathing and is feasible from infancy on (2, 3, 5, 9–11). However, it can be time consuming and challenging to obtain measurements of adequate quality in infants (3, 12).

While most infants have regular breathing patterns during mandatory non-REM sleep (13), artefacts such as sighs, breath holds, or leaks might occur and affect MBW results (Supplementary Figure S1) (1, 8). Current ATS/ERS consensus guidelines recommend the exclusion of measurements containing any evidence of artefacts within a critical test phase. Sulfur hexafluoride (SF6)-based MBW is currently the preferred washout method in infants. But unlike for nitrogen MBW in older children and adults, few specific definitions of visual quality criteria for artefacts exist in infants (1–3, 10). While numerically based quality criteria (e.g., end-of-test or FRC variability) are well-defined and therefore easy to verify for the operator (1), decision making on subjective visual artefacts (e.g., leaks or irregular breathing) remains difficult and may depend on experience.

Currently, there are two software packages available for the analysis of infant SF6-MBW measurements: The historic WBreath (ndd Medizintechnik AG, Zurich, Switzerland) and the more recent Spiroware software (Eco Medics AG, Duernten, Switzerland), both applying indirect measurement principles for the inert tracer gas. Due to fundamental differences in the signals used and algorithms applied, the data of the two systems cannot be used interchangeably (14, 15). Moreover, both software packages have recently received relevant updates affecting the main outcomes, so that previously collected data needs to be reanalyzed (14, 16). Neither application provides an option for systematic and detailed visual quality assessment beyond a global inclusion/exclusion criterion (in Spiroware software) (17), leaving the visual quality control assessment and documentation to the operator.

We therefore aimed to develop a computerized tool for the systematic assessment of predefined visual quality control (QC) criteria of infant SF6-MBW measurements, to evaluate agreement in three independent users performing visual quality assessment of infant SF6-MBW collected in both available setups (Spiroware and WBreath), and to assess whether different visual QC assessment has an effect on MBW outcomes.



2 Methods


2.1 Study population

This was a retrospective, observational study of infant SF6-MBW data from previously described cohorts of healthy infants (Basel-Bern Infant Lung Development (BILD) cohort (18, 19) and infants diagnosed with CF (Swiss Cystic Fibrosis Infant Lung Development (SCILD) cohort (20); Supplementary Table S1). The reference examiner (MO) selected part of the dataset to ensure a minimum number of measurements with artefacts present, while the additional measurements were randomly selected to obtain a total of 200 SF6-MBW trials per setup (Spiroware and WBreath; Table 1). Each dataset included measurements from study visits at six weeks of age (BILD cohort) and six weeks or one year of age (SCILD cohort). The Ethics Committee of the Canton of Bern, Switzerland approved the study protocol (B201901072, PB_2017-02139) and parents gave written consent.


TABLE 1 Characteristics of the reference dataset.
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2.2 MBW measurements

MBW measurements were performed during natural, non-REM sleep at six weeks of age and under sedation with chloral hydrate (75 mg/kg; per rectum) at one year of age in accordance with current ATS/ERS standards (1). While sleeping in supine position with head in midline, infants breathed through a facemask (open cuff silicone mask, size 1; Draeger AG, Luebeck, Germany). Flow and molar mass (MM) signals were measured by an ultrasonic flowmeter [Exhalyzer D, Eco Medics AG; with either WBreath 3.28.0 (ndd Medizintechnik AG) or Spiroware 3.2.1 software (Eco Medics AG)] using 4% SF6. The operator aimed for 2–3 valid trials per subject and setup.



2.3 Data analysis and display options for assessment

Per measurement occasion, one trial was included in the study dataset for analysis. Calculation of outcome parameters, LCI and FRC, were performed in the software versions 3.52.3 for WBreath (14), and 3.3.1 for Spiroware (16, 21). For visual quality control, we developed custom Python scripts to display data gathered by both setups by reading the exported text files of each trial. Raw data containing text files in Spiroware (A-files) consisted of unprocessed flow, molar mass (MM), oxygen (O2), and carbon dioxide (CO2) signals (13). In WBreath, raw data consisted of corrected flow and MM signals (14) (ASCII export) after applying signal processing which includes BTPS-correction, temperature simulation, and a step-response correction according to standard protocols (14). Besides the flow and volume trace, we additionally displayed the following signals in Python: for Spiroware files tracer gas, O2, and CO2 concentrations; for WBreath mainstream MM and a computed tracer gas concentration signal. We programmed an automated identification of the critical test phases for both washin [Figure 1, blue area (A)] and washout [Figure 1, green area (B)] defined as five breaths before washin/washout start to five breaths after reaching the test-end criterion [i.e., 1/40th of the starting tracer gas-concentration)]. Further, we developed a heat map visualization based on the tidal volume difference of each breath to the median tidal volume over the measurement. Within the flow signal trace, we developed the option of automated sigh detection, and observer-based identification of irregular breathing and breath hold assisted by visual quality criteria.
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FIGURE 1
Screenshot of the visual quality control tool visualizing signal processed data of a spiroware infant SF6-MBW trial with a sigh in the critical phase of the washout. Data of a trial including the washin (A) and washout (B) phase is shown. In the first panel, signal traces for flow (ml/s) and volume (ml), a computed tracer gas concentration (%), oxygen (%), and carbon dioxide (%) are shown. The critical periods are highlighted by blue (A) and green (B) areas in the tracer signal, with vertical bars indicating (i) the beginning of the critical phase, (ii) the 2.5% criterion, and (iii) the end of the critical phase. A sigh (= a breath with a significant increase in tidal volume above 1.5 times the median tidal volume) during the washout is marked in red by the automatic sigh detection and the user is provided with a comment (box on the right). The second and third panels provide the user with display options (e.g., zoom and a heat map of tidal volume per breath), systematic assessment options (e.g., to accept/reject, identify artefacts (leak, sigh, irregular breathing pattern, breath hold), and comment, and additional information for the operator (e.g., automatic identification of sighs, deviations in step response-correction, or molar mass steps between phases).




2.4 Systematic assessment of MBW trials

Based on current ATS/ERS consensus recommendations (1), we developed a step-wise workflow for the systematic assessment of visual quality criteria (Supplementary Summary). All SF6-MBW trials were preliminarily evaluated, categorized, and annotated by the reference examiner (MO; Table 1). The washin and washout phase within each trial were assessed separately. Excluded trials may feature more than a single artefact in the critical phase of the washin or washout, whereby the examiners were instructed to identify all detected artefacts. For an acceptable trial and the calculation of outcomes, all qualitative criteria had to be met within the critical test phase of the washout. Outside the critical test phase, the following qualitative criteria could deviate and, depending on the individual case, the washout still be classified as acceptable: sigh, irregular tidal breathing, and breath hold. An error was defined as empty or erroneous signal trace(s) and led to exclusion of the trial.



2.5 Statistical analysis

Three blinded reviewers (MBW experienced: YS, ID; MBW novice: NK) evaluated the same set of 400 MBW trials using the tool and following the quality check-list (Supplementary Summary). For each trial, the reviewers assessed the washin and washout separately and documented their (i) decision to accept/reject, (ii) identified visual artefacts, and (iii) reason for exclusion using the developed tool. In a next step, we compared the interrater agreement for the decision to accept/reject between the reference (MO) and each of the three reviewer (YS, ID, NK) using Cohens Kappa (κ) and between all reviewers using Brennan and Predigers Kappa coefficient (22). We interpreted the Kappa coefficient between 0.41 and 0.60 as moderate, 0.61 and 0.80 as substantial, and 0.81 and 1.0 as almost perfect agreement. Interrater agreement was then compared between (a) the setups (WBreath and Spiroware), and (b) between healthy infants and infants with CF. The reported percent agreement is the percentage of all identically rated decisions (to accept or to reject the washin or the washout) among the reference and the three reviewers. Finally, we examined whether the systematic quality control had an influence on LCI and FRC as main outcome parameters of MBW. For this, we compared mean LCI/FRC of all acceptable washouts between the reviewers using paired t-tests per setup, and per disease group. Additionally, the reference examiner (MO) investigated the total time required to (i) boot the analysis software (WBreath, Spiroware, and the developed visual QC tool) and import raw data, and (ii) perform visual quality control and document (a) the decision to accept/reject, (b) identified visual artefacts, and (c) the reason for exclusion in a subset of five files per setup (randomly chosen from the main dataset). The total time required to perform a visual quality control and document the findings and decision to accept/reject was compared by paired t-tests (Supplementary Table S2). Statistical analysis was performed using STATA 16 (StataCorp, College Station, USA) and GraphPad Prism 9 (GraphPad Software, San Diego, USA). A p ≤ 0.05 was considered significant.




3 Results


3.1 Visual quality control tool

The assessment of infant SF6-MBW measurements can be divided into (i) the analysis of gathered raw data (signal processing and outcome calculation), (ii) a numeric QC based on pre-defined thresholds (e.g., equilibrium of exogenous washin gas, or reaching a tracer gas concentration below 2.5% at the end of the washout), and (iii) a visual QC for artefacts (e.g., leaks, sighs, irregular breathing patterns, or breath holds; Table 2). We developed a software package for the visualization of (raw Spiroware and signal processed WBreath) signal traces supporting a systematic assessment of pre-defined visual QC criteria, which is now available to researchers (https://doi.org/10.6084/m9.figshare.22193737.v2). A detailed summary on applied criteria is provided in the online Supplementary.


TABLE 2 Visual quality criteria for the systematic evaluation of SF6-MBW trials.
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The user interface features four sections: (i) signal traces of flow, volume, and tracer gas over time, as well as MM (for WBreath data) and O2 and CO2 (for Spiroware data), (ii) display options (e.g., zoom and a heat map visualization of tidal volume per breath), (iii) systematic assessment options (for both washin and washout) to accept/reject, identify artefacts (leak, sigh, irregular breathing pattern, breath hold), and comment, and (iv) additional information for the operator [e.g., automatic identification of sighs, deviations in step response-correction, or MM steps between phases (Figure 1)]. A color-coded critical phase for washin (blue) and washout (green), as well as the achievement of the 2.5% criterion (1), provide the operator with visual support (automatic phase detection; Figure 1).



3.2 Study population

The characteristics of the study population for both setups are summarized in Supplementary Table S1. While part of the dataset were selected by the reference examiner (to ensure a minimum number of measurements with artefacts present), the additional measurements were randomly selected to obtain 200 SF6-MBW trials per setup (Table 1). For WBreath, the study population included more healthy children than patients with cystic fibrosis, while for Spiroware the groups were comparable. On average, the patients with cystic fibrosis were older than the healthy controls.



3.3 Systematic evaluation of MBW trials

The reference dataset included a comparable amount of acceptable and unacceptable trials in both setups (Table 1). The most common artefacts leading to trial exclusion in both setups were leak and sigh (Table 1). Using the newly programmed tool for the systematic visual quality assessment by the three independent reviewers, the interrater agreement ranged from 81.1% to 86.3% among the reviewers (kappa Spiroware washout: 0.637; kappa WBreath washout: 0.653; Table 3). The interrater agreement for the decision to accept/reject the washout between all individual reviewers was similar in WBreath (82.7%) compared to Spiroware (81.8%). Comparison of the interrater agreement (decision to accept/reject the washout) between healthy children and children with CF showed no difference within the setups (WBreath p = 0.055, Spiroware p = 0.261; Table 3). For both infant MBW setups, the time required to perform visual quality control and documentation of findings (e.g., the decision to accept/reject) was substantially shorter when using the newly developed tool compared to the standard analysis software WBreath or Spiroware (paired t-test, n = 5, WBreath p < 0.001; Spiroware p = 0.031; Supplementary Table S2).


TABLE 3 Interrater agreement after independent review.
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3.4 Comparison of MBW outcomes

In both setups LCI was higher in the CF group compared to the healthy children (Supplementary Table S3). Systematic visual quality control had no substantial influence on test results. There was no significant difference in LCI and FRC of acceptable trials between the reviewers, neither per setup nor per disease group within the setups (Supplementary Table S3).




4 Discussion

In this study, we developed an easy-to-use computer program for systematic visual quality assessment of infant SF6-MBW measurements collected with two widely used setups (Spiroware and WBreath). The software supports a swift and systematic visual assessment with straightforward documentation of the decision to accept/reject, the occurrence of artefacts, and individual comments, resulting in a good agreement among experienced and even novice users.

Artefacts such as leaks or sighs are recurrent in infant MBW measurements and can influence both the magnitude and variability of outcomes (1, 23). However, given the challenges of obtaining infant MBW measurements (especially during natural sleep) and a trend to obtain regular measurements in CF patients increasingly earlier (24, 25), there is a need for a quality control approach that rejects as few measurements as possible while providing robust results. Infant SF6-MBW measurements, especially those gathered using the Exhalyzer D/WBreath setup, rely on correct software settings and expose the operator to a multitude of signal processing steps as well as the (visual) quality control assessment (5, 11, 14, 26, 27). Therefore, until a comprehensive software solution (with options for data acquisition, signal processing, quality control, and reporting) becomes available from manufacturers, users have to rely on support from the scientific community. In this study, our tool enabled a user inexperienced with the MBW method to perform a visual quality control of infant SF6-MBW measurements comparable to that performed by experienced reviewers. Although the novice reviewer was more cautious and rejected more washouts, there was no substantial difference in the main MBW outcomes FRC and LCI. Additionally, an experienced user was able to significantly reduce the time required to perform and systematically document visual quality control for both infant setups, WBreath and Spiroware. When assessing WBreath-MBW data with the newly developed tool, the reference user performed five times faster compared to the standard analysis software.

The general criteria of our visual assessment were identical to the current ATS/ERS consensus statement (1), but our definition of the critical phase of washout differed. Instead of the 10 breaths before reaching equilibration (in the washin) and the first 10 breaths of the washout (1), we extended the critical phase to five breaths before washout start to five breaths after reaching the test-end criterion (1/40th of the starting tracer gas-concentration) and provide an automated phase identification for the washin and the washout as visual aid to the user. With the inclusion of the test-end criterion into the critical phase, we intend to ensure that artefacts at the end of the washout (even after the first ten breaths of the washout start) are included in the quality control assessment. This is of particular importance because small changes in the end-tidal tracer gas concentration (possibly caused by artefacts) during this phase hold potential to significantly influence the end-of-test criterion and thus the main outcome LCI (16).

We derived the artefact categories provided in our tool (leak, sigh, irregular breathing, and breath hold) from the current ATS/ERS consensus statement (1), and added quantifiable thresholds wherever possible. For example, we defined a sigh as a marked increase in tidal volume of at least 1.5-fold of the median tidal volume during the critical periods (23) and required breath holds to affect the flow as well as additional signals for a duration of at least two regular tidal breaths (28). Users of our tool are supported with an automated sigh detection as well as an option for heat map visualization of tidal volume per breath.

We recently identified and characterized significant measurement and signal correction errors in two main MBW devices, (i) a sensor-crosstalk error in the Exhalyzer D device (Eco Medics AG, Switzerland) (16), and (ii) errors in the respiratory exchange ratio-based adjustment of the measured CO2 concentration as well as a dependence on ambient humidity in the molar mass-sensor in the EasyOne Pro LAB device (ndd Medizintechnik AG, Switzerland) (29). In both devices, the errors lead to an overestimation of the resulting tracer gas concentration (16, 30). While software updates and changes in data analysis have happened before (5), their impact has never been of such a magnitude (31). In times of recurring software updates, a systematic review and quality control of existing MBW datasets is essential. Our software supports an approach for better standardization of infant SF6-MBW quality control and main outcomes between examiners and can thus assist users investigating large and/or longitudinal infant MBW datasets.


4.1 Strengths and limitations

The newly developed tool provides a framework for swift and systematic visual assessment of SF6-MBW measurements in infants, with straightforward documentation and good agreement among experienced and novice users. While the tool can read Spiroware raw data (A-files) and perform all underlying signal processing steps, we were not able to read original WBreath raw files (.brw files) in all cases. Therefore, a signal analysis in the WBreath software including a data export of corrected signals remains necessary before data visualization with our tool is possible. Our reference dataset consisted of one trial per measurement occasion, thus hampering the evaluation of intra-test variability. However, the newly developed tool will allow a systematic approach with a simple and user-friendly application interface.




5 Conclusion

The visual quality control tool supports the systematic retrospective assessment of predefined visual quality control criteria of infant SF6-MBW measurements. The tool proved to be applicable by three independent reviewers. Systematic visual quality control had no substantial influence on MBW outcomes. Therefore, the visual quality control tool can be applied reliably even by inexperienced users with comparable MBW results.



Data availability statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.



Ethics statement

The studies involving humans were approved by the Ethics Committee of the Canton of Bern, Switzerland. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

M-AO: Writing – original draft, Writing – review & editing, Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization. ID: Investigation, Visualization, Writing – original draft. YS: Investigation, Writing – review & editing. NK: Investigation, Writing – review & editing. FW: Conceptualization, Methodology, Resources, Software, Writing – review & editing. BF: Methodology, Validation, Writing – review & editing. A-CK: Methodology, Writing – review & editing. PL: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Writing – review & editing. SY: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

This project was funded by the Swiss National Science Foundation Grant Nr. 182719 (PL) and 179905 (SY).



Acknowledgments

We thank all our study participants and their families for allowing their MBW data to be used for research.



Conflict of interest

M-AO, FW, and PL are in regular contact with manufacturers of MBW devices (ndd Medizintechnik AG, Zurich, Switzerland and Eco Medics AG, Duernten, Switzerland), all outside of this work. PL: personal fees from Vertex, Novartis, Roche, Polyphor, Vifor, Gilead, Schwabe, Zambon, Santhera, grants from Vertex, all outside this work.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fped.2024.1393291/full#supplementary-material



References

1. Robinson PD, Latzin P, Verbanck S, Hall GL, Horsley A, Gappa M, et al. Consensus statement for inert gas washout measurement using multiple- and single- breath tests. Eur Respir J. (2013) 41(3):507–22. doi: 10.1183/09031936.00069712

2. Jensen R, Stanojevic S, Klingel M, Pizarro ME, Hall GL, Ramsey K, et al. A systematic approach to multiple breath nitrogen washout test quality. PLoS One. (2016) 11(6):e0157523. doi: 10.1371/journal.pone.0157523

3. Frauchiger BS, Carlens J, Herger A, Moeller A, Latzin P, Ramsey KA. Multiple breath washout quality control in the clinical setting. Pediatr Pulmonol. (2021) 56(1):105–12. doi: 10.1002/ppul.25119

4. Oestreich M-A, Willers C, Ramsey KA. Early surveillance of infants and preschool children with cystic fibrosis. Curr Opin Physiol. (2021) 22:100443. doi: 10.1016/j.cophys.2021.05.006

5. Anagnostopoulou P, Yammine S, Schmidt A, Korten I, Kieninger E, Mack I, et al. False normal lung clearance index in infants with cystic fibrosis due to software algorithms. Pediatr Pulmonol. (2015) 50(10):970–7. doi: 10.1002/ppul.23256

6. Columbia UoB, Children THfS. (2020). Antibiotic Treatment of Staphylococcus Aureus in Stable People with cf. Available online at: https://ClinicalTrials.gov/show/NCT04553419 (Accessed February 14, 2024).

7. University of Washington tCHSCC, Foundation CF. (2015). Saline Hypertonic in Preschoolers+ct. Available online at: https://ClinicalTrials.gov/show/NCT02950883 (Accessed February 14, 2024).

8. Usemann J, Yammine S, Singer F, Latzin P. Inert gas washout: background and application in various lung diseases. Swiss Med Wkly. (2017) 147:w14483. doi: 10.4414/smw.2017.14483

9. Latzin P, Sauteur L, Thamrin C, Schibler A, Baldwin D, Hutten GJ, et al. Optimized temperature and deadspace correction improve analysis of multiple breath washout measurements by ultrasonic flowmeter in infants. Pediatr Pulmonol. (2007) 42(10):888–97. doi: 10.1002/ppul.20674

10. Robinson PD, Goldman MD, Gustafsson PM. Inert gas washout: theoretical background and clinical utility in respiratory disease. Respiration. (2009) 78(3):339–55. doi: 10.1159/000225373

11. Thamrin C, Hardaker K, Robinson PD. Multiple breath washout: from renaissance to enlightenment? Pediatr Pulmonol. (2016) 51(5):447–9. doi: 10.1002/ppul.23316

12. Yammine S, Summermatter S, Singer F, Lauener R, Latzin P. Feasibility of nitrogen multiple-breath washout in inexperienced children younger than 7 years. Pediatr Pulmonol. (2016) 51(11):1183–90. doi: 10.1002/ppul.23431

13. Oestreich M-A, Wyler F, Frauchiger BS, Latzin P, Ramsey KA. Breath detection algorithms affect multiple-breath washout outcomes in pre-school and school age children. PLoS One. (2022) 17(10):e0275866. doi: 10.1371/journal.pone.0275866

14. Oestreich MA, Wyler F, Latzin P, Ramsey KA. Shedding light into the black box of infant multiple-breath washout. Pediatr Pulmonol. (2021) 56(8):2642–53. doi: 10.1002/ppul.25464

15. Gustafsson PM, Robinson PD, Lindblad A, Oberli D. Novel methodology to perform sulfur hexafluoride (sf6)-based multiple-breath wash-in and washout in infants using current commercially available equipment. J Appl Physiol (1985). (2016) 121(5):1087–97. doi: 10.1152/japplphysiol.00115.2016

16. Wyler F, Oestreich MA, Frauchiger BS, Ramsey KA, Latzin P. Correction of sensor crosstalk error in exhalyzer d multiple-breath washout device significantly impacts outcomes in children with cystic fibrosis. J Appl Physiol (1985). (2021) 131(3):1148–56. doi: 10.1152/japplphysiol.00338.2021

17. Operator’s Manual Exhalyzer D Pulmonary Function Testing Device (exh405 v3.2). (2020). Duernten, Switzerland. Available online at: https://www.ecomedics.com/wp-content/uploads/private_customer/Manual-EXHALYZER-D-EN-EXH405-V34.pdf (Accessed January 26, 2022)

18. Fuchs O, Latzin P, Kuehni CE, Frey U. Cohort profile: the Bern infant lung development cohort. Int J Epidemiol. (2012) 41(2):366–76. doi: 10.1093/ije/dyq239

19. Salem Y, Jakob J, Steinberg R, Gorlanova O, Fuchs O, Müller L, et al. Cohort profile update: the Bern Basel infant lung development cohort. Int J Epidemiol. (2024) 53(1). doi: 10.1093/ije/dyad164

20. Korten I, Kieninger E, Yammine S, Regamey N, Nyilas S, Ramsey K, et al. The Swiss cystic fibrosis infant lung development (scild) cohort. Swiss Med Wkly. (2018) 148:w14618. doi: 10.4414/smw.2018.14618

21. Oestreich MA, Wyler F, Latzin P, Ramsey KA. Impact of spiroware re-analysis method on multiple-breath washout outcomes in children with cystic fibrosis. J Cyst Fibros. (2022) 21(3):e208–9. doi: 10.1016/j.jcf.2022.02.013

22. Brennan RL, Prediger DJ. Coefficient kappa: some uses, misuses, and alternatives. Educ Psychol Meas. (1981) 41(3):687–99. doi: 10.1177/001316448104100307

23. Vukcevic D, Carlin JB, King L, Hall GL, Ponsonby A-L, Sly PD, et al. The influence of sighing respirations on infant lung function measured using multiple breath washout gas mixing techniques. Physiol Rep. (2015) 3(4). doi: 10.14814/phy2.12347

24. Schmidt MN, Sandvik RM, Voldby C, Buchvald FF, Jørgensen MN, Gustafsson P, et al. What it takes to implement regular longitudinal multiple breath washout tests in infants with cystic fibrosis. J Cyst Fibros. (2020) 19(6):1027–8. doi: 10.1016/j.jcf.2020.04.002

25. Nissenbaum C, Davies G, Horsley A, Davies JC. Monitoring early stage lung disease in cystic fibrosis. Curr Opin Pulm Med. (2020) 26(6):671–8. doi: 10.1097/MCP.0000000000000732

26. Anagnostopoulou P, Kranz N, Wolfensberger J, Guidi M, Nyilas S, Koerner-Rettberg C, et al. Comparison of different analysis algorithms to calculate multiple-breath washout outcomes. ERJ Open Res. (2018) 4:3. doi: 10.1183/23120541.00021-2017

27. Mahar RK, Vukcevic D, King L, Carlin JB, Ranganathan S. Lack of transparency in software used to analyze multiple breath washout data. Pediatr Pulmonol. (2016) 51(11):1108–10. doi: 10.1002/ppul.23420

28. Saunders C, Jensen R, Robinson PD, Stanojevic S, Klingel M, Short C, et al. Integrating the multiple breath washout test into international multicentre trials. J Cyst Fibros. (2020) 19(4):602–7. doi: 10.1016/j.jcf.2019.11.006

29. Oestreich MA, Wyler F, Buess C, Etter B, Ramsey KA, Latzin P. Signal-correction errors in the easyone pro lab multiple-breath washout device significantly impact outcomes in children and adults. J Appl Physiol (1985). (2024) 136(3):460–71. doi: 10.1152/japplphysiol.00096.2022

30. Oestreich M-A, Wyler F, Etter B, Ramsey KA, Latzin P. A non-systematic signal-correction error in a commercial multiple-breath washout device significantly impacts outcomes in children and adults. medRxiv. (2022). 2022.2001.2027.22269250.

31. Horsley A, Darquenne C. Better late than never: correcting the error in the exhalyzer nitrogen washout system. J Appl Physiol (1985). (2021) 131(4):1286–7. doi: 10.1152/japplphysiol.00581.2021



OPS/images/fped-12-1393291-t003.jpg
WBreath setup (n=200)

Spiroware setup (n = 200)
Washin Washout Washin Washout
Reviewer % (95% CI) K (95% CI) % (95% CI) K (95% CI) % (95% CI) K (95% CI) % (95% CI) K (95% CI)

1 (exp) vs. Ref 850 0.57 825 062 89.5 067 815 061
2 (exp) vs. Ref 905 0.73 885 074 89.0 0.68 880 074
3 (nov) vs. Ref 860 0.67 830 065 82.0 057 775 056
al 846 (81.1: 88.0) | 069 (0.62; 0.76) | 818 (78.1: 85.6) | 0.64 (056;0.71) | 86.3 (82.9; 89.6) | 073 (0.66; 0.79) | 827 (79.0; 863) | 0.65 (0.58; 0.73)
Interrater agreement (Brennan and Prediger kappa statistic) between the three independent reviewers and the reference (Ref), as well as between all individual reviewers

(all). K. kappa statistic: 95% Cl, confidence interval: exp, experienced MBW operator: nov, novice MBW operator.
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Criteria for test acceptability

ATS/ERS consensus statement ( )
Regular breathing pattern.
Stable tidal volume and end-expiratory lung volume.

Adapted criteria for visual quality control assessment

Equilibration of exogenous washin gas within the breath cycle with a variability <0.04% relative to the mean inspired concentration.

No evidence of significant trapped gas release with larger breaths.
No coughing.

Sufficient interval between trials to allow inert gas concentration to return to baseline values.

Critical phase | + Ten breaths prior to achieving equilibration and the first ten breaths of the | + Five breaths before washout start to five breaths afier reaching the
washout. test-end criterion (1/40th of the starting tracer gas-concentration) of
the washout.
Leak + No evidence of leak or excessive drift during the test. A leak may be indicated | » No evidence of leak during the test.
by:Failure of equilibration between inspiratory and expiratory inert gas + Leak was defined as a step change or irregular slope of the volume
concentrations, a sudden drop in inspiratory inert gas concentration during the | trace with no other artefacts present.
washin, or an increase in deadspace volume during the washout.
sigh + No evidence of sighs during critical periods of the washin/washout. + No evidence of sighs during the eritical periods of the washin/
washout.
+ A sigh was defined as a marked increase in tidal volume (at least 1.5
fold of the median tidal volume) with no other artefacts present.
Iregular |+ Regular breathing pattern. + Regular breathing pattern.
breathing |+ Stable tidal volume. + Stable tidal volume.
+ No irregular small volume breath immediately prior to starting the washout. | No irregular small volume breath immediately prior to starting the
washin or washout.
+ Trregular breathing was defined as irregularities in the flow signal that
affect other signals with no other artefacts present.
Breath hold/ | + No evidence of apnoeas during critical periods of the washin/washout. + No evidence of breath holds or apnocas during critical periods of the
apnoea washin/washout.

A breath hold was defined as flattening/pause of the flow signal for
the duration of at least two regular tidal breaths that affects other
signals.

Summary and definitions of applied quality control criteria for visual artefacts in infant SFg-MBW measurements as proposed by the current ATS/ERS consensus statement
for inert gas washout (https://doi.org/10.1183/09031936.00069712) and our adapted criteria.
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Unacceptable trials

Spiroware setup
(n=200)

Washin
51 (27%)

Washout

WBreath setup
(n=200)

Washin

Washout

74 (37%) | 41(20.5%) | 75 (37.5%)
Leak 22(11%) | 27(135%) | 14 (7%) | 33 (165%)
Sigh 17 (8.5%) | 28 (14%) 18 (9%) 20 (10%)
Irregular breathing 10 (5%) 13 (6.5%) 3 (1.5%) 7 (3.5%)

1(0.5%) 2 (1%) 1(0.5%) 10 (5%)
Incomplete trial 42%) 4(2%) 4(2%) 4.2%)
Error - 1(05%) 1(05%)

Acceptable trials 146 (73%) | 126 (63%) | 159 (79.5%) | 125 (62.5%)
Artefact outside 6 (3%) 6(3%) 2(1%) 42%)
critical test phase
No artefact 140 (70%) | 120 (60%) | 157 (78.5%) | 121 (60.5%)

Data are presented as n (%total), unless otherwise stated. Per measurement
occasion, one trial was included for analysis, in total n=200 per setup

(Spiroware and WBreath). Excluded trials may feature more than a single artefact
in the critical phase of the washin or washout.
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