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ABSTRACT Nitrogen multiple-breath washout (N2MBW) is increasingly used in patients with cystic
fibrosis. The current European Respiratory Society/American Thoracic Society consensus statement for
MBW recommends the rejection of measurements with leaks. However, it is unclear whether this is
necessary for all types of leaks. Here, our aim was to 1) model and 2) apply air leaks, and 3) to assess their
influence on the primary MBW outcomes of lung clearance index and functional residual capacity.

We investigated the influence of air leaks at various locations (pre-, intra- and post-capillary), sizes,
durations and stages of the washout. Modelled leaks were applied to existing N2MBW data from 10
children by modifying breath tables. In addition, leaks were applied to the equipment during N2MBW
measurements performed by one healthy adolescent.

All modelled and applied leaks resulted in statistically significant but heterogeneous effects on lung
clearance index and functional residual capacity. In all types of continuous inspiratory leaks exceeding a
certain size, the end of the washout was not reached. For practical application, we illustrated six different
“red flags”, i.e. signs that enable easy identification of leaks during measurements.

Air leaks during measurement significantly influence N2MBW outcomes. The influence of leaks on
MBW outcomes is dependent on the location, relation to breath cycle, duration, stage of washout and size
of the leak. We identified a range of signs to help distinguish leaks from physiological noise.

@ERSpublications
The influence of leaks on nitrogen MBW outcomes is complex, dynamic and dependent on the
size, duration, location and position of leaks during the washout and breathing cycle
http://ow.ly/PbHV30hB91H

Cite this article as: Lenherr N, Ramsey KA, Jost K, et al. Leaks during multiple-breath washout:
characterisation and influence on outcomes. ERJ Open Res 2018; 4: 00012-2017 [https://doi.org/
10.1183/23120541.00012-2017].

Copyright ©ERS 2018. This article is open access and distributed under the terms of the Creative Commons Attribution
Non-Commercial Licence 4.0.

This article has supplementary material available from openres.ersjournals.com

Received: Jan 29 2017 | Accepted after revision: Dec 13 2017

Support statement: This research was funded by the Swiss Society of Cystic Fibrosis (CFCH), Foundation Botnar, and
University of Basel and UKBB. The funders had no role in study design, data collection and analysis, decision to publish
or preparation of the manuscript. Funding information for this article has been deposited with the Crossref Funder
Registry.

Conflict of interest: None declared.

https://doi.org/10.1183/23120541.00012-2017 ERJ Open Res 2018; 4: 00012-2017

ORIGINAL ARTICLE
CYSTIC FIBROSIS

https://orcid.org/0000-0003-4574-6917
https://orcid.org/0000-0003-3471-5664
mailto:philipp.latzin@insel.ch
http://ow.ly/PbHV30hB91H
http://ow.ly/PbHV30hB91H
https://doi.org/10.1183/23120541.00012-2017
https://doi.org/10.1183/23120541.00012-2017
openres.ersjournals.com
https://www.crossref.org/services/funder-registry/
https://www.crossref.org/services/funder-registry/
http://crossmark.crossref.org/dialog/?doi=10.1183/23120541.00012-2017&domain=pdf&date_stamp=


Introduction
The multiple-breath washout (MBW) technique was established to measure ventilation inhomogeneity as a
marker of small airway function [1, 2]. The main outcome of MBW is the lung clearance index (LCI), a
global marker of ventilation inhomogeneity, which has been shown to be abnormal in patients with cystic
fibrosis (CF) lung disease [3–9]. In individuals with CF, LCI has been used as an end-point in intervention
trials [10, 11] and in some centres is used for routine clinical surveillance [12]. The quality of MBW data
is dependent on airtight gas sampling during measurement. However, in practice, leaks occur frequently
during MBW measurements [7].

Leaks are gaps in the breathing circuit, which can occur at the subject–equipment interface (e.g.
insufficient closure of the mouth or coughing; pre-capillary), within the equipment (e.g. damaged Nafion
tube; intra-capillary) or between the equipment and gas supply (post-capillary). Depending on the
location of the leak and stage in the breathing cycle, leaks can either add or remove tracer gas from the
system and artificially change MBW outcomes. Leaks during MBW measurements are not always easy to
identify. Suboptimal BTPS (body temperature, ambient pressure, saturated) correction or signal alignment
may distort the tracer gas signal and mimic leaks [13]. In patients with advanced lung disease, leaks may
be difficult to distinguish from increased ventilation inhomogeneity as both may increase washout
duration considerably [14].

The specific impact of leaks on LCI is unclear [15, 16]. However, the recent European Respiratory Society
(ERS)/American Thoracic Society (ATS) MBW consensus statement strongly suggests that all
measurements with a suspected leak should be excluded [15]. Considering the fact that three technically
acceptable MBW trials should be obtained [15], this may be time consuming and exhaustive for the
subject. It is important to know whether all measurements with suspected leaks should be discarded or
whether certain leaks may be acceptable because their impact on LCI is minimal.

The aim of this study was to characterise different types of leaks during nitrogen MBW (N2MBW) and to
investigate their influence on LCI and functional residual capacity (FRC). Leaks were 1) modelled by
applying them to existing N2MBW data from 10 children by modifying breath tables and 2) applied to the
equipment during real-time N2MBW measurements for a healthy individual. The primary outcome of the
study was the change in LCI and FRC compared with baseline following the application of leaks. For
practical application we aimed to identify key signs indicative of leaks during N2MBW measurement.

Methods
Study design and subjects
We performed an experimental study by modelling air leaks into existing MBW measurements at varying
locations, duration and breath cycle during the washout. Modelled leaks were applied to existing quality
controlled N2MBW data originally collected in five healthy children and five children with CF aged
8–17 years. To verify the influence of modelled air leaks, a range of leaks were applied to the equipment
during N2MBW measurements in a healthy female adolescent. This study was approved by the Ethics
Committee Basel and Bern (Switzerland). The children’s assent was obtained and parents and adolescents
provided written informed consent for this study.

Nitrogen multiple-breath washout
N2MBW measurements were performed using 100% oxygen (O2) and commercially available equipment
(Exhalyzer D and Spiroware version 3.1.6; Eco Medics, Duernten, Switzerland) [17] according to current
ERS/ATS consensus guidelines [15]. N2 concentration was calculated indirectly from the O2 and carbon
dioxide (CO2) fractions. The primary outcomes from the MBW technique were LCI and FRC. Details on
how LCI and FRC are calculated, as well as measurement and leak algorithms, are provided in the
supplementary material. LCI is calculated as the cumulative expired volume of tracer gas divided by FRC.
Therefore, it is possible that leaks in the system resulting in changes in FRC and cumulative expired
volume of the same magnitude and direction may not lead to changes in LCI.

Modelling different leak types
In general, leaks may affect measurement of gas concentration, gas volume and tidal volume. We
categorised the following five distinct leak characteristics.

Location
We modelled four different leak locations (figure 1): pre-capillary, intra-capillary (including main- and
side-stream locations) and post-capillary leaks. “Capillary” corresponds to the two gas sampling points
(CO2 and O2) and is distinct from the flow meter. “Pre-capillary” is between the patient and sampling
point (e.g. patient interface; when the nose clip or mouthpiece are not positioned correctly).
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“Intra-capillary” is subdivided into 1) “main-stream” between the CO2 sensor and flow meter (e.g. loose
plastic inserts) and 2) “side-stream” between the CO2 and O2 sensor (e.g. damaged Nafion tube), and
occurs independent of breath cycle due to constant flow into the side-stream. “Post-capillary” is between
the gas sampling point and gas supply from bias flow.

Relation to the breath cycle
We applied leaks during either inspiration, expiration or the whole tidal breath (inspiration and
expiration).

Duration
We modelled two different leak durations: isolated leaks (occurring across two consecutive breaths) and
continuous leaks (occurring from the moment applied to the end of the washout).

Stage of washout
We applied leaks during the following washout phases: the first washout breath, and after one-quarter,
one-half and three-quarters of the washout time.

Size of leak
The size of the leak was defined and modelled relative to the tidal volume (VT). Different leak sizes of
10%, 20% and 50% VT were introduced into the leak model. Comparable algorithms have been used to
assess leaks around a tracheal tube in mechanically ventilated lung models [18, 19].

Application of different leak types
Modelled leaks
Modelled leaks were applied according to the above criteria to existing MBW data by modifying breath
tables (supplementary table S1). We modified the VT and/or end-tidal or inspiratory N2 concentrations
breath by breath according to the specific characteristics of each leak type.

Applied leaks
We inserted artificial leaks into the setup during real-time N2MBW measurements. One healthy
adolescent performed a total of 22 N2MBW measurements, including 1) four standard high-quality tests
without leaks, 2) 15 measurements with pre-capillary leaks (seven continuous and eight isolated
inspiratory and expiratory leaks during four stages of the washout; applied from the start, one-quarter,
one-half and three-quarters of the washout), and 3) two measurements with intra-capillary leaks (one
main-stream and one side-stream continuous inspiratory and expiratory leak), and one measurement with
post-capillary continuous inspiratory and expiratory leak.

Mouthpiece/mask

Pre-capillary leak

O2 sensor

Intra-capillary 

side-stream leak

Intra-capillary

main-stream leak

CO2

sensor

Flow meter

Gas supply

Post-capillary leak

FIGURE 1 Different locations of leaks in relation to the sensor and flow meter. Pre-capillary leak: between
the patient and sensor. Intra-capillary main-stream leak: between the sensor and flow meter. Intra-capillary
side-stream leak: between the carbon dioxide (CO2) sensor and oxygen (O2) sensor. Post-capillary leak:
between the flow meter and gas supply.
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Statistics
The primary MBW outcomes, LCI and FRC, from the original measurement without leak were set as the
baseline values. Generated LCI and FRC values after the insertion of leaks were compared with baseline
values by paired t-tests. The difference between the baseline and generated LCI and FRC values provided
an estimate of the error resulting from the applied leaks. p-values <0.05 were considered statistically
significant. All analyses were performed using Stata/IC version 11 (StataCorp, College Station, TX, USA).

Results
In total, 29 different leaks were applied to N2MBW measurements from five children with CF and five
healthy controls, leading to a total of 290 modified MBW measurements. In addition, 22 leaks were
applied to the setup during real-time measurements in a healthy adolescent.

Influence of modelled leaks on washout outcomes
All types of leaks had systematic, i.e. nonrandom, effects on the washout outcomes FRC and LCI. The size
and direction of the effect on FRC and LCI differed for each leak type (table 1). Results of leaks modelled
retrospectively to existing measurements were confirmed by real-time application of leaks to the setup. We
summarise the effects of different leak characteristics in the following subsections.

Location and breathing cycle
For continuous and isolated inspiratory and combined inspiratory and expiratory leaks, FRC and LCI
increased independent of leak location (pre-, intra- and post-capillary). In contrast, expiratory leaks
resulted in changes to FRC and LCI that were dependent on leak location and duration (tables 1 and 2).
Generally, continuous pre-capillary expiratory leaks resulted in decreased FRC and LCI for leaks applied
after one-quarter of the washout (table 2). Continuous intra-capillary expiratory leaks led to significant
decreases in FRC but did not change LCI, while continuous post-capillary expiratory leaks did not affect
either LCI or FRC.

For isolated expiratory leaks, in most cases FRC was underestimated, while LCI did not change (table 2).
In contrast, for isolated inspiratory leaks exceeding a certain size and duration, the end of washout criteria
were not reached, and therefore FRC and LCI could not be calculated. Applying a similar pre-capillary
leak during inspiration during a real-time measurement resulted in an end-tidal N2 concentration
stabilising at ∼10% and thus precluded washout completion. Due to the fact that the end-of-test criteria
could not be reached, we were unable to generate FRC and LCI outcomes for many measurements with
inspiratory and combined inspiratory and expiratory leaks.

Duration
The influence of leaks on washout outcomes largely depends on their duration. In general, the influence of
continuous leaks on LCI and FRC was larger than the influence of isolated leaks (figure 2). Continuous
pre-capillary expiratory leaks of 20% resulted in decreases in LCI and FRC, while the same type of isolated
leak over two tidal breaths after one-quarter of the full washout time resulted in small changes in LCI and

TABLE 1 Influence of leak location and breathing cycle on functional residual capacity (FRC)
and lung clearance index (LCI): overview of the influence of continuous leaks on FRC and LCI
applied at different locations and phases of the breath cycle

Pre-capillary Intra-capillary Post-capillary

Side-stream Main-stream

Inspiratory FRC ↑# NA¶ FRC ↑# FRC ↑#

LCI ↑# NA¶ LCI ↑# LCI ↑#

Expiratory FRC ↓ NA¶ FRC ↓ FRC –

LCI –/↓+ NA¶ LCI – LCI –
Inspiratory and expiratory FRC ↑# FRC ↑# FRC ↑# FRC ↑#

LCI ↑# LCI ↑# LCI ↑# LCI ↑#

Arrows indicate the direction of change of FRC and LCI from baseline values. NA: not applicable. #: in
continuous leaks of a certain size, the end of washout criteria were not reached, and FRC and LCI could
not be calculated; ¶: side-stream leaks are independent of inspiration and expiration as there is a constant
flow into the side-stream and results are similar to inspiratory and expiratory leaks; +: the change in LCI
following pre-capillary expiratory leaks is dependent on when the leak was applied during the washout
(further details provided in table 2).
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FRC (figures 2 and 3). In addition, a continuous pre-capillary inspiratory and expiratory leak resulted in
elevated end-tidal N2 concentration and incomplete washout completion, while the same type of isolated
leak applied over two tidal breaths in the middle of the washout resulted in only a minor change of FRC
and LCI.

Stage of washout
The magnitude of change in LCI and FRC was highly dependent on the stage of the washout in which the
leak occurred (table 2 and figure 2). In general, greater changes in LCI and FRC occurred when
inspiratory, combined inspiratory and expiratory, and isolated expiratory leaks were applied earlier in the
washout. In contrast, greater changes in LCI occurred when expiratory leaks occurred after one-quarter of
the washout (table 2 and figure 3).

Size of leak
The size of the leak significantly influenced washout outcomes, with larger leaks resulting in greater
changes in FRC and LCI (table 2 and figure 3). In all types of continuous inspiratory leaks exceeding a
certain size, the end of the washout could not be reached, and thus FRC and LCI could not be calculated.

Application of leaks to real-time MBW measurements and identifiable signs of leak
In addition to modelling leaks retrospectively, we also applied leaks to the equipment during real-time
N2MBW measurements performed by a healthy adolescent. An example diagram of how we applied a
pre-capillary inspiratory and expiratory leak is shown in supplementary figure S1. In the 22 leak types that
we were able to apply to the system, we found that FRC and LCI changed in the same direction compared
with baseline as the modelled leaks (supplementary figures S2–S6). Through the application of these leaks
to the MBW equipment to the system, we identified six different “red flags” that are indicative of leaks.

TABLE 2 Change in lung clearance index (LCI) and functional residual capacity (FRC) following modelled pre-capillary
expiratory leaks

Size %
VT

Healthy individuals Cystic fibrosis patients

LCI % change (95% CI) FRC % change (95% CI) LCI % change (95% CI) FRC % change (95% CI)

Continuous
Start 10 −0.46 (−1.12–0.19) −10.71 (−11.14–−10.28)# −0.20 (−0.45–0.05) −11.10 (−11.68–−10.52)#

20 −1.06 (−2.56–0.44) −21.38 (−22.03–−20.73)# −0.42 (−0.97–0.13) −22.16 (−23.23–−21.09)#

50 −4.51 (−11.03–2.01) −53.39 (−54.72–−52.06)# −1.75 (−4.17–0.67) −55.34 (−58.05–−52.64)#

After
one-quarter

10 −4.80 (−5.16–−4.45)# −4.09 (−4.85–−3.34)# −5.17 (−5.52–−4.82)# −3.72 (−4.36–−3.09)#

20 −10.07 (−10.77–−9.36)# −8.20 (−9.49–−6.90)# −10.73 (−11.5–−9.97)# −7.51 (−8.78–−6.24)#

50 −28.92 (−31.51–−26.32)# −20.31 (−23.25–−17.38)# −30.44 (−33.15–−27.73)# −18.48 (−21.57–−15.40)#

After one-half 10 −4.41 (−4.70–−4.12)# −1.48 (−1.75–−1.22)# −4.35 (−4.99–−3.72)# −1.67 (−1.93–−1.40)#

20 −8.81 (−9.28–−8.34)# −3.08 (−3.66–−2.50)# −8.82 (−10.07–−7.56)# −3.30 (−3.54–−3.06)#

50 −23.43 (−25.04–−21.82)# −7.27 (−7.88–−6.67)# −23.17 (−26.40–−19.95)# −8.19 (−8.90–−7.49)#

After
three-quarters

10 −2.33 (−2.61–−2.04)# −0.51 (−0.79–−0.24)# −2.46 (−3.00–−1.93)# −0.73 (−0.92–−0.53)#

20 −6.64 (−11.7–−1.57)# −0.99 (−1.30–−0.68)# −4.93 (−5.99–−3.87)# −1.42 (−1.60–−1.24)#

50 −12.34 (−13.64–−11.05)# −2.42 (−2.85–−2.00)# −12.55 (−15.23–−9.86)# −3.50 (−4.36–−2.64)#

Isolated
Start 10 4.72 (−0.10–9.54) −4.35 (−8.54–−0.15)# 2.65 (2.36–2.95) −3.27 (−4.21–−2.34)#

20 5.28 (1.96–8.60)# −5.60 (−6.52–−4.68)# 9.08 (−1.21–19.37) −9.14 (−17.74–−0.55)#

50 12.88 (7.41–18.36)# −13.95 (−16.38–−11.51)# 15.50 (13.4–17.59) −16.23 (−19.36–−13.1)#

After
one-quarter

10 1.09 (−1.25–3.44) −0.97 (−1.61–−0.33)# −1.60 (−6.13–2.93) −0.73 (−1.41–−0.04)#

20 1.36 (−1.03–3.75) −1.90 (−3.03–−0.78)# 0.08 (−0.27–0.43) −1.42 (−2.46–−0.38)#

50 5.77 (−2.93–14.47) −7.87 (−14.38–−1.37)# 0.25 (−0.67–1.18) −3.50 (−5.67–−1.33)#

After one-half 10 0.79 (−1.36–2.94) −0.48 (−0.93–−0.04)# −1.43 (−4.14–1.29) −0.31 (−0.86–0.25)
20 0.27 (−1.76–2.30) −0.90 (−1.36–−0.45)# −0.82 (−1.36–−0.29) −0.56 (−1.31–0.19)
50 −1.13 (−3.01–0.75) −1.67 (−2.43–−0.90)# −2.03 (−3.37–−0.69) −1.40 (−2.65–−0.14)#

After
three-quarters

10 0.29 (−1.90–2.48) −0.25 (−0.38–−0.12)# −0.47 (−1.03–0.10) −0.31 (−0.86–0.25)
20 −0.38 (−2.68–1.91) −0.18 (−1.03–0.67) −1.13 (−1.89–−0.38) −0.35 (−0.79–0.08)
50 −1.57 (−3.25–0.10) −1.04 (−1.70–−0.37)# −2.80 (−4.68–−0.93) −0.83 (−1.34–−0.33)#

VT: tidal volume. Changes due to modelled pre-capillary expiratory leaks of different duration (continuous and isolated over two breaths), stage
of washout (start, after one-quarter, one-half and three-quarters of the washout) and size (10, 20 and 50% VT) through breath-by-breath
modification of breath tables from nitrogen multiple-breath washout measurements from five healthy individuals (baseline LCI 6.99 lung
turnovers; FRC 2.30 L) and five patients with cystic fibrosis (baseline LCI 11.12 lung turnovers; FRC 1.47 L). #: p<0.05.
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Flow–volume loop
The flow–volume loop is altered in pre-capillary or intra-capillary main-stream leaks. In inspiratory leaks,
expiratory volume is larger than inspiratory volume, and vice versa, leading to a visible step-change in the
flow–volume curve at the transition from inspiration to expiration. In leaks of comparable size occurring
during inspiration and expiration, VT is smaller than usual and can be identified if the estimated normal
VT range is given (supplementary figure S2).

Step-change in volume trace
Sudden step-changes in volume or changes in direction of the volume drift are signs of pre-, intra- or
post-capillary leaks. This is especially true if no change in breathing pattern is visible (supplementary
figure S3).

Premature rise in N2 signal
Spikes (distorted N2 expirograms) may occur in all types of leaks and indicate bias from ambient N2. In
the Exhalyzer D setup, N2 spikes must be accompanied by a mirror-inverted drop of the O2 signal to
differentiate from N2 spikes due to O2–CO2 signal misalignment (supplementary figure S3).

Sudden spike in N2 concentration during inspiration
A step-up of end-tidal N2 concentration is a sign of an inspiratory leak. This N2 step-up must be
accompanied by a mirror-inverted step-down or levelling of the O2 signal (supplementary figure S4).

Elevated end-tidal N2 concentration
A step-up of inspiratory N2 concentration (>0.03%) occurs in inspiratory intra-capillary and post-capillary
leaks. This rise in the inspiratory N2 fraction must be accompanied by a mirror-inverted decrease of the
inspiratory O2 fraction (supplementary figure S5).

Stabilisation of N2 concentration
Stabilisation of N2 concentration occurs in all leaks appearing during inspiration. Depending on the size of
the leak, the required end concentration of N2 is not reached and washout cannot be completed
(supplementary figure S6).
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Discussion
This study is the first to systematically identify and assess the effect of air leaks on MBW outcomes. The
influence of leaks on MBW outcomes depends upon several characteristics: location in the setup, relation
to breathing cycle, duration, stage during washout and size of leak. The impact of leaks on FRC and LCI is
complex, dynamic and influenced by a number of physiological factors.

Interpretation of results
The size, duration, location and position of leaks during the washout and breathing cycle influence MBW
outcomes. Data on the prevalence of different kinds of leaks are missing, but based on our experience
pre-capillary leaks (e.g. leaks in the subject–equipment interface) are the most common leaks during
measurement [7]. These leaks generally lead to an overestimation in both FRC and LCI. However,
pre-capillary leaks that occur only during expiration (e.g. insufficient closure of mouth or coughing) may
lead to underestimation of both FRC and LCI. This demonstrates how the influence of leak characteristics
on MBW results is complex. This complexity precludes simple criteria regarding test acceptance or
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were applied with differences in duration. a) Temporary leak of two tidal breaths resulting in elevated
functional residual capacity (FRC) and lung clearance index (LCI). b) Continuous leak resulting in stabilised
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cannot be calculated).
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rejection due to specific leak types. In contrast, post-capillary leaks (e.g. due to leaking gas supply) occur
very rarely in N2MBW measurements. These leaks only change washout outcomes if they occur during
inspiration, resulting in overestimation of LCI and FRC values. Intra-capillary leaks, such as small
side-stream leaks (e.g. broken side-stream sampling tube), can be difficult to recognise. The only signs of
these leaks can be slightly elevated inspiratory N2 concentration, elongated washout duration and increased
LCI. If unnoticed, this leak type can persist for longer periods and ruin large sets of data, as the elevated
FRC and LCI values cannot be corrected retrospectively.

Methodical considerations
Given the compound influences that leaks may have on MBW outcomes, we chose a semiquantitative
approach to assess their influence. Those simplifications enabled us to disentangle different characteristics
of leaks and their influence on washout outcomes. Despite a small sample size, we were able to identify
statistically significant changes in FRC and LCI with the application of modelled leaks, which were
confirmed in the real-time application of leaks during MBW measurements.

In real-life MBW measurements, the effect of leaks on N2 concentration and their influence on the
calculation of FRC and LCI are highly complex. It is therefore very difficult to model leaks using breath
tables from measurements that are leak free. It is particularly difficult to model complex leaks that occur
over different regions of the breathing cycle and the influence of additional or reduced N2 on gas mixing
in the lung over subsequent breaths. While we believe that our modelled leak data provides important
information to help users understand how different leak types may influence outcomes, we cannot
confidently state that the modelled leaks represent exactly what is seen in practice.

The current ERS/ATS consensus document provides criteria to identify leaks based on expert opinion [15].
The current lung model and methodological in vivo studies in MBW [20–22] did not systematically assess
leaks. Previous studies have focused on the impact of tracheal tube air leaks on measurement of VT [18,
23, 24] or CO2 in mechanically ventilated patients [19]. Further studies have used plastic lung models and
demonstrated, similar to our data, that continuous leaks exceeding 20–40% VT distort the CO2 signal and
lead to overestimation of respiratory system resistance.

Limitations
We acknowledge that some, but not all, of our results are specific for the device used. However, most
MBW systems similarly incorporate main- and side-stream sensors with pre- and post-capillary
compartments for N2MBW or sulfur hexafluoride MBW measurements [7, 20, 25], and are thus prone to
similar leaks. Another limitation of our study was the difficulty of modelling leaks during inspiration. Our
air leak model presumed complete gas mixing in the lung after each inspiration of additional N2 following
inspiratory leaks, which is a simplification. In addition, the criteria for leak size, duration and stage of
washout were arbitrary, but considered realistic based on our experience. Additional studies may be useful
to further examine different leak types, such as smaller leaks (e.g. 5% VT) or leaks occurring in the final
breaths of the washout. The adolescent performed repeated MBW measurements over a period of 3 days;
however, we only assessed baseline, leak-free MBW measurements at the start and therefore could not
calculate the inter-test variability of LCI or FRC in this individual.

Relevance
In practice, many washout tests are excluded because of suspected leaks, although differentiation between
leaks and increased ventilation inhomogeneity is not always easy. In this regard, the systematic approach in
our study may help users to identify leaks and understand their influence on MBW outcomes.
Furthermore, it is possible that our data could be used to enable some measurements with identified leaks
to be interpreted in clinical practice, e.g. a measurement with a normal LCI and temporary expiratory leak
at the end of the washout due to coughing may be used to confirm the absence of increased ventilation
inhomogeneity, as the LCI is expected to be overestimated with this type of leak. We found that all leak
types influenced FRC and LCI outcomes, and therefore our data support the current ERS/ATS consensus
guidelines that all MBW measurements with identifiable leaks should be rejected [15]. A recent
multicentre study found that the intra-test variability within a single test occasion is 3.9% for healthy
children and 4.9% for children with CF. In addition, LCI was stable in healthy children, but in children
with CF LCI increased over time at a rate of 0.40 LCI units per year [26]. We believe that including trials
with even small leaks could significantly increase the intra-test and inter-test variability of LCI. As a result,
LCI would have a reduced ability to detect progression of disease over time and monitor response to
therapies. Furthermore, our data aim to assist users in identifying the presence and location of leaks
during MBW testing in order to improve overall data quality and feasibility.
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Conclusions
The influence of leaks on N2MBW outcomes is complex, dynamic and dependent on the size, duration,
location and position of leaks during the washout and breathing cycle. We identified six signs that may
help to identify leaks from other measurement errors or increased ventilation inhomogeneity. These data
provide a platform for further development of MBW quality control criteria and automated leak detection.
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