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This article has an online data supplement.

Abstract

Rationale

The lung clearance index (LCI) is increasingly being used in the clinical surveillance of
patients with cystic fibrosis (CF). However, there are limited data on long-term

variability and clinically relevant changes in LCI during routine clinical surveillance.

Objectives

To evaluate long-term variability of LClI and propose a threshold for a physiologically

relevant change.

Methods

Children with CF aged 4-18 years performed LCI measurements every three months
as part of routine clinical surveillance during 2011-2020 in two centers. The
variability of LCI during periods of clinical stability was assessed using mixed-effects

models and was used to identify thresholds for clinically relevant changes.

Results

Repeated LCI measurements of acceptable quality (N= 858) were available in 100
patients with CF, for 74 patients 399 visits at clinical stability were available.
Variability of repeated LClI measurements over time expressed as coefficient of
variation (CV%) was 7.4%. The upper limit of normal (ULN) for relative changes in LCI

between visits was 19%.

Conclusion
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We report the variability of LCI in children and adolescents with CF during routine
clinical surveillance. According to our data, a change in LCI beyond 19% may be
considered physiologically relevant. These findings will help guide clinical decisions

according to LCI changes.

Introduction

The multiple breath washout (MBW) is a sensitive method to detect early small
airway disease in patients with cystic fibrosis (CF) [1]. The main outcome parameter,
the lung clearance index (LCl), quantifies the efficiency of gas distribution within the
lungs. Muco-obstructive lung disease in the small airways leads to uneven gas
distribution, reflected by an elevated LCI [2-4]. Despite being a sensitive and feasible
parameter in the assessment of CF lung disease [2, 5, 6], lacking knowledge on
clinically relevant changes in routine measurements limits its clinical application [7,

8].

Short-and mid-term variability of LCI has been examined previously and has reported
changes in LCl above 17-27% to be considered clinically relevant [8-10]. However,
these studies generally included small numbers, narrow age ranges, or did not
include data from clinical routine visits and did not extend beyond two years of
observation time, which limits their direct application in clinical settings. As LCI has
been shown to increase with age [11], it is important to know how variability of LCI
evolves in routine clinical measurements extending beyond two years of observation
time. In addition, the recently described substantial sensor-crosstalk error in a
commercially available and widely used multiple-breath washout (MBW) device

(Exhalyzer D, Eco Medics AG, Duernten, Switzerland) and its associated software
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Spiroware 3.2.1 [12] could highly influence short,-mid and long-term variability of LCI
and limits the comparability of older variability analyses for current measurements

with the updated software version Spiroware 3.3.1.

Since 2011, we have collected quarterly MBW measurements in children with CF as
part of the routine clinical surveillance program at the University Children’s Hospitals
Bern and Zirich. We reanalyzed every measurement in the corrected and updated
software version Spiroware 3.3.1. We aimed to evaluate the long-term variability of
LCI and define thresholds for physiologically relevant changes in LCI from MBW

measurements collected in the clinical setting.

Methods

Study design

This was a longitudinal, observational, multi-center study in children with CF
between four to 18 years attending quarterly outpatient clinical surveillance visits at
the Bern University Children’s Hospital, Switzerland, and the Zurich University
Children’s Hospital, Switzerland, between 01/01/2011 and 01/01/2020 (STROBE
guidelines [13] in Online Supplement). Written informed consent was obtained from
patients and caregivers and the study was approved by the local ethics committees

(EKNZ 2017-00088).

Clinical data in children with CF

Clinical data and information on respiratory symptoms were collected at outpatient
visits conducted by a pediatric pulmonologist in a standardized way. Data analysis

was performed retrospectively by structured chart review. Pulmonary exacerbations
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were defined if at least two of the modified Fuchs criteria (change in sputum volume
or color, increased cough, increased malaise, fatigue or lethargy, anorexia or weight
loss, increased dyspnea or decrease in FEV; > 10%) provided by the EuroCareCF
working group were present (see Online Supplemental). [14]. Pulmonary
exacerbations were assessed independently of the consecutive treatment decision.
Further, we assessed whether the definition of clinical stability by the modified Fuchs
criteria influences variability by calculating variability indexes for visits without

respiratory symptoms (cough-negative visits).

Lung function

Nitrogen MBW tests were performed in routine clinical surveillance using the
Exhalyzer D MBW device (Eco Medics AG, Duernten, Switzerland) and reanalyzed
using the most recent Spiroware software version 3.3.1 according to current
consensus [12, 15] (For further details, see Online Supplemental). Spirometry (Jaeger
MasterScreen, CareFusion, Hochberg, German) was performed after MBW following

ATS/ERS guidelines [16, 17].

1.1.1 Statistical analysis

To determine long-term variability of LCI in the overall cohort, we included only
patients contributing at least two consecutive visits (8-16 weeks apart, reflecting a

standard routine observation interval).

To determine variability in clinically stable patients, we included only patients with at
least one period at clinical stability, defined as at least two consecutive visits (8-16
weeks apart) without pulmonary exacerbations (Figure 1). We used mixed-effects

linear regression models to calculate variability for LCl and FEV; indices (Table E1),
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corrected for correlation of repeated measurements within individuals (see Online
Supplemental). To assess variability for absolute changes in LCI, linear mixed models
were fitted for absolute differences of subsequent measurements to obtain mean
and standard deviation and the coefficient of repeatability (CR). We used the
estimated intercept and residual standard deviation to calculate the coefficient of
variation (CV%) and intraclass correlation coefficient (ICC). To assess variability for
relative changes in LCI, we calculated upper limit of normal (ULN) for relative
differences (95% quantile of a normal distribution), based on a log-linear model,
indicating a threshold below which 95% of the relative differences are expected to
fall. Changes above these thresholds could be considered beyond test variability and

thus physiologically relevant.

As one considers visit-to-visit changes within individuals in clinical practice, we
explored between-visit changes in LCI for each patient individually. We calculated
ULN for relative changes for every patient with at least two or at least three
consecutive stable visits. These limits are the variance of the log-transformed
outcome (LCl) and the 95% quantile of a normal distribution. They represent the
threshold below which 95% of relative differences between measurements in a given
patient are expected to fall; thus indicating changes above this threshold being
clinically relevant for this patient. Statistical analyses were performed using Stata

16.0 (StataCorp 2019), graphs created using Stata 16.0 or Graph Pad Prism.
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Results

1.1.2 Study population

One hundred children with CF (Bern: N=75, Zurich: N=25) between four and 18 years
were followed clinically and performed MBW measurements between January 2011
and January 2020. Only nine patients were on highly effective modulator therapy (2
Ivakaftor, 7 lvakaftor/Tezakaftor). Each patient was followed clinically for an average
of 4.8 years (range 0.2 — 8.2 years). The feasibility of MBW measurements was 83%
(1188/1428 visits). In total, 858 visits from 100 patients met the inclusion criteria of
at least two consecutive measurements 4-16 weeks apart (Figure 1). From these
data, 533 (62%) visits were at clinical stability and 325 (38%) were during pulmonary
exacerbations. Seventy-four patients contributed at least one period of clinical
stability (> 2 visits without pulmonary exacerbation), leading to 147 stable periods
(duration on average 28 weeks (range 8.8 — 80.9 weeks, consisting of 2-7 visits).
Number of visits and patients contributing to a stable period are summarized in

Supplemental Figure 1. Demographical characteristics are summarized in Table 1.

Long-term variability of LCl and clinically relevant changes

Variability for repeated LCI measurements for the overall CF cohort and only for
patients at clinical stability is summarized in Table 2. The absolute mean difference in
LCI between visits was 0.1 LCI units (1.1 SD) for all visits and 0.02 (0.6) for clinically
stable periods, which indicates a high reproducibility of quarterly LCI measurements.
The ICC (range 0-1) was 0.8 for all visits and 0.9 for clinically stable periods, reflecting

high similarity between measurements within one individual. The variability around
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the mean LCI across all patients over the entire study period is quantified by the CV.

The CV in our dataset was 9.8% in all visits and 7.4% in clinically stable periods.

For absolute changes in LCI, the CR indicates a threshold below 95% of the absolute
differences between measurements are expected to fall. In clinically stable CF
patients, CR was 1.4 LCI units, suggesting that a change higher than 1.4 LCI units

should be considered to be above test variability.

In clinically stable CF patients, we found the upper limit of normal for relative
changes in LCl to be 19%, suggesting that relative changes above 19% should be
considered to be above test variability and thus physiologically relevant. Including
only patients with longer observation periods (23 visits) resulted in slightly lower
variability with a ULN of 17% for relative changes between visits. Considering only
cough-negative visits as clinically stable led to comparable variability indexes with a

ULN for relative LCI changes between visits of 22%.

Variability of LCI within centers (Bern and Zurich) was comparable, however slightly

lower in Zurich (Supplemental Table E2).

Variability of LCI for individual patients

Between-visit changes in LCI for individual patients expressed as relative change
(calculated as upper limit of normal (95% quantile)) showed a wide range between
0.02 and 76% in patients with two measurements (Figure 2a). When including only
patients with longer periods of LCl data at clinical stability (three or more
consecutive visits) (Figure 2b), the range of individual variability decreased to

between 1.4 and 37%.
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Interpreting LCl in absolute or relative changes

Figure 3a shows a weak dependency of the within-subject between test SD of
absolute LCI changes on the magnitude of LCI (r’=0.1, p< 0.001). Within-subject
between test SD of relative changes in LCI showed no association with the magnitude
of LCI (r’=0.001, p= 0.71)(Figure 3b). Hence, interpretation of LCI as relative changes
between visits is favorable being independent of the magnitude of LCI and thus
applicable over the whole spectrum of LCI values. Within-subject between-test
variability was independent of the within-subject within-test variability

(Supplemental Figure 2), as the weak association is mainly driven by outliers.

Long-term variability of spirometry in comparison to LCI

Variability of repeated spirometry measures for the overall CF cohort and only for
patients at clinical stability is summarized in Supplemental Table E3. The ICC for FEV;
z-scores (ICC 0.9) indicates high correlation between individual measurements.
Variability around the mean FEV; across all patients over the entire study period was
8.3% CV (clinically stable periods), compared to 7.4% for LCl. The CR for absolute
FEV; changes at clinically stable periods (in z-scores) was comparable to LCI (FEV; 0.9,
LCI 1.4). ULN for relative changes in FEV; was 16% (clinically stable periods)

compared to 19% for LCI.

Discussion

In this study, we assessed variability in LCI measured in clinical routine with an
observation period extending beyond twelve months and covering the whole age

range from early childhood into adolescence in a large dataset of children with CF
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from two tertiary centers. We provide a comprehensive summary of LCl variability
measures and recommendations on how to interpret between visit changes in
clinical routine. We suggest that a 19% relative change in LCl between visits is

beyond test variability and thus can be considered physiologically relevant.

Comparison with literature

We report the variability of LCI in children with CF over a wide age range in the
clinical setting before the era of CFTR modulators started [18, 19]. A small number of
studies have assessed the variability of LCI in children with CF and healthy controls in
specific age groups or over one year (Table E4) [8-10, 20, 21] but not over a large age
range with long-term follow up as in this study. In our clinical dataset, we could
replicate the findings of previous research surveillance studies, which allows for a
more broad application of these data. In addition, we analyzed our data in the
updated Spiroware software 3.3.1 which is corrected for the recently described
sensor error [12]. Our findings are comparable to a recently published study
reanalyzing clinical trial data in Spiroware 3.3.1 reporting an upper limit for relative

changes in LCl of 23.4% [22].

To assess changes in LClI beyond test variability that can be considered clinically
relevant, we only included patients at clinical stability, i.e. free of pulmonary
exacerbation. While defining pulmonary exacerbations in children is challenging [23],
various studies have clearly shown that lung function worsens during pulmonary
exacerbations [24-30]. We could show that depending on how rigid an exacerbation
was defined and which criteria were used (modified Fuchs criteria, cough negative

visits, patients contributing at least three stable visits), variability of LCI changed
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slightly, with the highest CV of 9.8% for the overall cohort (including patients with
exacerbations) and the lowest CV of 6.9% for those patients with at least 3
consecutive visits and excluding exacerbations based on modified Fuchs criteria.
These findings raise the question of whether the modified Fuchs criteria may be too

strict for the evaluation of stability in clinical routine.

For absolute changes in LCI between visits, we report 1.4 LCI units to be beyond test
variability and thus clinically relevant. However, as we found variability of absolute
LCI values to be dependent on its magnitude, we recommend interpreting LCl as
relative change between visits (Figure 3) [8, 31]. Thus, in clinical practice, we suggest
a 19% change in LCI to be clinically relevant and beyond test variability. Our findings
are in line with a large study conducted on CF and healthy subjects [8], which

underlines the applicability of our data on a wide spectrum of CF patients.

As clinicians are considering visit-to-visit changes for each patient separately in
routine surveillance, we calculated for each individual patient his ULN for relative
changes as a potential individual threshold. The high variability we found between
individuals appears to be inflated by the inherent sampling variation based on the
inclusion of patients contributing only two or three measurements for the calculation
[32]. This is further supported by the finding that the ULN for relative changes
between visits for the overall population decreases from 19% to 17% when only
including patients with >3 visits. However, the higher variability in some individuals
might also reflect a signal, i.e. individuals with higher variability have a less stable
status of their underlying lung disease. To assess whether individual variability is an

indicator of disease status not captured by other clinical signs and symptoms or
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based on systems dynamics [33], longitudinal studies combining imaging, lung
function, and assessment of lower respiratory tract inflammation and infection with
longer observation periods are needed to understand the exact cause of this
variability. Until further insight into individual variability is provided, we propose, in
clinical surveillance, our population-derived limit of 19% change in LCl being
considered physiologically relevant but as suggested by Perrem et al., an increase in
LCI should always be reviewed in the context of clinical signs and symptoms [34]. An
increase in LCl can result from functional (e.g. mucus plugging) or structural
impairment within the lungs (e.g. chronic infection leading to bronchiectasis) [2, 4,
35, 36]. If pathological processes are detected, clinicians should consider intensifying
and adapting treatment. While population limits might have limited sensitivity in
some patients, we still think that our findings are representative of most CF patients
as our data emerges from a broad sampling population covering the whole age range

from childhood into adolescence with varying disease severity.

Strengths and limitations

The main strengths of the present study are the wide age range of the participants,
long periods of follow-up, and the clinical dataset, which allows for a broad
application of our findings. We used a commercially available MBW device to
perform measurements, applied strict quality control [37-40], and analyzed all data
using the corrected commercially available software version Spiroware 3.3.1 to
obtain high-quality MBW results. Further, we only included visits during intervals of
clinical stability to define clinically relevant changes in LCl. The main limitations of

our study are not uncommon in clinical datasets: Patients contributed different
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periods of surveillance and visit intervals, physicians were not blinded to LCI results
at the clinical visit, and different staff collected MBW data. With our statistical
approach of using mixed models the influence of variation in surveillance is
minimized. Further, the lack of a healthy control group limits our interpretation of
whether the observed variability truly reflects a change in disease state. However,
current literature showed that the biological variability of LCI is similar between
health and CF and that changes above can be interpreted as clinically meaningful

with similar thresholds as in our study [34, 41].

Clinical relevance

Data on variability and clinically relevant changes are essential for the use of LCl in
the clinical surveillance of CF lung disease and to guide therapeutic decisions [19].
This study adds important data on the variability of LCI in routine clinical surveillance.
Our results emerge from a heterogeneous pediatric CF population across all age
groups, allowing the direct comparison and application of our findings with CF
patients across most CF clinics. These data can also assist in the design of
interventional trials using LClI as an efficacy endpoint. With the continuous
improvements in CF care with subsequent preservation of lung function, our results
add important information for the implementation of LCI as an additive outcome to

traditional lung function parameters [42-44].

Outlook

Our findings need to be validated in a prospective observational study whereby
clinicians are blinded to LCI results and pulmonary exacerbations are assessed
prospectively using clearly defined criteria. The collation of large datasets from
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multiple centres could also help to provide robust limits of variability for the
interpretation of LCI [45]. To determine the pathophysiological origins of individual
LCI variability, longitudinal comparison with structural and/or functional imaging
methods [24, 36], various lung function parameters, and assessment of lower
respiratory tract inflammation and infection are needed. Further, it will be crucial to

assess how variability of LCI changes in cohorts receiving CFTR modulator therapy.

Conclusions

We provide comprehensive data on the variability of LCI measured in routine clinical
surveillance of children with CF during periods of clinical stability. We recommend
that a relative change in LCI beyond 19% should be considered physiologically

relevant. Thus, our findings will help guide clinical decisions according to LCI changes.
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Figures

Figure 1 Study population and patient selection. For 108 patients 1428 clinical visits
along with matching MBW were available. Of these, 240 (17%) needed to be rejected
as MBW was not meeting quality control criteria. For 100 patients at least two visits
8-16 weeks apart with good quality MBW were available. To calculate variability
measures, at least two visits at clinical stability 8-16 weeks apart were needed for
further inclusion, clinical stability was defined according to the modified Fuchs

criteria [1].

108 patients

1428 clinical visits - ,| 240 visits primarily excluded due

to poor MBW quality (17%)

Inclusion criteria for overall
clinical cohort:
Patients contributing = 2
consecutive visits 8-16 weeks
apart with good quality MBW
-> Exclusion of:

- 8 patients (7%)

- 330 visits (28%)

100 patients (93%)
858 visits (72%)

Inclusion criteria for stable
cohort:

Patients contributing >2
consecutive visits at clinical
) st bility 8-16 weeks apart with
good quality MBW

Excluded:
- 26 patients (26%)
- 459 visits (53%)

74 patients (74%)
399 visits (47%)

This article is protected by copyright. All rights reserved.

85U8017 SUOWIIOD BAIEs.D 8|qed!|dde 8Ly Aq pauseno ae sapie YO ‘88N JO Ss|n. 10} ArIqIT8UIIUO /8|1 UO (SUORIPUOD-PUB-SWLBY/WIOD" A3 1M ARe.d pul|U0//Sd1Y) SUORIPUOD pUe S | 8y} 885 *[220z/0T/8T] Uo Arigiauliuo (1M ‘uled TeyseAIuN AQ 08T9Z' Indd/Z00T 0T/10p/Lui0o A8 |1m Areiq1jpuljuo//sdny wiouy pepeojumoq ‘ef ‘9610660T



Figure 2 a) Individual heterogeneity in limits for relative changes in LCI between
visits. Figure a) shows all patients contributing at least 2 visits to a stable period,
Figure b) only patients contributing at least 3 visits. Bars represent the individual
limits for relative changes at periods of clinical stability ( Figure a) N=147, Figure b)
N=64); Individual limits for relative changes at clinical stability range from 0.02% to
76% when including patients with at least 2 stable visits, the range of variability
decreases when including only patients contributing at least 3 visits at stability ( 1.4%
to 37%). Individual limits reflect a threshold below which 95% of the relative changes
of LCI between visits are expected to fall for the corresponding individual, thus
changes above being physiologically relevant for this individual. Dotted line indicates
the population-derived physiologically relevant threshold of 19% change in LCI in CF
patients at clinical stability. Abbreviations: LCI: lung clearance index. b) Individual
heterogeneity in limits for relative changes in LCI between visits. Figure a) shows all
patients contributing at least 2 visits to a stable period, Figure b) only patients
contributing at least 3 visits. Bars represent the individual limits for relative changes
at periods of clinical stability ( Figure a) N=147, Figure b) N= 64); Individual limits
for relative changes at clinical stability range from 0.02% to 76% when including
patients with at least 2 stable visits, the range of variability decreases when including
only patients contributing at least 3 visits at stability ( 1.4% to 37%). Individual limits
reflect a threshold below which 95% of the relative changes of LCI between visits are
expected to fall for the corresponding individual, thus changes above being
physiologically relevant for this individual. Dotted line indicates the population-
derived physiologically relevant threshold of 19% change in LCI in CF patients at
clinical stability. Abbreviations: LCI: lung clearance index
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Figure 3 a) Dependency of within-subject between visit standard deviation of absolute
LCI changes on the magnitude of LCI. Within-subject between visit standard
deviation of absolute LCI changes is weakly dependent on the magnitude of LCI (r2=
0.1, p< 0.001). Average LCI reflects mean LCI per patient. Abbreviations: SD:
Standard deviation, LCI: lung clearance index. b) Dependency of within-subject
between visit standard deviation of relative LCI changes on the magnitude of LCI.
Within-subject between visit standard deviation for relative LCI changes is
independent on the magnitude of LCI (r2= 0.006, p= 0.2). Average LCI reflects mean
LCI per patient. Abbreviations: SD: Standard deviation, LCI: lung clearance index
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Table 1: Participant demographics at baseline visit

CF overall cohort CF stable cohort

Subjects (n) 100 74
Visits (n) 858 399
Female: n (%) 56 (56) 44 (60)
Age (years) 9.1(4.2;18.3) 11.7 (4.2; 19)
Weight (z-score) -0.2 (-4.0;2.5) -0.2 (-2.4; 2.5)
Height (z-score) -0.2(-4.1; 2.4) -0.4 (-3.2; 2.4)
BMI (z-score) -0.1 (-2.8; 2.2) 0.0 (-2.6;2.2)
FEV; (z-score) -0.7 (-5.2; 2.1) -0.8 (-4.2; 2.1)
LCI 2.5% (units) 8.1 (5.5; 15.0) 7.7 (5.5; 14.1)
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FRC (L) 1.2 (0.5; 3.3) 1.3 (0.5; 3.4)

CFTR function

Minimal 90 (90) 66 (89)
Residual 10 (10) 8 (11)
Pancreatic
function
Insufficient 93 (93) 71 (96)
Residual function 7(7) 3(4)

Summary of participant demographics. Data are presented as absolute numbers (%) and
as median (range). Children included attended three monthly routine care in the centers
Bern and Zurich presented for the overall population and those contributing clinically
stable periods. CFTR classifications were considered as minimal and residual function
according to cftr2.org [1]. Abbreviations: CF: Cystic Fibrosis; BMI: Body mass index;
FEV:: forced expiratory volume in one second; LCI: Lung clearance index; FRC:
Functional residual capacity. CFTR: Cystic Fibrosis Transmembrane Conductance
Regulator.

1. The Clinical and Functional TRanslation of CFTR (CFTR2); available at
http://cftr2.org.

@ Copyright 2011 US CF Foundation, Johns Hopkins University, The Hospital for
Sick Children. Date last accessed.
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Table 2: Longterm variability of LCI

Dataset N N Mean absolute 1CC %CV CR ULN
Difference (SD) %change
(subjects) (visits)
(95%
guantile)

CF stable cohort 74 399 0.02 (0.6) 09 74 14 19

CF overall cohort 100 858 0.1(1.1) 08 98 19 24
Cough negative 74 411 0.06 (1.0) 09 88 17 22
Patients

contributing >3 47 233 0.03 (0.7) 09 69 12 17
visits

Summary of variability measures for repeated clinical LCl measurements.
Variability was assessed at three monthly visits either at clinical stability, including all
data or during cough negative periods using the residual standard deviation from the
random effects of a mixed-effects model to account for repeated measures in each
subject. To assess the impact of visits contributed, variability measures were also
calculated for patients contributing >3 visits. Abbreviations: CF: Cystic Fibrosis; LCI:
Lung clearance index; SD: standard deviation; ICC: intraclass correlation coefficient;
CV%: coefficient of variation; CR: coefficient of repeatability; ULN: upper limit of
normal (95% quantile), % changes refer to relative changes between visits.
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