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ABSTRACT  The applicability and interpretation of inert tracer gas washout tests is hampered by the lack
of feasible protocols and reproducibility data. We assessed feasibility, variability and reproducibility of a
new easy to perform double tracer gas (DTG) single-breath washout (SBW) test and compared this with
conventional nitrogen washouts.

In 40 healthy nonsmokers and 20 patients with stable chronic obstructive pulmonary disease (COPD), we
performed three N, vital capacity SBWs, three N, multiple-breath washouts and three tidal DTG-SBW tests.
Follow-up was after 1 week, 1 month and 6 months. Main outcomes were the lung clearance index (LCI)
(N, multiple-breath washout), slope of phase III (dN,) (N, vital capacity SBW) and slope of phase III
(SIIIDTG) (DTG-SBW).

In healthy subjects, mean + sp LCI at baseline was 6.94 +0.61, dN, 0.99 +0.42% N, per litre and SIIIDTG
-0.206+0.108 g'mol"-L™". In COPD, LCI and dN, were significantly higher (LCI 12.2342.67, dN,
7.43+5.38% N, per litre; p<<0.001) and SIIIDTG significantly steeper (-0.653 +0.428 g-mol’l-L’l, p<<0.001).
Reproducibility was high for main outcome parameters: the intraclass correlation coefficient over 6 months
was 0.77 (0.86 in COPD) for LCI, 0.82 (0.89) for dN, and 0.83 (0.93) for SIIIDTG.

The tidal DTG-SBW is a reproducible test in healthy and COPD subjects that seems attractive for use in
routine clinical settings.
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Introduction

Inert tracer gas washout (IGW) tests are simple and noninvasive tools to detect air trapping and ventilation
inhomogeneity due to patchy small airway obstruction [1]. The multiple-breath washout (MBW) technique
and the vital capacity single-breath washout (SBW) technique are the two principal tests established.
Compared with MBW, the vital capacity SBW protocol is considerably shorter but requires good
coordination and cooperation to perform the vital capacity manoeuvre at constant flow. Until recently, the
lack of commercially available hard- and software hampered the use of gas washout tests in research and in
the clinical setting. Thus, the recent American Thoracic Society/European Respiratory Society consensus
statement on IGW testing stressed the need for feasibility and reproducibility studies [2].

The new double tracer gas (DTG)-SBW test may be more feasible than other techniques due to its easy and
fast application requiring only a few tidal breaths [3]. The test is based on a tidal in- and exhalation of a
dual tracer gas mixture containing helium and sulphur hexafluoride (He/SF4 5/1). An ultrasonic flow meter
(USFM) quantifies molar mass during in- and expiration, and accurately reflects He and SFs washout
patterns in the expired air [3].

The tracer gases SFs and He have frequently been used separately, while recent data for the simultaneous use
of a SFs—He dual tracer gas mixture in adults are rare [4—6]. The rationale behind using a dual tracer gas
mixture is to assess specific ventilation inhomogeneity in distal airways. As the contribution of convection-
dependent ventilation inhomogeneity for He and SF4 is supposed to be equal, convection—diffusion-
dependent ventilation inhomogeneity differs for He and SF¢, and is supposed to arise in different areas of
the pre-acinar and acinar lung zones. While the simultaneous analysis of He and SF¢ washout (usually
assessed as slope difference between SFs and He in a SBW) can be interpreted as a specific index for
peripheral ventilation inhomogeneity, the comparable signal of a single tracer gas mainly provides
information about overall ventilation inhomogeneity [7].

Parameters of the new tidal DTG-SBW were associated with global and acinar ventilation inhomogeneity
indices in children with cystic fibrosis lung disease [8]. In this study, the tidal DTG-SBW was much faster
on average (3 versus 30 min for three trials) and easier (success rate 92% versus 82%) [8]. Recent data
suggest that the DTG-SBW may be a sensitive test to assess ventilation inhomogeneity in the lung periphery
in different clinical conditions (e.g. detection of small airway dysfunction in children with mild asthma and
normal spirometry [9] or improved gas mixing efficiency as an immediate treatment response to
physiotherapy in children with mild cystic fibrosis lung disease [10]).

In the current study, we assessed the feasibility, variability and short/long-term reproducibility of the new
tidal DTG-SBW-test in adult healthy nonsmokers and patients with stable chronic obstructive pulmonary
disease (COPD). Classical and new outcome parameters of the test were determined, and their association
with established N, washout indices and conventional lung function parameters was assessed. Variability
and reproducibility estimates of all IGW outcomes were compared. Secondary end-points were differences
in ventilation inhomogeneity between groups.

Materials and methods

Study design, study population and ethics

This study is part of a larger prospective cohort study (Evaluation of N, single- and multiple-breath
washout versus a double-tracer single-breath technique in healthy adults and patients with small airway
diseases; German Clinical Trials Register DRKS00003541). This trial was approved by the Ethics Committee
of the Landesaerztekammer Baden-Wuerttemberg (AZ F-2011-073) and performed at the Klinik
Schillerhoehe, Center for Respiratory Medicine and Thoracic Surgery, Robert-Bosch-Krankenhaus-
GmbH, Stuttgart, Germany. 40 healthy nonsmokers and 20 patients with clinically stable COPD
(spirometric grading Global Initiative for Chronic Obstructive Lung Disease (GOLD) 1-3) were recruited
between April 2012 and August 2013 (table 1). COPD subjects had a clinical diagnosis of COPD according
to GOLD with a post-bronchodilator forced expiratory volume in 1 s (FEV1)/forced vital capacity ratio
<0.7 and a smoking history >10 pack-years [11]. Patients with very severe airflow obstruction (FEV1
<30% predicted), supplemental oxygen therapy or recent exacerbation were excluded. After written
informed consent was obtained, all participants performed a routine lung function test (spirometry and
body plethysmography); COPD subjects had an additional baseline measurement of single-breath diffusing
capacity of the lung for carbon monoxide (DLCO). Subsequently, we performed three N, MBW, three N,
vital capacity SBW and three DTG-SBW tests. Follow-up was after 1 week, 1 month and 6 months. Each
visit included the same lung function tests. COPD patients continued their regular bronchodilator
medication before each visit.
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TABLE 1 Clinical and demographical characteristics of healthy and chronic obstructive
pulmonary disease (COPD] subjects

Healthy COPD p-value

Subjects 40 20
Age years 40.7410.3 66.24+10.3 <0.001
Males/females 12:28 16:04
Weight kg 69.0+13.8 79.14+16.7 <0.05
Height cm 169+8 17349 0.068
BMI kg-m™2 24.1+3.50 26.3+4.1 <0.05
FVC % pred 102.24+12.1 83.7+13.9 <0.001

Z-score 0.18+0.99 -0.93+0.91 <0.001
FEV1 % pred 101.04+11.5 55.2+13.9 <0.001

Z-score 0.06+0.92 -2.60+0.80 <0.001
MMEF % pred 97.24+18.2 26.6+11.0 <0.001

Z-score -0.1440.69 -2.46+0.64 <0.001
Drco % pred ND 57.54+19.4
FRCypw L 3.21+0.81 4.19+1.27 <0.05
LCI 6.94+0.61 12.2342.67 <0.001
Scond L™ 0.028+0.026 0.045+0.034 <0.05
Scond x VT 0.0294+0.029 0.046+0.034 0.061
Sacin L™ 0.058+0.028 0.343+0.139 <0.001
Sacin x VT 0.060+0.034 0.355+0.150 <0.001
dN; % N, per L 0.99+0.42 7.43+5.38 <0.001
dN, xVC % N, 3.82+1.36 20.60+6.84 <0.001
SllioTe g-mol™-L™" -0.206+0.108 -0.653+0.428 <0.001
SlIpTe x VT g-mol™ -0.204+0.091 -0.635+0.344 <0.001
AUC g-%-mol™’ 16.39+5.37 33.04+18.59 <0.001
AUC50-90 g-%-mol” 2.69+1.52 6.62+4.92 <0.05
Peak g-mol’ 0.59+0.15 0.77+0.30 <0.001
Peak volume % 19.00+3.08 23.86+5.09 <0.001
FWHM % 19.54+7.82 36.71+11.64 <0.001

Data are presented as n or mean +spD. p-values derived from two-sample t-test. BMI: body mass index; FVC:
forced vital capacity; FEV1: forced expiratory volume in 1 s; MMEF: maximal midexpiratory flow; DLco: diffusing
capacity of the lung for carbon monoxide; FRCygw: functional residual capacity measured by nitrogen
multiple-breath washout; LCI: lung clearance index; Scond: index of conductive ventilation inhomogeneity; VT:
tidal volume; Sacin: index of acinar ventilation inhomogeneity; dN,: phase Il slope of nitrogen single-breath
washout; VC: vital capacity; SIIIDTG: phase Ill slope of double tracer gas single-breath washout; AUC: area
under the curve for double tracer gas single-breathe washout; AUCé0-90: area under the curve between 60%
and 90% of expired volume for double tracer gas single-breath washout; peak: absolute peak concentration of
the double tracer gas single-breath washout signal; peak volume: proportion of exhaled volume at peak;
FWHM: full width at half maximum of double tracer gas single-breath washout; ND: not done.

Lung function procedures

Spirometry, body plethysmography and single-breath DLco

We performed routine lung function testing with standard laboratory equipment (JAEGER MasterScreen;
CareFusion, Hoechberg, Germany) as recommended by current standards [12-14]. For all spirometric
parameters, we used the recently published reference values of the Global Lungs Initiative [15]. Predicted
values for DLCO were derived from those of COTES et al. [16].

N, vital capacity SBW and N, MBW

The classical N, vital capacity SBW and the N, MBW were performed using the commercially available
device Exhalyzer D (Eco Medics AG, Duernten, Switzerland) according to recommendations [2]. Primary
outcome parameters were the slope of phase III (dN,) for N, vital capacity SBW, and functional residual
capacity (FRC) and lung clearance index (LCI) for N, MBW. We additionally calculated MBW indices of
conductive (Scond) and acinar (Sacin) ventilation inhomogeneity originally described by VERBANCK et al.
[17]. All SBW and MBW parameters were computed with the software provided with the Exhalyzer D
(Spiroware version 3.1.6; Eco Medics AG). We applied volume correction to all slope IIT estimates to
account for physiological variations in tidal volume (VT): dN, X expiratory vital capacity, Scond X VT and
Sacin X VT.
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Double tracer gas single-breath washout

The tidal DTG-SBW was performed with the Exhalyzer D and corresponding software for data recording.
Setup, measurement and analysis were initially described by SINGER ef al. [3]. The DTG mixture containing
oxygen (21.0%), N, (47.7%), He (26.3%) and SF4 (5.0%) had a similar molar mass to dry medical air
(28.9 grmol™"), and was provided by Westfalen-AG (Muenster, Germany). During regular quiet breathing,
the DTG was applied for a single tidal inhalation from FRC. In the pre-test phase, during the DTG in/
expiration and the following inspiration, we recorded molar mass with a side-stream USFM, tidal flows with
a mainstream USFM, and carbon dioxide and O, signals (fig. 1a).

The molar mass signal measured in side-stream mode (MMss) during ambient air breathing was used to
calibrate the pre-test CO, signal, i.e. to transform the pre-test CO, ignal by linear regression modelling into
an additional molar mass signal (calculated molar mass signal (MMcalc); for details, see the online
supplementary material). By “subtracting” MMcalc from the raw MMss during expiration of the DTG, the
molar mass test signal reflecting the agglomerated SFs and He washout pattern was obtained (fig. 1a and b)
[3]. The DTG expirogram (MMss-MMecalc) was plotted against expired volume (fig. 1¢). The main outcome
parameter was the phase III slope between 60% and 90% of the expired volume (SIIIDTG), which was
determined by automated linear regression. SIIIDTG probably detects gas mixing efficiency near the acinar
lung regions (diffusion-dependent ventilation inhomogeneity) [8, 9]. To account for variations in tidal
volume (VT), we also performed a volume correction for SIIIDTG (SIIIDTG x VT) as proposed previously [8, 18].

We described visible dynamics of the simultaneous He/SFs washout signal by additional outcome
parameters, tracking differences in the shape of the curve between healthy and COPD subjects. As an
additional phase III parameter, we calculated the area under the curve between 60% and 90% of the expired
volume (AUC60-90). Parameters from tidal phase II were the absolute peak concentration of the signal
(peak), the peak volume (percentage of exhaled volume at peak) and the area under the curve over the total
expired volume (AUC). To describe the skewness of the DTG signal, we measured the full width at half
maximum (FWHM). All DTG-SBW data analysis was performed with in-house customised software based
on LabVIEW 2012 (National Instruments, Austin, TX, USA).

A detailed description of the equipment, procedures and analysis for all washout procedures, including an
illustration of all outcome parameters for DTG-SBW, is provided in the online supplementary material.

Statistical analysis

Demographic data such as age, weight and height are reported as mean, standard deviation and range.
Individual data for all IGW parameters were reported as mean and intra-individual standard deviation of
three technically acceptable tests. Parameters between groups were compared using two-sample-t-tests.
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FIGURE 1 Synchronised raw data and dual tracer gas (DTG) test signal. a) Synchronised raw data of DTG single-breath washout. Flow (measured as body
temperature, pressure and saturation), oxygen concentration, carbon dioxide concentration, molar mass signal measured in side-stream mode (MMss), calculated
molar mass signal (MMcalc) and difference signal (MMss-MMcalc). I: start of inspiration of DTG; II: the following expiration shows a different MMss signal
compared with the naturally exhaled MMss signal in the previous breaths. b) DTG test signal. CO, signal and MMss-MMcalc corresponding to the final DTG test
signal (circled). Small artefacts in MMss-MMcalc between in- and expiration are due to gas and sensor dynamics during flow inversion. At the moment of
inspiration of the DTG (upper arrow) and the subsequent inspiration (lower arrow), there are two spikes explained by gas de-mixing phenomena due to the
technical set-up. ¢) Typical DTG signal of a healthy adult. Three expirograms of CO, and MMss-MMcalc on one test occasion. CO, and MMss-MMecalc were
plotted against expired volume (% of total expired volume). Phase I: dead space; phase II: transitional phase; phase III: alveolar phase.
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Intra-visit reproducibility was assessed as distribution (mean+sp) of the intraindividual coefficients of
variation of three trials (intraindividual sp/mean). We calculated the intra-class correlation coefficient
(ICC) in a two-way mixed model to assess intra-visit reproducibility (three individual trials at one test
occasion) as well as inter-visit reproducibility (baseline, 1 week, 1 month and 6 months). The ICC
compares within-subject variance to total variance across all measurements and subjects, and is appropriate
to compare repeatability on untransformed data measured on different scales [19]. Differences between
visits were assessed graphically by the method described by BLAND and ALTMAN [20], and quantified by the
coefficient of repeatability representing a 95% range of differences between two measurements. The
coefficient of repeatability was calculated as 1.96 x sp of the differences between two measurements [20].

To describe the association between IGW indices and age and conventional lung function parameters, we
performed simple linear regression.

To assess effects of breathing pattern and lung volume on DTG-SBW indices, we used a linear mixed-effects
model with a random intercept to account for multiple observations. Variance components of random and
fixed effects were assessed with the residual maximum likelihood method. All statistical analyses were
performed using JMP (version 10.0; SAS Institute, Cary, NC, USA) for Windows and a p-value of 0.05 or
less was regarded as significant.

Results

40 healthy nonsmokers (aged 20-64 years) and 20 patients with stable COPD (aged 53-83 years, FEV1 31—
78% predicted) were recruited. The clinical and demographic baseline characteristics of both groups are
outlined in table 1. 38 out of 40 healthy subjects (15 out of 20 COPD patients) completed the whole study.
The test success rate (three technically acceptable tests at one occasion) was 88% for N, MBW (75% in
COPD), 95% for N, vital capacity SBW (99% in COPD) and 97% for DTG-SBW (96% in COPD).

In the COPD group, indices of N, vital capacity SBW and N, MBW were significantly different from healthy
adults while Scond x VT was of borderline significance (0.029 versus 0.046, p=0.061) (table 1). All outcome
parameters describing the shape of the DTG-SBW curve (SIIIDTG ( x VT), AUC, AUC60-90, peak, peak
volume and FWHM) were significantly different between both groups. The difference between SIIIDTG and
SIIIDTG X VT was small (mean =+ sp difference 0.002 4-0.049 g~mol’1~L’1 (95% CI -0.018-0.014 g~m01’1-L’1)
in healthy subjects; 0.018 +0.146 g-mol™-L™" (95% CI -0.094-0.059 g-mol'-L™") in COPD).

In healthy subjects, we found an age-dependent increase in LCI (r2=0.34, p<<0.001; LCI=5.529+0.0345 X age),
and a marginal association between age and AUC (r*=0.11, p<<0.05; AUC=9.39+0.172 x age). All other
washout parameters did not correlate with age (online supplementary fig. 3).

The influence of tidal volume, flow and FRC on DTG-SBW main outcome parameters was assessed by
multiple linear regression analysis in a mixed-effects model obtained across all subjects (with different
breathing manoeuvres) (table 2 and online supplementary fig. 5). The breathing pattern (VT and flow) was
comparable in healthy and COPD subjects (mean+sp VT 1.05+0.22 versus 1.05+0.21 L; expiratory flow
-0.65+0.19 versus -0.69+0.17 L-s™). According to our model, 69-81% of the total variance can be
explained by clustering within healthy subjects (92-97% in COPD). Thus, only a minor proportion of the
total variance can be attributed to the breathing manoeuvre itself. However, extreme values of VT, flow or
FRC may have considerable influence on DTG-SBW parameters (e.g. change of 1 L in VT leads to change of
0.262 grmol™-L"" in SIIIDTG in healthy subjects).

Typical DTG-SBW signals of COPD patients are shown in figure 2. SIIIDTG is steeper and AUC is higher
compared with the signal in healthy nonsmokers (fig. 2 versus fig. 1c). Patient B in figure 2, with lower
DLCO, presumably due to a higher extent of emphysema, shows a steeper slope (SIIIDTG) and a greater AUC
than patient A despite their comparable airflow limitation (FEV1 40% pred). In the COPD group, DLCO as
surrogate marker of emphysema extent correlates with Sacin x VT (r*=0.41, p<<0.01), dN, (r*=0.21,
p<0.05) and main DTG-SBW indices (SIIIDTG ( x VT): r*=0.33 (0.31), p<<0.05; AUC: r*=0.22, p<<0.05).
FEV1 as marker of airway obstruction shows no association to SIIIDTG ( x VT) or other DTG-SBW indices
(fig. 3; complete data including associations between DTG-SBW indices and N, washout indices in online
supplementary tables 2 and 3).

Variability and reproducibility

The mean intra-visit coefficient of variation in healthy subjects was 4.4% for LCI (5.3% in COPD), 16.4%
for dN, (7.8% in COPD) and 22.2% for SIIIDTG (10.1% in COPD) (table 3). Scond ( x VT) and Sacin ( X VT)
showed a clearly higher coefficient of variation (72.9% (73.1%) and 48.7% (44.4%), respectively). In COPD,
with slightly higher absolute values for Scond ( x VT) and considerably higher values for Sacin ( x VT), the
mean coefficient of variation was 45.1% (29.8%) and 16.3% (8.8%), respectively. For additional DTG-SBW
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TABLE 2 Effect of breathing pattern and lung volume on dual tracer gas single-breath washout parameters

Sllipte g-mol™"-L™’ AUC g-%-mol™’ Peak g-mol’

Healthy adults
Flow L-s
VT L
FRC L
Constant
Intraclass correlation
RZ
COPD patients
Flow L-s™
VT L
FRC L
Constant
Intraclass correlation
R2

0.133 (0.056-0.210)***
0.262 (0.181-0.345)***
-0.028 (-0.049--0.007)*

10.43 (5.71-15.15)***
-6.15 (-15.81--8.26)***
1.69 (0.63-2.74)*

-0.49 (-0.65-0.33)***
-0.15 (-0.31-0.01)
0.06 (0.02-0.10)*

-0.307 10.43 0.25

0.81 0.87 0.69

0.89 0.91 0.79
-0.228 (-0.543-0.088) 0.79 (-9.27-10.85) 0.03 (-0.20-0.26)
0.494 (0.145-0.842)* -2.84 (-14.16-8.47) -0.04 (-0.30-0.22)
-0.037 (-0.101-0.028) 1.65 (-0.44-3.74) 0.05 (0.00-0.09)

-1.203 29.90 0.66

0.92 0.97 0.94

0.96 0.98 0.96

Data are presented as B (95% Cl), unless otherwise stated. Effects of flow, tidal volume (V1] and functional residual capacity (FRC) on main dual
tracer gas single-breath washout parameters (phase Il slope (SIIIDTG), area under the curve (AUC) and absolute peak concentration (peak]) in 40
healthy adults (20 chronic obstructive pulmonary disease patients) calculated by fitting a linear mixed-effects model with random intercept.
Calculations are based on averaged values of three individual measurements of all test occasions. Flow, VT and FRC were considered as fixed
effects, and individual subjects as random effects to account for repeated measurements. Estimates of random effects are not shown. The variance
components of random and fixed effects were calculated with residual maximum likelihood. The intraclass correlation equals the proportion of
total residual variance explained by random effects. For additional illustration of these effects, see online supplementary figure 5. R?: proportion of
total quadratic variation that can be explained by fixed effects after correction for random effects. *: p<<0.05; ***: p<<0.001.

DOI: 10.1183/09031936.00085713

parameters, the mean intra-visit coefficient of variation was between 7% and 18% in both groups (data not
shown).

The intra-visit ICC was >0.7 for all gas washout parameters except Sacin ( x VT) in healthy adults (ICC 0.42
(0.52)) and Scond ( x VT) in both groups (ICC 0.44 (0.62) in healthy subjects and 0.67 (0.66) in COPD). The
intra-visit ICC was comparable for uncorrected and “volume”-corrected phase III slope indices in both
groups (table 3).

The mean difference between tests was small for all three washouts, considering short-term as well as long-
term reproducibility (table 4, fig. 4 and online supplementary fig. 6). The inter-visit ICC was >0.75 for all
washout parameters except MBW slope IIT indices (Scond ( X VT) and Sacin ( X VT)) in healthy subjects and
Scond ( x VT) in COPD. Inter-visit variability was comparable for uncorrected and volume-corrected phase
II slope indices.

In healthy adults, the coefficient of repeatability ranged between 0.83 and 0.96 for LCI (corresponding to
11.9-13.8% of mean LCI). The coefficient of repeatability for dN, was between 0.39% and 0.89% N, per L
(39.6-89.5% of mean dN,), and for SIIIDTG between 0.098 and 0.140 g-mol "L (47.6-67.8% of mean
SIIIDTG). In COPD, the absolute coefficient of repeatability was higher for all washout parameters except for
Scond ( x VT) (table 3).

Discussion

This is the first study to analyse variability and long-term reproducibility of easily obtained measures of
ventilation inhomogeneity based on commercially available hardware, the new tidal DTG-SBW, in adults.
Our results show that the DTG-SBW is a feasible and reproducible test in subjects with and without COPD.
It is easy to perform, with a success rate of >96%. However, analysis has to be performed offline using
custom software.

Washout indices in healthy subjects

Parameters of conventional lung function and N, vital capacity SBW in healthy subjects are in accordance
with previously published normative data [15, 21-23]. All N, MBW indices corresponded well to
preliminary reference values obtained with the same equipment and protocol in adults [24]. A small, linear
age-dependent increase in N, MBW parameters (LCI, Scond and Sacin) was described before with the
strongest association between age and LCI [25]. We confirmed a comparable rise in LCI (about 0.3 per
10 years). The possibly low sensitivity of our study to detect the age dependency of Scond and Sacin may be
attributed to the smaller sample size (n=40 versus n=120 [25]) with few individuals aged >55 years. Since
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FIGURE 2 Typical dual tracer gas (DTG) single-breath washout (SBW) signals in chronic obstructive pulmonary disease
(COPD). DTG-SBW signal in two COPD patients with comparable airflow limitation (postbronchodilator forced
expiratory volume in 1 s 40% predicted) and different diffusing capacity of the lung for carbon monoxide (DLCO) as a
noninvasive marker for emphysema extent. An expirogram of a, b) carbon dioxide and ¢, d) difference signal (MMss-
MMealc) at one test occasion (three trials) plotted against expired volume (% of total expired volume). a, c) Patient A:
73 years old, male, DLCO 63% predicted. b, d) Patient B: 65 years old, male, DLCO 42% predicted. Parameters of nitrogen
vital capacity SBW and multiple-breath washout were comparable in both patients (phase III slope 5.0 versus 6.2%-L;
lung clearance index 13.7 versus 12.7; index of conductive ventilation inhomogeneity x tidal volume (VT) 0.073 versus
0.068; index of acinar ventilation inhomogeneity x VT 0.447 versus 0.443). However, the phase III slope of DTG-SBW
signal between 60% and 90% of expired volume (SIIIDTG; black solid line) was markedly steeper (-0.404 versus
-1.352 g'mol '-L "), and absolute peak concentration of the DTG-SBW signal and area under the curve of the DTG-SBW
signal clearly greater (0.75 versus 1.17 g-mol ™" and 29 versus 63 g-%-mol ™', respectively) in patient B.

only a marginal association between AUC (DTG-SBW) and age was detectable, we suggest the association
between age and DTG-SBW indices be verified in a larger series.

Washout indices in COPD

This is the first study, using commercially available equipment, to show that in COPD with moderate-to-
severe airflow limitation, classical measures of global and acinar ventilation inhomogeneity are significantly
elevated. This is in accordance with previously described washout data in COPD [26-29]. The DTG-SBW
signal markedly differs from the signal in healthy nonsmokers but seems comparable to the pattern
observed in children with cystic fibrosis lung disease [8]. In these patients, SIIIDTG was significantly steeper
than in healthy controls (-0.457 versus -0.088 g-mol™-L™"), and correlated with LCI and Sacin as marker of
global and acinar ventilation inhomogeneity [8]. In COPD subjects, we observed a comparably steep slope
Il (SIIDTG -0.653 versus -0.206 grmol "-L™" in healthy) and a greater AUC (reflecting greater SFq
contribution to the signal). Both parameters were associated with DLCO as marker of peripheral airway
disease and emphysema extent. SIIIDTG x VT and AUC were correlated with Sacin as index of acinar
ventilation inhomogeneity, but not with global markers of ventilation inhomogeneity (dN, and LCI; online
supplementary material). In a former study using mass spectrometry for simultaneous He/SF¢ washout in
27 adult smokers, the SFsHe slope difference could differentiate between subjects with/without
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FIGURE 3 Association between phase III slope of double-tracer gas single-breath washout signal (SIIIDTG) and index of
acinar ventilation inhomogeneity (Sacin) x tidal volume (VT) and conventional lung function in chronic obstructive
pulmonary disease. Baseline a, ¢) SIIIDTG and b, d) Sacin X VT are plotted against a, b) diffusing capacity of the lung for
carbon monoxide (DLCO) and ¢, d) forced expiratory volume in 1 s (FEV1). r’: coefficient of determination.

histologically confirmed emphysema during one of several tidal breathing manoeuvres (FRC+VT=1.5 L)
[5]. In contrast, the global ventilation inhomogeneity index N, slope (classical N, vital capacity SBW) was
not significantly different in subjects with/without emphysema [5].

In the context of previous clinical DTG-SBW data and former studies on simultaneous He/SFs washout
[3, 5, 8, 30], we assume that the main outcome parameters of the DTG-SBW (SIIIDTG and AUC) probably
reflect structural acinar changes in our COPD patients.

Reproducibility of washout indices

LCI showed a low intra-visit variability assessed by the coefficient of variation (mean <5% in healthy
adults) in accordance with other published data [24, 31]. The intra-visit coefficient of variation of DTG-
SBW indices ranged between 7% and 23% (22.2% for SIIIDTG). In healthy children and children with cystic
fibrosis lung disease, the intra-test variability of SIIIDTG was 18.5% and 23.9%, respectively, consistent with
our data [8]. In contrast, phase III parameters of N, MBW (Scond and Sacin) showed a clearly higher intra-
visit coefficient of variation. Particularly in healthy adults with values near zero, small variations in phase III
slope lead to high coefficients of variation. In COPD, the coefficient of variation of phase III indices is
considerably lower due to higher absolute values. This phenomenon was also observed by HORSLEY et al.
[32]: the coefficient of variation of intra-visit repeats of Scond x VT was lower in cystic fibrosis than in
healthy volunteers (32.7% versus 59.5%) and overall variability of phase III slope indices was consistent with
our data. To better compare variability of our untransformed data on different scales, we also assessed the
ICC. Intra-visit reproducibility measured by ICC was good (>0.7) for the majority of washout parameters
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TABLE 3 Main gas washout parameters and intra-visit reproducibility

Baseline 1 week 1 month 6 months CV % icc#
Healthy adults n 40 40 40 38
LCI 6.94+0.61 7.09+0.64 7.12+0.74 7.05+0.66 4.4+3.0 0.71
FRCMBW L 3.2140.81 3.03+0.76 2.97+0.73 2.92+0.71 7.7+6.6 0.82
Scond L 0.02840.026 0.02640.020 0.021+0.017 0.028+0.029 72.9+41.8 0.44
Scond x VT 0.029+0.029 0.027+0.024 0.023+0.019 0.028+0.030 73.1+41.9 0.62
Sacin L 0.058+0.028 0.05840.029 0.057+0.039 0.05540.041 48.7478.2 0.42
Sacin x VT 0.060+0.034 0.065+0.036 0.058+0.037 0.058+0.041 Lb L+ 344 0.52
dN, % N, per L 0.99+0.42 1.034+0.43 1.2340.68 1.1040.46 16.44+16.5 0.80
dN, xVC % N, 3.824+1.36 3.81+1.27 4.2641.73 4.0441.31 14.1+11.9 0.84
SliloTe g-mol™'-L™! -0.20640.108 -0.19540.089 -0.2054+0.109 -0.21640.121 22.2+31.4 0.80
SlIDTG x VT g-mol™ -0.204+0.091 -0.199+0.089 -0.201+40.096 -0.2124+0.110 20.7+30.5 0.82
AUC g-%:mol™’! 16.40+5.38 16.87+5.37 17.1845.88 1717+ 6.27 17.5452.5 0.93
COPD patients n 20 19 17 15

LCI 12.23+2.67 12.4043.48 12.074+2.88 12.4242.62 5345.4 0.89
FRCMBW L 4.19+1.27 4.30+1.00 4.1341.23 4.204+1.66 59458 0.87
Scond L 0.045+0.034 0.04240.031 0.050+0.035 0.04740.032 45.14+32.0 0.67
Scond x VT 0.046+0.034 0.04540.031 0.048+0.033 0.043+0.029 29.8+22.4 0.66
Sacin L 0.3434+0.139 0.3304+0.143 0.348+0.153 0.384+0.156 16.34+15.8 0.86
Sacin x VT 0.355+40.150 0.35440.160 0.367+0.167 0.354+0.162 8.8+8.5 0.87
dN, % N, per L 7.43+5.38 7.40+4.01 7.44 +4.00 7.17+3.41 7.845.7 0.81
dN, xVC % N, 20.60+6.84 22.01+7.92 22.18+7.49 21.46+6.80 7.1+5.1 0.83
SliloTe g-mol™'-L™! -0.65340.428 -0.6354+0.419 -0.72140.447 -0.82040.459 10.14+9.0 0.95
SIIDTG x VT g-mol™ -0.63040.344 -0.60140.325 -0.664+0.305 -0.72640.353 9.64+9.8 0.96
AUC g-%:mol™’! 33.07+18.59 32.32+18.36 24.50+18.46 25.43+20.18 7.94+14.1 0.97

Data are presented as mean+sb unless otherwise stated. Intra-visit reproducibility was assessed as distribution (mean +5p) of the intraindividual
coefficient of variation (CV) of three single measurements of all subjects and all test occasions. ICC: intraclass correlation coefficient; LCI: lung
clearance index; FRCMBW: functional residual capacity measured by nitrogen multiple-breath washout; Scond: index of conductive ventilation
inhomogeneity; VT: tidal volume; Sacin: index of acinar ventilation inhomogeneity; dN,: phase Il slope of nitrogen single-breath washout; VC: vital
capacity; SIlIDTG: phase Ill slope of double tracer gas single-breath washout; AUC: area under the curve (double tracer gas single-breath washout).
#. calculated from three individual trials on the same day.

in both groups, except for phase III slope indices of MBW in healthy adults and Scond ( x VT) in COPD
patients (ICC 0.42-0.66). A recent study similarly found a poor intra-visit reproducibility of Scond (ICC 0.23)
in 18 patients with moderate-to-severe asthma [33].

Over a period of 6 months, the long-term reproducibility of most washout indices was good (ICC >0.75),
except for Scond ( x VT) in both groups and for Sacin ( x VT) in healthy adults. Others reported comparable
reproducibility of LCI (ICC 0.70-0.91), but better reproducibility of Sacin and Scond (ICC 0.78-0.95) over a
period of 8 days in 21 subjects [34]. In contrast to our study, the MBW was performed with a fixed 1-L
breathing protocol, which may partly explain their lesser variability in phase III slope indices.

Intra- and inter-visit reproducibility of all DTG-SBW indices was high in both groups. The better
reproducibility of SIIIDTG compared with Scond and Sacin in our study is somewhat counterintuitive, as the
latter estimates are derived from slope values throughout a MBW procedure, whereas DTG-SBW is based
on averaged slope values from three single breaths. We frankly acknowledge that from the current dataset,
we cannot definitely explain this phenomenon. In the COPD group, the differences in variability between
phase III slope indices of MBW and SIIIDTG are definitely smaller, suggesting that absolute values of phase
III slopes have an impact on our calculated variability indices. Technical differences between both tests may
contribute as well as differences in phase III slope analysis (automated phase III slope analysis using
Spiroware 3.1.6 (pre-set limits 50-95%) with the option for manual correction in MBW versus automated
analysis of SIIIDTG (pre-set limits 60-90%) with custom software).

The observed variability of the DTG-SBW parameters appeared to be to some extent explained by the
variability of the uncontrolled breathing manoeuvre, i.e. flow rate, VT or individual lung volume. Therefore,
we also considered a volume correction for SIIIDTG (SIIIDTG x VT) as proposed by SINGER et al. [8]. Due to
the fact that healthy and COPD subjects had comparable VT around 1 L (mean VT 1.05 L in both groups),
the correction factor (VT) was close to 1 and had only minor impact on phase IIT slope estimates. The
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FIGURE 4 Reproducibility of main washout parameters. Means of a, b) lung clearance index (LCI), ¢, d) conductive
ventilation inhomogeneity (Scond) x tidal volume (VT), e, f) acinar ventilation inhomogeneity (Sacin) x VT, and phase III
slope of g, h) nitrogen single-breath washout (dN,_) and i, j) dual tracer gas single-breath washout (SIIIDTG) plotted per
test occasion and subject in a, ¢, e, g, i) healthy adults and b, d, f, h, j) chronic obstructive pulmonary disease patients.
Intraindividual changes between visits (baseline, 1 week, 1 month and 6 months) are tracked via connecting lines.

variability of SIIIDTG could not be reduced by this volume correction. This is in accordance with the finding
that, for all phase III slope indices in our study, the proposed volume correction (multiplication by V) did not
improve reproducibility. Thus, variability of VT alone seems not to explain variability of phase III slope indices.

According to our calculated model, the greatest part of the variability in DTG indices is explained by
clustering within subjects, not by the breathing pattern itself. Breathing pattern and lung volumes seem to
influence DTG-SBW outcomes to some extent in healthy subjects and almost not at all in COPD patients.
This reassures us that the different DTG-SBW values observed in COPD are indeed due to the underlying
pathology and not due to a difference in breathing pattern. The minor effects of VT, flow or FRC in healthy
adults (or of VT in COPD) do not seem clinically relevant in the physiological range of tidal flow and VT
(online supplementary fig. 5). It may be of interest to study this aspect in a more systematic approach
performing different breathing manoeuvres in the same subjects.
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The calculation of the coefficient of repeatability provides clinically important data helping to interpret
changes in measures of ventilation inhomogeneity over time: in healthy subjects, the coefficient of
repeatability for LCI was between 0.83-0.96. Translated into clinical conditions, this means that the limit of
agreement was within 1 unit and a difference >1 between two LCI measurements (corresponding to a
change over 12-14% of mean LCI) suggests a significant change of this parameter. Similar data on LCI
reproducibility have been reported using the same device in children with cystic fibrosis and healthy
controls [35]. In COPD patients, the coefficient of repeatability of ventilation inhomogeneity indices was
generally higher due to presumably higher variation of lung function in obstructive lung disease. In
clinically stable COPD patients LCI may vary by 2-3 units (18-28%) across 6 months.

Limitations

We acknowledge that we have measured only a small group of COPD patients not matched for age and sex
with our healthy subjects. The latter factors could have influenced the comparison of ventilation
inhomogeneity indices between groups. Further longitudinal data in larger cohorts are required to adjust for
possible age confounding and to better characterise the variability in chronic lung disease.

Due to the clinical and empirical approach of our study, it was not possible to determine the exact location
of regional ventilation inhomogeneity leading to altered DTG-SBW parameters in COPD or to provide a
definite physiological interpretation of the DTG-SBW signal. Thus the predictive value of DTG indices for
structural airway changes needs to be determined.

Another limiting factor of our study is the use of the potent greenhouse gas SFs. Due to shorter test
duration and the absence of a vital capacity manoeuvre in the tidal DTG-SBW, the overall consumption of
SEg is considerably lower compared with conventional SBW and MBW tests.

Conclusion

SIIDTG as a potential marker of acinar ventilation heterogeneity seems attractive as its natural variability is
considerably lower than that of, for example, Scond and Sacin in adults with and without COPD. Change in
SIIIDTG >68% across 6 months exceeds natural variability (coefficient of repeatability) and thus is clinically
relevant, with 95% probability. The DTG-SBW is feasible and reproducible in healthy subjects as well as in
patients with COPD, and can be performed with commercially available hardware. The short test time and
the absence of controlled breathing manoeuvres are further advantages. However, custom software is
required for analysis. The DTG-SBW may play a future role in early and specific disease detection (e.g.
bronchiolitis obliterans and phenotyping of early COPD), monitoring of diseases with small airway
dysfunction (e.g. asthma) or as outcome parameters in drug trials to improve small airway function.
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