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Glossary 

 

OLS Table 1: Glossary for terms and abbreviations used in the main manuscript. 

Abbreviation Full Unit Description

CEV Cumulative Expired Volume [L] Volume expired by patient between 

washout start and end of test.

FRC Functional Residual 

Capacity

[L] or 

[mL/kg]

Lung Volume before first inspiration 

start of washout.

LCI Lung Clearance Index [TO] Number of lung turnovers (multiples 

of FRC) of expired volume required 

to wash out tracer gas to 1/40th of 

the initial concentration.

MBW Multiple Breath Washout

O2 Oxygen gas

CO2 Carbon dioxide gas

N2 Nitrogen gas Tracer gas used in N2MBW

SF6 Sulphur Hexafluoride Tracer gas used in SF6MBW

Original end of test Breath where the end-expiratory 

tracer gas concentration in standard 

processing reaches 1/40th of the 

initial value. 

New end of test Breath where the end-expiratory 

tracer gas concentration in corrected 

processing (using sensor correction 

functions) reaches 1/40th of the 

initial value. 



 

 

 

Supplemental Methods 

i) Sensor accuracy 

To assess sensor accuracy over the wide range of concentrations encountered in a 

N2MBW measurement, we used the Exhalyzer D sensors and mass spectrometer to 

measure the O2 and CO2 concentrations of technical gas mixtures.  

Equipment 

Applying Dalton's law of partial pressures, the Exhalyzer D (Eco Medics AG, Duernten, 

Switzerland) computes an indirect nitrogen concentration that is based on the 

measurement of oxygen, carbon dioxide and an assumed fixed ratio of nitrogen and 

argon  While dry atmospheric air contains nitrogen (N2), oxygen (O2), argon, carbon 

dioxide (CO2) and traces of neon, helium, methane and krypton, it is assumed that all 

gases except oxygen and carbon dioxide (which are affected by tidal breathing) remain 

in a known proportion to each other. 

The setup of the Exhalyzer D does not include sensors capable of measuring 

concentrations of N2 directly, and instead relies on the fact that i) it can measure O2 

and CO2, ii) the relative composition of other gases in the remaining fraction (N2, Ar) 

does not change from the atmospheric composition ([N2]atm, [Ar]atm).  It therefore 

calculates the concentration of N2 at any given time t using the following formula: 

[𝑁2(𝑡)] = ( 100% − [𝑂2](𝑡) − [𝐶𝑂2](𝑡) ) ∗
[𝑁2]𝑎𝑡𝑚

[𝑁2]𝑎𝑡𝑚+ [𝐴𝑟]𝑎𝑡𝑚
  (Eq.1) 

 



 

 

Sensor characteristics 

The O2 sensor used in the Exhalyzer D setup (X3004 OEM sensor, Oxigraf Inc., 

Sunnyvale, CA, USA) is located within the main structure of the Exhalyzer D. Gas from 

the patient’s breathing stream is sampled at a rate of 200 mL/min via a Nafion tube1. 

The CO2 sensor  (Capnostat 5, Respironics Inc., Wallingford, CT, USA) is located 

within the breathing stream. The Exhalyzer D measures both O2 and CO2 using 

absorption spectroscopy, a technique where the absorption of light is measured at 

specific frequencies that are characteristic to each gas2. The absorption spectra of O2 

and CO2 are affected by a variety of factors, including pressure, temperature, and the 

presence of other gases (manufacturer’s manual). The presence of O2 in the gas 

mixture affects the absorption spectrum of CO2 and vice versa. 

Software for gas sensor measurements 

The manufacturer provided a research version of the Exhalyzer D software (Spiroware 

3.3.0 Research, Eco Medics AG, Duernten, Switzerland) which enabled technical gas 

measurements with direct recording of raw, uncorrected sensor outputs. The MBW 

signal processing and data analysis algorithms in this research software are identical 

to the commercialyl available software (Spiroware 3.3.0). 

Technical gases 

Sensor accuracy was assessed over the complete range of concentrations present in 

N2MBW measurements. Nine technical gas mixtures (Carbagas AG, Muri bei Bern, 

Switzerland), each containing N2 mixed with different combinations of CO2 (2.5%, 5%, 

7.5%) and O2 (30%, 60%, 90%) as well as three mixtures containing only CO2 and O2, 

were used (OLS Table 2). Technical gas mixtures were manufactured at 2% mixture 

precision and 1% measurement precision. Additionally, a series of mass spectrometry 

https://www.google.com/search?rlz=1C1GCEU_deCH858CH858&q=Murrysville&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDSqMjZT4gAx4zPMjLS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYuX1Li4oqi8syc3JSd7AyAgBqkiGvVAAAAA&sa=X&ved=2ahUKEwik84DPnfLpAhXDqqQKHZs0B-8QmxMoATAwegQICxAD


 

 

measurements was carried out, where N2 was kept at 2% to mimic the MBW end of 

test condition, while CO2 varied from 0-6% with the rest of the mixture being O2. 

Two independent Exhalyzer D devices were used for technical gas measurements. 

One device was used for the series of mass spectrometry measurements. They were 

calibrated in standard fashion for each of three repeat measurements. 30-40 second 

pulses of technical gas flow were recorded after steady flow has been achieved for at 

least 10 seconds. To obtain one value per replicate per gas mixture we calculated the 

mean of the sensor reading over the 30 seconds starting after 500 datapoints (2.5s) to 

exclude any artifacts at the beginning of the recordings due to sensor rise times. 

 

OLS Table 2: Technical gas mixtures for sensor assessment. Concentrations of technical gas mixtures were chosen 

to include values over the entire range of CO2 observable in tidal breathing as well as three different concentrations 

of O2 within the required range for a MBW experiment. Mass spectrometry measurements were designed to mimic 

conditions at the MBW end of test criterium. 

CO2 [%] O2 [%] N2 [%]

2.5 30.0 67.5

2.5 60.0 37.5

2.5 90.0 7.5

2.5 97.5 -

5.0 30.0 65.0

5.0 60.0 35.0

5.0 90.0 5.0

5.0 95.0 -

7.5 30.0 62.5

7.5 60.0 32.5

7.5 90.0 2.5

7.5 92.5 -

0.0 98.0 2.0

1.0 97.0 2.0

2.0 96.0 2.0

3.0 95.0 2.0

4.0 94.0 2.0

5.0 93.0 2.0

6.0 92.0 2.0

Technical 

gases

Mass 

spectrometry



 

 

Measurement conditions for technical gases and mass spectrometry 

Sensor accuracy of the Exhalyzer D was assessed under two conditions: i) at body 

temperature (37.5 ± 1.5° C), humidity saturated (MR850 Heated Humidifier, Fisher & 

Paykel, Auckland, New Zealand), with technical gas mixture specifications as 

reference, and ii) at 35° C in a dry, climate-controlled chamber with mass spectrometry 

(AMIS 2000, Innovision ApS, Odense, Denmark and Red-y Smart Controller, Voegtlin 

Instruments GmbH, Muttenz, Switzerland) as reference.  

Signal processing for gas sensors 

The measured CO2 signal was subsequently corrected with the relevant signal 

processing of a standard Exhalyzer D measurement to achieve final sensor readings 

that were equivalent to current standard processing for a MBW measurement: For 

condition i) a temperature/humidity-dependant “ATP correction” factor was applied to 

the CO2-signal to correct for humidity and transform the measured partial pressure into 

atmospheric temperature and pressure (ATP) conditions (Eq. 2). For both conditions i) 

and ii), the CO2 signal was corrected with an O2-dependant cross sensitivity correction 

factor (Eq. 3). 

A single factor is applied to the entire CO2 signal, based on parameters recorded 

when the measurement takes place (Ambient pressure Pamb), estimated vapor 

pressure (PH20) based on estimated parameters at the measurement point of the CO2 

signal (Measurement point humidity Hmp, Measurement point temperature Tmp). 

𝑓𝐴𝑇𝑃 =
𝑃𝑎𝑚𝑏

𝑃𝑎𝑚𝑏−𝑃𝐻2𝑂(𝐻𝑚𝑝 ,𝑇𝑚𝑝)
   (Eq. 2) 

In addition, Spiroware 3.2.1 already includes a method aiming to deal with O2-

dependant crosstalk with the CO2 signal. For each time point of the measurement, a 

variable O2-dependant factor is calculated, by which the CO2 signal is multiplied. 



 

 

𝑓𝑐𝑟𝑜𝑠𝑠𝑡𝑎𝑙𝑘(𝑡) = (𝑔𝑎𝑖𝑛 ∗ [𝑂2](𝑡) + 𝑜𝑓𝑓𝑠𝑒𝑡)    (Eq. 3) 

 

ii) Correction function 

We combined the data of the technical gas mixture and mass spectrometry 

measurements to construct correction functions for the O2 and CO2 sensors. Sensor 

error was defined as the absolute difference between measured concentrations of O2 

and CO2 by the Exhalyzer D and reference values provided by either mass 

spectrometry or the technical gas mixture manufacturer. We then fitted a 2nd-degree 

two-parameter polynomial through the error for each sensor, as a function of measured 

O2 and CO2 (Eq. 4). Fitting was performed using MATLAB 2017b (Mathworks, Natick, 

Massachusetts, USA). This characterization of the measurement error as a function of 

measured gas concentrations could then be directly used as a correction function for 

the analysis of MBW measurements, by adding the fitted error for each combination of 

O2 and CO2 to the respective measured concentrations. 

We fitted a 2nd-degree two-parameter polynomial through the error for each sensor, as 

a function of O2 and CO2 

𝐸 = 𝑎 + 𝑏 ∗ [𝐶𝑂2] + 𝑐 ∗ [𝐶𝑂2]2 + 𝑑 ∗ [𝑂2] + 𝑒 ∗ [𝑂2]2 + 𝑓 ∗ [𝐶𝑂2] ∗ [𝑂2]  (Eq. 4) 

The weights (W) of each data point towards the final fit were distributed according to 

the measurement uncertainty (U) of the reference values for each gas mixture.  

𝑊 =
1

√𝑈
 

Mass spectrometry and technical gas measurements contributed equally to the final 

fit. 



 

 

For the error of O2, we constrained the fits to go through zero at the O2 calibration 

points (C1: [O2]=20.94% with [CO2]=0% and C2: [O2]=100% with [CO2]=0%). For the 

error of the CO2 sensor, the fit was constrained to go through zero for [CO2]=0% . 

O2 Error with constraints: 

𝐸𝑂2 = 𝑎𝑂2 ∗ (𝑦 − 𝐶1) ∗ (𝑦 − 𝐶2) + 𝑏𝑂2 ∗ [𝐶𝑂2] + 𝑐𝑂2 ∗ [𝐶𝑂2]2 + 𝑑𝑂2 ∗ [𝐶𝑂2] ∗ [𝑂2]   (Eq. 

5) 

CO2 Error with constraints: 

𝐸𝐶𝑂2 = 𝑎𝐶𝑂2 ∗ [𝐶𝑂2] + 𝑏𝐶𝑂2 ∗ [𝐶𝑂2]2 + 𝑐𝐶𝑂2 ∗ [𝐶𝑂2] ∗ [𝑂2]    (Eq. 6) 

 

 

OLS Table 3: Numerical values for the parameters of the sensor correction functions. We assume here that the 

concentrations in Eq. 5 and Eq. 6 are given as fractions. 

 

iii) Impact on outcomes 

Retrospective analysis 

We characterized the impact of measurement error on MBW outcomes using a custom 

Python script developed by our group, designed to replicate standard Spiroware 3.3.0 

signal processing and outcome calculation of MBW data. The impact of sensor error 

was assessed by comparing the outcomes of standard analysis (Spiroware 3.3.0) with 

the outcomes of a corrected algorithm which was modified to include the O2-CO2 cross 

sensitivity correction functions outlined above. 

Signal Parameter

O2 a -1.2994 E-02

b 1.7752 E-03

c 1.1794 E-01

d 1.5676 E-01

CO2 a -1.9469 E-02

b 4.4946 E-01

c 1.0088 E-01

Value



 

 

For this, we re-analysed 357 MBW measurements of 85 healthy controls (HC, mean 

(SD) age: 11.1 (3.8) years, range: 6 to 17.8 years) and 62 children diagnosed with 

cystic fibrosis (CF, mean (SD) age: 9.5 (3.5) years, range: 4 to 17.3 years) from 

previous studies3,4 (OLS Table 4). We included study visits with at least two 

acceptable, quality controlled N2-MBW measurements, based on recent consensus 

guidelines (see online supplement)5. 

Measurements were included if the following conditions were met: 

1) Visual quality control of the original study concluded the file was acceptable. 

2) FRC of measurement was within 25% of mean of the same visit. Files that 

outside of this boundary were sequentially excluded until this condition was 

met. 

3) At least two files of the same visit met the above criteria. 

4) The files were part of the first visit that satisfied the above criteria. 

 

 

OLS Table 4: Characteristics of dataset used for the re-analysis of MBW trials. 

 

mean SD mean SD mean p-value

Participants [n] 85 62

Sex [female/male] 34/41 24/38

Age [years] 11.1 0.4 9.5 0.4 -1.66 -2.87 -0.46 0.0073

Weight [kg] 40.9 1.9 31.0 1.6 -9.90 -15.0 -4.79 0.0002

Height [cm] 146.6 2.4 133.0 2.5 -13.6 -20.5 -6.66 0.0002

FRC [L] 1.87 0.10 1.31 0.77 -0.56 -8.36 -0.29 0.0001

FRC [mL/kg] 45.1 1.1 42.3 1.0 -2.86 -6.01 0.29 0.0745

LCI [TO] 7.12 0.05 9.99 0.28 2.87 2.38 3.36 <0.0001

Bold print indicates statistical significance.

DifferenceHealthy 

controls

Cystic fibrosis

95% CI



 

 

Statistical testing 

For statistical testing of significance we used STATA 16 (StataCorp LLC, College 

Station, Texas, USA). Unpaired t-tests were used for comparisons between healthy 

controls and children with cystic fibrosis. Paired t-tests were performed for differences 

between standard and corrected processing of MBW measurements. 

 

Retrospective Analysis Supplement 

 

OLS Table 5: Summary of the differences in functional residual capacity (FRC) normalized by body weight 

between healthy controls (HC) and and patients with cystic fibrosis (CF) in the retrospective dataset before 

(standard) and after (corrected) the application of the sensor correction function.  
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