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Abstract 

Objective: 

The lung clearance index (LCI) is responsive to acute respiratory events in preschool children 

with cystic fibrosis (CF) but its’ utility to identify and manage these events in school-age 

children with CF is not well defined.   

Methods: 

In a multisite prospective observational study, LCI and forced expiratory volume in 1 second 

(FEV1) were measured quarterly and during acute respiratory events. Linear regression was used 

to compare relative changes in LCI and FEV1 % predicted at acute respiratory events. Logistic 

regression was used to compare the odds of a significant worsening in LCI and FEV1 % 

predicted at acute respiratory events. Generalized estimating equation models were used to 

account for repeated events in the same subject. 

Results: 

A total of 98 children with CF were followed for two years. There were 265 acute respiratory 

events. Relative to a stable baseline measure, LCI (+8.9%; 95% CI 6.5 to 11.3) and FEV1% 

predicted (-6.6%; 95% CI -8.3 to -5.0) worsened with acute respiratory events. A greater 

proportion of events had a worsening in LCI compared to a decline in FEV1% predicted (41.7% 

vs 30.0%; p=0.012); 53.9% events were associated with worsening in LCI or FEV1. Neither LCI 

nor FEV1 recovered to baseline values at the next follow-up visit.  

Conclusions: 

https://www.atsjournals.org/
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In school-age children with CF, LCI is a sensitive measure to assess lung function worsening 

with acute respiratory events and incomplete recovery at follow-up. LCI and FEV1 in 

combination capture a higher proportion of events with functional impairment.  

 

Abstract word count: 245  

Keywords: cystic fibrosis, pulmonary exacerbations, acute respiratory events, lung clearance 

index, multiple breath washout test, children 

 

 

At A Glance 

Scientific knowledge: 

The lung clearance index (LCI) has been shown to worsen with acute respiratory symptoms and 

to detect treatment effects in preschool children with CF. However, it is unclear whether there is 

any benefit to using LCI to monitor acute respiratory events in school-age children with CF. 

 

What this study adds to the field: 

This prospective observational study shows that LCI is responsive to the spectrum of acute 

respiratory events in school-age children with CF and is more sensitive than FEV1 to identify the 

events with the mildest clinical phenotype. LCI is sensitive to detect incomplete lung function 

recovery at follow-up. LCI captures functional abnormalities in more acute respiratory events 

than FEV1 but the results are discordant, which suggests that using both outcome measures 

together is superior to using either measure alone. 
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Introduction 

 

Cystic fibrosis (CF) is characterized by progressive obstructive lung disease which is the major 

cause of disease-related morbidity and mortality (1). Pulmonary exacerbations, episodes of acute 

worsening of respiratory symptoms, directly contribute to disease progression (2–5). The clinical 

impact of severe exacerbations on disease progression is well described in the CF literature (5–

8). In children, severe exacerbations are relatively rare and the majority of respiratory events are 

treated with oral antibiotics on an outpatient basis (8–10). However, there is also evidence that 

these milder events are important in affecting long term outcomes (4, 10). 

 

Respiratory events in children present with a wide spectrum of clinical symptoms and there is no 

established definition of a mild pulmonary exacerbation (11–13). Distinguishing self-resolving 

viral infections from more serious lower respiratory tract respiratory events can be difficult and 

physicians typically have a low threshold to prescribe antibiotics. This results in highly variable 

management strategies among providers and CF centers (14).  

Spirometry is currently the only objective physiological measure to guide treatment decisions in 

school-age children. Acute changes in FEV1 usually trigger antibiotic treatment but the majority 

of mild respiratory events do not have significant spirometry changes (11).  

 

The Lung Clearance Index (LCI), the primary outcome of the multiple breath washout (MBW) 

test, measures ventilation inhomogeneity. LCI, an established outcome measure in interventional 

trials (15–17) correlates with bronchiectasis on chest computed tomography scans and with 

measures of inflammation on bronchoalveolar lavage samples (18–20). We have recently shown 

that LCI worsens during acute respiratory events and detects treatment effects in preschool CF 
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children (21). However, it is unclear whether there is any additional benefit to using LCI to 

monitor changes in lung function with acute respiratory symptoms in school-age children. In this 

prospective longitudinal observational study, we aimed to describe changes in LCI with acute 

respiratory events in school-age children with CF. 

Some of the results of this study have been previously reported in the form of abstracts (22, 23).  

 

 

Methods: 

Study Design  

This was a prospective longitudinal study in school-age children with CF at the Hospital for Sick 

Children, Toronto and Riley Hospital for Children, Indianapolis. The ethics committee of each 

institution approved the study and parents gave written informed consent to participant. Further 

details of the eligibility criteria are presented in the online supplement. 

 

Participants attended a study visit at enrolment and every 3-months subsequently for two years in 

keeping with routine clinical follow-up. Participants notified the research team if they 

experienced new or worsening respiratory symptoms and were invited to attend an additional 

symptomatic study visit.  At each study visit, a clinical history and physical exam were obtained 

by a CF physician. The visit was classified as stable if the participant was judged to be at their 

baseline clinically or as symptomatic if increased symptoms and/or signs were present.  
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Categorization of acute respiratory events 

The term acute respiratory event refers to any symptomatic visit regardless of whether treatment 

was administered. The categorization of acute respiratory events is outlined in Table 1. Given the 

lack of a standardized definition of acute respiratory events in clinical practice, they were 

categorized based on treatment status so that we could evaluate the LCI treatment response at 

follow-up. Acute respiratory events treated with antibiotics were called pulmonary 

exacerbations. Pre-treatment with antibiotics could have impacted the magnitude of LCI change, 

therefore, if antibiotics were initiated before the clinic visit the pulmonary exacerbation was 

categorized as “already treated”. In addition, we defined unobserved pulmonary exacerbations as 

acute respiratory events that were treated with antibiotics, usually over the phone, and symptoms 

were resolved before the next study visit. 

 

Acute respiratory events that were not treated with antibiotics were categorized as increased 

cough events.  The term ‘persistent symptoms’ was used for participants with a subacute onset of 

respiratory symptoms or symptoms that lingered for at least two weeks after completing a course 

of antibiotics.  

 

Baseline was defined as the most recent stable visit prior to an acute respiratory event (further 

details in the OLS). The term “enrolment” was used to describe the status of the subject at study 

entry. Follow-up was defined as the next study visit. 

At the end of the data collection period, all symptomatic visits were categorized by one 

investigator (LP) and reviewed by a second reviewer (FR); disagreements were discussed, and 
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consensus was achieved in all cases. All clinical and research documentation was reviewed when 

categorizing study visits and LCI measurements were not considered during the process. 

 

Study Outcomes 

Nitrogen MBW was performed using the Exhalyzer D (Ecomedics, Duernten, Switzerland) 

device in accordance with standardized protocols based on the American Thoracic and European 

Respiratory Societies (ATS/ERS) consensus statement (24). Spirometry was performed 

according to ATS/ERS guidelines (25). Percent-predicted values were calculated using the 

Global Lung Function Initiative reference equations (26). Physicians used spirometric 

measurements to inform treatment decisions but were blinded to the LCI results.  

The Cystic Fibrosis Questionnaire-Revised (CFQ-R) (Respiratory Domain only) was completed 

by the participant (versions 6 to 13 years or 14 years) or the parent (for children 13 years) at 

each visit.  

 

 

Statistical Analysis 

All statistical analysis was performed in Stata V.14 (StataCorp, College Station, TX, USA). 

Descriptive statistics were used to summarize demographic and clinical features. Univariate 

logistic regression within a generalized estimating equation (GEE) model was used to investigate 

clinical factors associated with the odds of antibiotic treatment.  

All the analysis was based on LCI2∙5, which represents the number of lung volume turnovers 

required to reduce the tracer gas concentration to 2∙5% of its initial concentration. The relative 

change in LCI and FEV1 was calculated for each acute respiratory event compared to a 
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participants’ baseline (i.e. the most recent stable visit within the last six months). The correlation 

between relative changes in LCI and FEV1% predicted at each acute respiratory event was 

calculated using a Pearson correlation. Relative changes in LCI (and FEV1% predicted) from 

baseline were compared between the categorized events using a linear regression within a GEE 

model, where the relative change between two stable visits was the reference group. We 

performed a sensitivity analysis limiting the analysis to include only the first acute respiratory 

event per participant.  

LCI can change by approximately 15% between visits in health (29–31), and FEV1 has a similar 

degree of variability (30, 32). Given that a 10% drop in FEV1% predicted is generally considered 

meaningful in clinical practice (33, 34), we compared LCI and FEV1% predicted using a 10% 

threshold. As a sensitivity analysis, we compared LCI and FEV1% predicted at a 15% threshold. 

Logistic regression within a GEE model was used to compare the odds of a 10% worsening in 

either outcome measure.  Logistic regression within a GEE model was also used to compare the 

odds of 90% recovery of LCI and FEV1% predicted to baseline at the first stable visit following 

an acute respiratory event.   

 

 

Results 

Patient characteristics 

Eight hundred and sixty-four visits, which included 529 stable visits, from 98 participants with 

CF were included in this study (Figure 1). Of the 265 acute respiratory events in the study, 180 

events had a stable baseline LCI and FEV1 measurement. 161 acute respiratory events had both a 

stable baseline and at least one follow-up study visit after the event. The demographic 
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characteristics at enrollment are shown in Table 2.  The mean age of the study population at 

enrollment was 9.6 years (range 5 to 16.8 years) and approximately half were diagnosed by 

newborn screening (Table 2). FEV1 was in the normal range, greater than the age-specific lower 

limit of normal, for the majority of participants (90.8%), whereas 66.3% had an abnormal 

enrolment LCI  (>7.91 units)(26, 35). Participants were followed for a median (IQR) of 2 years 

(1.9 to 2.0) and attended a median (IQR) of 9 (8 to 10) study visits over the 2-year follow-up. We 

captured a median (IQR) of 3 (2 to 4) symptomatic and 6 (4 to 7) stable visits per participant. 90 

(91.8%) of participants had at least one captured acute respiratory event during the study period. 

In addition to the captured pulmonary exacerbations, there were 136 unobserved pulmonary 

exacerbations.  

 

Characteristics of acute respiratory events 

The median (IQR) acute respiratory event rate was 2.0 events per year (1.4 to 3.1). Overall, 

62.2% (n=165) of acute respiratory events were treated with antibiotics. The median (IQR) 

pulmonary exacerbation rate, including all observed and unobserved acute respiratory events that 

were treated with antibiotics, was 1.5 events per year (0.64 to 2.5). The median increased cough 

event rate was lower at 0.48 events per year (0 to 0.52).  

There was a similar proportion of captured pulmonary exacerbations in Toronto and Indianapolis 

(61.3% versus 72.9%; p=0.11) but there were more unobserved pulmonary exacerbations in 

Indianapolis (28.2% versus 35.8% versus; p=0.045). Overall, the median rate of acute respiratory 

events was similar for the Toronto and Indianapolis sites (2.0 versus 2.4 events per year; 

p=0.66). 
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Clinical features observed with acute respiratory events are displayed in Table 3. Features of 

severe exacerbations, such as hemoptysis (2.3%), losing 5% of body weight (2.3%) and new 

lobar infiltrates on chest radiograph (1.5%) were rare. Compared to the untreated acute 

respiratory events, pulmonary exacerbations had worse respiratory symptoms as reflected in the 

changes in the CFQ-R Respiratory score and CRISS scores from baseline (Table 3). Pulmonary 

exacerbations also had a higher frequency of increased chest congestion or change in sputum 

(62.2%), an acute drop in FEV1 (41.4%), adventitious sounds on auscultation (29.0%) and 

increased work of breathing (11.5) associated with the acute respiratory event.  

Acute respiratory events with a reported FEV1% decline ≥10% (OR 4.3 95% CI 2.1 to 8.7), 

increased chest congestion or change in sputum production (OR 3.1 95% CI 1.9 to 5.2) or new or 

increased adventitious sounds on examination (OR 4.6 95% CI 1.9 to 11.2) were more likely to 

be treated with antibiotics. Participants were less likely to be treated if there was clinical 

evidence of upper respiratory tract symptoms (e.g. nasal congestion, sore throat, fever) (OR 0.47 

95% CI 0.29 to 0.78). 

 

Lung function changes from baseline to symptomatic visit 

Baseline measurements from the most recent stable study visit were taken a median (IQR) of 98 

days (84 to 130) before an acute respiratory event visit (see table E1 in the online supplement). 

Including all acute respiratory events, LCI increased by 8.9% (95% CI 6.5 to 11.3) or 0.87 units 

(95% CI 0.64 to 1.1) and FEV1% predicted decreased by 6.6% (95% CI -8.3 to -5.0) from 

baseline to the symptomatic visit. Adjustment for age, LCI and FEV1 at enrolment or BMI 

centile did not attenuate the association (see Supplementary table Table E2). There was also no 

significant association between positive respiratory cultures for the main CF pathogens including 
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Pseudomonas aeruginosa, Staphylococcus aureus, methicillin resistant Staphylococcus aureus or 

Haemophilus influenza and the magnitude of LCI or FEV1 change (supplemental Table E2). 

 

 

When analyzed as acute respiratory event sub-categories, the LCI changes with pulmonary 

exacerbations (9.9%; 95% CI 6.7 to 13.5 or 0.99 units; 95% CI 0.69 to 1.3), already treated 

pulmonary exacerbations (8.6%; 95% CI 3.7 to 11.4% or 0.82 units; 95% CI 0.69 to 1.3) and 

persistent symptoms (9.1%; 95% CI 1.1 to 17.0 or 0.96 units; 95% CI 0.21 to 1.7) were similar in 

magnitude to each other, but the LCI change with increased cough events (7.5%; 95% CI 3.6 to 

11.4 or 0.68 units; 95% CI 0.31 to 1.1) was less pronounced (Figure 2a and Table E3 in the 

online supplement).  

FEV1 worsened by 9.8% (95% CI -11.9 to -7.8) from baseline with pulmonary exacerbations, -

6.9% (95% CI -10.1 to -3.6) with already treated exacerbations but did not change with increased 

cough events (-2.5%; 95% CI -4.9 to 0.005) or with persistent symptoms (-2.6%; 95% CI -8.1 to 

2.9) (Figure 2b and Table E3 in the online supplement). 

 

Relationship between LCI and FEV1% predicted 

A weak correlation between LCI and FEV1% predicted was observed with acute respiratory 

events (r=0.34; 95% CI -0.47 to -0.21; p<0.001; Figure 3). The relationship between LCI and 

FEV1% predicted was weaker for increased cough events (r=-0.27 95% CI -0.50 to -0.006, 

p=0.05) than for pulmonary exacerbations (r=-0.45; 95% CI -0.60 to -0.26, p<0.001). 
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On an individual level, 53.9% (n=97) of events were associated with a 10% worsening in either 

LCI or FEV1% predicted.  A greater proportion of acute respiratory events had a 10% increase 

(worsening) in LCI compared to a 10% decline in FEV1% predicted (41.7% (n=75) vs 30.0% 

(n=54); p=0.012) (Figure 4). A similar proportion of pulmonary exacerbations were associated 

with a significant worsening in LCI and FEV1% predicted but fewer increased cough events were 

associated with a significant worsening in FEV1 (Table 4). A similar pattern was observed when 

a threshold of 15 % was used (Table 4). 

 

With a 10% change cut off, there were 115 (63.9%) concordant and 65 (36.1%) discordant acute 

respiratory events as illustrated in Figure 3. There were twice as many discordant events with a 

10% increase in LCI and a stable FEV1 compared to a 10% drop in FEV1 and a stable LCI 

(66.2% versus 33.9%). In a logistic regression analysis to investigate factors associated with 

discordant acute respiratory events, lower FEV1% predicted at enrolment was the only 

characteristic associated with discordant events (see Supplementary Table E4 OLS). 

 

 

Lung function changes from baseline to follow-up  

Including all acute respiratory events with a stable baseline and at least one follow-up visit, both 

LCI and FEV1% predicted improved from the symptomatic visit, but on a group level, neither 

measure recovered to baseline at the consecutive follow-up visit (Figure 2).  

We also investigated whether lung function recovered to baseline values once symptoms had 

resolved (i.e. at the first stable visit following an acute respiratory event).  Including all acute 

respiratory events, LCI was significantly higher (mean difference 3.0%; 95% CI 0.45 to 5.7) at 
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the first stable follow-up visit compared with baseline. In contrast, FEV1% predicted was not 

significantly different from baseline (mean difference -1.3%; 95% CI -3.0 to 0.33) (Figure 4a).  

The percentage of acute respiratory events in which lung function was 90% of baseline at the 

next stable follow-up visit is illustrated in Figure 4b; a lower proportion of acute respiratory 

events recovered  90% of baseline  LCI compared to FEV1 (75% versus 86%; p=0.006).  

 

Measurement Feasibility 

Overall, MBW was successfully performed at 96.0% (n=829) of study visits (Figure 1). MBW 

measurements were obtained at a similar proportion of stable (96.5%; n=529) and symptomatic 

(94.3%; n=265) study visits (p=0.26). 

 

Sensitivity analyses 

When the analysis of lung function changes with acute respiratory events was limited to the first 

symptomatic visit per participant, the changes in LCI and FEV1 were similar to the main analysis 

(see table E5 in the online supplement). We also included symptomatic follow-up visits as 

separate events in the analysis, but this did not meaningfully change the results (see OLS for 

further details).  

We regrouped symptomatic visits based on the duration of respiratory symptoms. The magnitude 

of FEV1 change was similar for acute respiratory events regardless of the duration of respiratory 

symptoms while there was a higher LCI associated with events with longer symptom duration.  

 (Supplemental Table E6).   
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Discussion 

In this prospective observational study of school-age children with CF, we describe the clinical 

phenotypes of acute respiratory events and their impact on lung function. All acute respiratory 

event phenotypes were associated with a significant worsening of LCI. On an individual level, 

LCI was more sensitive than FEV1 to detect functional changes with acute respiratory events. 

While LCI captured abnormalities in more acute respiratory events compared with FEV1, the 

results were discordant, suggesting that using both outcome measures combined is superior to 

using one measure alone for clinical monitoring of children with CF.  

 

Compared with FEV1, LCI detected more lung function abnormalities with untreated increased 

cough events. By opting not to treat with antibiotics, physicians categorized these acute 

respiratory events as less severe and this was reflected in their milder clinical phenotype and the 

lesser magnitude of lung function worsening. However, nearly a quarter of participants did not 

return to baseline levels at follow-up, highlighting that these symptomatic but untreated acute 

respiratory events may be more clinically meaningful than perceived by either the physician or 

the patient themselves. 

 

The discordance between LCI and FEV1 with acute respiratory events could be explained by the 

physiological differences between the outcome measures (19, 36).  The MBW test quantifies the 

efficiency of gas mixing in the peripheral airways while spirometry measures airflow resistance 

and is relatively insensitive to small airway disease. Novel chest imaging techniques such as 

functional and structural magnetic resonance imaging (MRI) have been shown to correlate with 

ventilation inhomogeneity in stable (37, 38) and exacerbating CF patients (39, 40). Future studies 



 16 

could further elucidate the physiology of these events by performing chest imaging in cases with 

discordant LCI and FEV1. Regardless of the underlying mechanism, the fact that LCI and FEV1 

respond differently to events would suggest that combining both outcome measures increases the 

detection of functionally relevant disease.    

 

The Australasian CF Bronchoalveolar Lavage trial prospectively investigated acute respiratory 

events in young children and included all events regardless of treatment status. They reported 

that the rate of respiratory events in the first two years was associated with reduced FEV1 z 

scores at 5 years of age (3). In the current study, the degree of FEV1 recovery after pulmonary 

exacerbations (16%) was similar to a previous registry-based study which included orally treated 

exacerbations in adults and children (18%) (4). By comparison, LCI detected more residual lung 

function deficit with 25% of pulmonary exacerbations failing to recover 90% of baseline LCI 

once symptoms were resolved. A similar proportion of untreated increased cough events did not 

recover to baseline LCI values. These results support previous work demonstrating that even 

mild respiratory events contribute to the progression of CF lung disease (3, 4, 10). Identifying 

more events with lung function abnormalities could change thresholds for treatment and augment 

lung function recovery. A randomized controlled trial would be the ideal way to investigate 

whether lung function recovery can be improved by interventions such as antibiotics in patients 

with a measured deterioration in LCI.  

 

While LCI is responsive to acute respiratory events overall, what defines a clinically meaningful 

change in LCI on an individual level remains unclear. As reported by several studies, the 

intrinsic variability of the LCI is approximately 15% (3, 4, 41, 42).  The variability of FEV1 is 
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similar to LCI, despite a drop of 10% being considered clinically meaningful (30, 32, 43). We 

compared changes in LCI and FEV1 at a 10% threshold to reflect clinical practice even though 

this is within the variability of both tests. However, our interpretations were similar when we 

applied a 15% threshold. In clinical practice, when a patient presents with new respiratory 

symptoms and a high pretest probability of a pulmonary exacerbation, antibiotics are often 

prescribed even when changes in lung function are within the intrinsic variability of the test. 

Observational studies that included pulmonary exacerbations treated with oral (4) and 

intravenous antibiotics (12) showed that in over half of events, there is either no change in FEV1 

or a worsening of less than 10%. The current study demonstrates that LCI can help identify 

additional events with lung function abnormalities which could potentially help to guide 

treatment decisions in clinical care.  

 

A subgroup of this cohort was previously enrolled in a one-year observational study during the 

preschool years (3,4). Analysis of the preschool and school-age cohorts independently 

demonstrated that LCI worsened at visits with increased respiratory symptoms. However, the 

magnitude of LCI increase with treated and untreated acute respiratory events was higher in the 

preschool study (3). At follow-up, there was also a greater treatment effect with antibiotics in the 

preschool cohort. These differences could be explained in several ways. The current school-age 

cohort study included a much broader age range of participants. The preschool study reported a 

negative relationship between LCI at enrolment and the relative increase in LCI, so milder lung 

disease in the preschool group could account for some of the observed differences. Both studies 

provide evidence to support the clinical utility of the LCI in children with CF and increased 

respiratory symptoms. 
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There are some methodological limitations to be considered. Firstly, some events had incomplete 

baseline and/or follow-up data and were not included in all the analyses. For example, some 

participants with frequent symptomatic visits did not have a stable follow-up visit and this may 

have overestimated the magnitude of lung function recovery.  Some participants with 

consecutive respiratory events had their first stable visit more than 6 months after the event, 

therefore the observed changes in lung function may have represented the cumulative impact of 

multiple respiratory events rather than the effect of one isolated event.   

 

Secondly, our aim was to reflect clinical practice and capture the spectrum of acute respiratory 

illnesses encountered in children with CF, but we were limited by the lack of a standardized 

definition of a pulmonary exacerbation or a grading scale of severity. We categorized acute 

respiratory events based on treatment status, and while this strategy enabled us to evaluate the 

LCI response to antibiotic treatment at follow-up, treatment decisions can be subjective and vary 

between physicians. In a sensitivity analysis we recategorized acute respiratory events based on 

the duration of symptoms rather than antibiotic treatment. We found that worse LCI, but not 

FEV1, was associated with events with more chronic symptoms. It is possible that LCI could be 

used to identify those events that could benefit from intensified treatment.   

 

Thirdly, we attempted to capture all respiratory illnesses during the study but, in keeping with 

usual clinical practice, many events were treated with antibiotics over the phone. Furthermore, 

there were differences in the management of acute respiratory events between the two study sites 

with more unobserved pulmonary exacerbations at one site. Given that the overall rate of acute 
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respiratory events was similar across the two sites, these differences were unlikely to confound 

the results.   

 

Fourthly, because the study design reflected usual clinical care, the time intervals between visits 

varied between participants and this may have impacted the observed changes. Although, when 

the time from baseline was added as a covariate in the linear regression model it had no impact 

on the magnitude of LCI or FEV1 change.  

Finally, we compared LCI and FEV1 changes with treated and untreated acute respiratory events, 

but physicians were only aware of the FEV1 result. The fact that FEV1 was used to guide 

treatment decisions introduces a bias to the comparison of the acute respiratory event 

phenotypes.  

This study provides new evidence to support the clinical utility of the LCI in children with CF 

but there are other factors to consider before it can be incorporated routinely into clinical 

practice. Although MBW is feasible to perform, the test requires trained operators and 

technically acceptable tests to ensure correct interpretation. MBW testing can be time-consuming 

and challenging to incorporate into routine evaluations. Future work should focus on adapting 

the test and quality control procedures for enhanced feasibility and efficiency. Furthermore, to 

clarify the role of LCI in disease management, further studies should demonstrate that its use 

translates to improved patient outcomes. 

In conclusion, LCI worsened with all respiratory event phenotypes and was more sensitive than 

FEV1 to untreated respiratory events. Lung function recovery, as measured by both LCI and 

FEV1, was incomplete at follow-up, which demonstrates that even events with milder clinical 

presentations contribute to the progression of lung disease. Incorporating LCI into clinical care 
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as an additional outcome measure could help standardize treatment strategies and optimize 

functional outcomes.   

 

 

Acknowledgements: 

The authors would like to thank the children and their families for their participation in this 

research study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 21 

References 

1. Ratjen F, Bell SC, Rowe SM, Goss CH, Quittner AL, Bush A. Cystic fibrosis. Nat Rev Dis 

Prim 2015;1:15010. 

2. De Boer K, Vandemheen KL, Tullis E, Doucette S, Fergusson D, Freitag A, Paterson N, 

Jackson M, Lougheed MD, Kumar V, Aaron SD. Exacerbation frequency and clinical 

outcomes in adult patients with cystic fibrosis. Thorax 2011;66:680–685. 

3. Byrnes CA, Vidmar S, Cheney JL, Carlin JB, Armstrong DS, Cooper PJ, Grimwood K, 

Moodie M, Robertson CF, Rosenfeld M, Tiddens HA, Wainwright CE. Prospective 

evaluation of respiratory exacerbations in children with cystic fibrosis from newborn 

screening to 5 years of age. Thorax 2013;68:643–651. 

4. Stanojevic S, McDonald A, Waters V, MacDonald S, Horton E, Tullis E, Ratjen F. Effect 

of pulmonary exacerbations treated with oral antibiotics on clinical outcomes in cystic 

fibrosis. Thorax 2017;72:327–332. 

5. Sanders DB, Bittner RCL, Rosenfeld M, Hoffman LR, Redding GJ, Goss CH. Failure to 

recover to baseline pulmonary function after cystic fibrosis pulmonary exacerbation. Am J 

Respir Crit Care Med 2010;182:627–32. 

6. Sanders DB, Hoffman LR, Emerson J, Gibson RL, Rosenfeld M, Redding GJ, Goss CH. 

Return of FEV1 after pulmonary exacerbation in children with cystic fibrosis. Pediatr 

Pulmonol 2010;45:127–134. 

7. Waters V, Stanojevic S, Atenafu EG, Lu A, Yau Y, Tullis E, Ratjen F. Effect of 

pulmonary exacerbations on long-term lung function decline in cystic fibrosis. Eur Respir 

J 2012;40:61–66. 

8. Waters V, Ratjen F. Pulmonary Exacerbations in Children with Cystic Fibrosis. Ann Am 



 22 

Thorac Soc 2015;12 Suppl 2:S200-6. 

9. Rosenfeld M, Ratjen F, Brumback L, Daniel S, Rowbotham R, McNamara S, Johnson R, 

Kronmal R, Davis SD, ISIS Study Group  for the. Inhaled Hypertonic Saline in Infants 

and Children Younger Than 6 Years With Cystic Fibrosis. JAMA 2012;307:2269–77. 

10. Wagener JS, Rasouliyan L, Vandevanter DR, Pasta DJ, Regelmann WE, Morgan WJ, 

Konstan MW. Oral, inhaled, and intravenous antibiotic choice for treating pulmonary 

exacerbations in cystic fibrosis. Pediatr Pulmonol 2013;48:666–673. 

11. West NE, Beckett V V., Jain R, Sanders DB, Nick JA, Heltshe SL, Dasenbrook EC, 

VanDevanter DR, Solomon GM, Goss CH, Flume PA. Standardized Treatment of 

Pulmonary Exacerbations (STOP) study: Physician treatment practices and outcomes for 

individuals with cystic fibrosis with pulmonary Exacerbations. J Cyst Fibros 

2017;16:600–606. 

12. Sanders DB, Solomon GM, Beckett V V., West NE, Daines CL, Heltshe SL, VanDevanter 

DR, Spahr JE, Gibson RL, Nick JA, Marshall BC, Flume PA, Goss CH. Standardized 

Treatment of Pulmonary Exacerbations (STOP) study: Observations at the initiation of 

intravenous antibiotics for cystic fibrosis pulmonary exacerbations. J Cyst Fibros 

2017;16:592–599. 

13. Goss CH, Burns JL. Exacerbations in cystic fibrosis·1: Epidemiology and pathogenesis. 

Thorax 2007; 

14. Kraynack NC, Gothard MD, Falletta LM, McBride JT. Approach to treating cystic fibrosis 

pulmonary exacerbations varies widely across us CF care centers. Pediatr Pulmonol 

2011;46:870–881. 

15. Ratjen F, Davis SD, Stanojevic S, Kronmal RA, Hinckley Stukovsky KD, Jorgensen N, 



 23 

Rosenfeld M, Kerby G, Kopecky C, Anthony M, Mogayzel P, Walker D, Zeglin B, 

Hoover W, Hathorne H, Slaten K, Dorkin H (Hank), Fowler R, Fenton C (Nicolas), Ulles 

M, Goetz D, Caci N, Cahill B, Roach C, Retsch-Bogart G, Johnson R, Cunnion R, 

McColley S, Ward S, et al. Inhaled hypertonic saline in preschool children with cystic 

fibrosis (SHIP): a multicentre, randomised, double-blind, placebo-controlled trial. Lancet 

Respir Med 2019;doi:10.1016/S2213-2600(19)30187-0. 

16. Subbarao P, Stanojevic S, Brown M, Jensen R, Rosenfeld M, Davis S, Brumback L, 

Gustafsson P, Ratjen F. Lung Clearance Index as an Outcome Measure for Clinical Trials 

in Young Children with Cystic Fibrosis A Pilot Study Using Inhaled Hypertonic Saline. 

Am J Respir Crit Care Med 2013;188:. 

17. Ratjen F, Klingel M, Black P, Powers MR, Grasemann H, Solomon M, Sagel SD, 

Donaldson SH, Rowe SM, Rosenfeld M. Changes in lung clearance index in preschool-

aged patients with cystic fibrosis treated with ivacaftor (GOAL): A clinical trial. Am J 

Respir Crit Care Med 2018;198:526–528. 

18. Aurora P, Bush A, Gustafsson P, Oliver C, Wallis C, Price J, Stroobant J, Carr S, Stocks J, 

London Cystic Fibrosis Collaboration. Multiple-breath washout as a marker of lung 

disease in preschool children with cystic fibrosis. Am J Respir Crit Care Med 

2005;171:249–56. 

19. Gustafsson PM, De Jong PA, Tiddens HAWM, Lindblad A. Multiple-breath inert gas 

washout and spirometry versus structural lung disease in cystic fibrosis. Thorax 

2008;63:129–34. 

20. Owens CM, Aurora P, Stanojevic S, Bush A, Wade A, Oliver C, Calder A, Price J, Carr 

SB, Shankar A, Stocks J, London Cystic Fibrosis Collaboration. Lung Clearance Index 



 24 

and HRCT are complementary markers of lung abnormalities in young children with CF. 

Thorax 2011;66:481–8. 

21. Rayment JH, Stanojevic S, Davis SD, Retsch-Bogart G, Ratjen F. Lung clearance index to 

monitor treatment response in pulmonary exacerbations in preschool children with cystic 

fibrosis. Thorax 2018;73:451–458. 

22. Perrem L, Klingel M, Stanojevic S, Isaac SM, Jensen R, Sanders DB, Solomon M, 

Grasemann H, Waters VJ, Sweezey N, Davis SD RF. The lung clearance index can detect 

acute respiratory events in school-age children with cystic fibrosis. Pediatr Pulmonol 

2019;54:S361–S361. 

23. Perrem L, Stanojevic S, Shaw M, Jensen R, Guido J, Clem C, Solomon M, Grasemann H, 

Waters V, Sweezey N, McDonald N, Davies SD, Sanders DB, S J, Ratjen F. The Lung 

Clearance Index detects incomplete lung function recovery with acute respiratory events 

in school-age children with cystic fibrosis. Eur Respir Soc 2020.  

24. Robinson PD, Latzin P, Verbanck S, Hall GL, Horsley A, Gappa M, Thamrin C, Arets 

HGM, Aurora P, Fuchs SI, King GG, Lum S, Macleod K, Paiva M, Pillow JJ, 

Ranganathan S, Ratjen F, Singer F, Sonnappa S, Stocks J, Subbarao P, Thompson BR, 

Gustafsson PM. Consensus statement for inert gas washout measurement using multiple- 

and singlebreath tests. Eur Respir J 2013;41:507–522. 

25. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo R, Enright 

P, van der Grinten CPM, Gustafsson P, Jensen R, Johnson DC, MacIntrye N, McKay R, 

Navajas D, Pedersen OF, Pellegrino R, Viegi G, Wagner J. Standardisation of spirometry. 

Eur Respir J 2005; 

26. Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, Enright PL, Hankinson 



 25 

JL, Ip MSMM, Zheng J, Stocks J, Schindler C, ERS Global Lung Function Initiative. 

Multi-ethnic reference values for spirometry for the 3–95-yr age range: the global lung 

function 2012 equations. Eur Respir J 2012;40:. 

27. Quittner AL, Sawicki GS, McMullen A, Rasouliyan L, Pasta DJ, Yegin A, Konstan MW. 

Psychometric evaluation of the Cystic Fibrosis Questionnaire-Revised in a national 

sample. Qual Life Res 2012;21:1267–1278. 

28. VanDevanter DRR, Heltshe SLL, Spahr J, Beckett VV V., Daines CLL, Dasenbrook 

ECC, Gibson RLL, Jain R, Sanders DBB, Goss CHH, Flume PAA. Rationalizing 

endpoints for prospective studies of pulmonary exacerbation treatment response in cystic 

fibrosis. J Cyst Fibros 2017;16:607–615. 

29. O’Neill K, Saunders C. New directions on lung clearance index variability and feasibility. 

J Cyst Fibros 2018; 

30. Oude Engberink E, Ratjen F, Davis SD, Retsch-Bogart G, Amin R, Stanojevic S. Inter-test 

reproducibility of the lung clearance index measured by multiple breath washout. Eur 

Respir J 2017;50:1700433. 

31. Green K, Kongstad T, Skov M, Buchvald F, Rosthøj S, Marott JL, Gustafsson P, Pressler 

T, Nielsen KG. Variability of monthly nitrogen multiple-breath washout during one year 

in children with cystic fibrosis. J Cyst Fibros 2018;17:242–248. 

32. Pellegrino R, Viegi G, Brusasco V, Crapo RO, Burgos F, Casaburi R, Coates A, van der 

Grinten CPM, Gustafsson P, Hankinson J, Jensen R, Johnson DC, MacIntyre N, McKay 

R, Miller MR, Navajas D, Pedersen OF, Wanger J. Interpretative strategies for lung 

function tests. Eur Respir J 2005;26:948–968. 

33. Morgan WJ, Wagener JS, Pasta DJ, Millar SJ, Van Devanter DR, Konstan MW. 



 26 

Relationship of antibiotic treatment to recovery after acute FEV1 decline in children with 

cystic fibrosis. Ann Am Thorac Soc 2017;14:937–942. 

34. Sanders DB, Ostrenga JS, Rosenfeld M, Fink AK, Schechter MS, Sawicki GS, Flume PA, 

Morgan WJ. Predictors of pulmonary exacerbation treatment in cystic fibrosis. J Cyst 

Fibros 2019;doi:10.1016/j.jcf.2019.06.008. 

35. Anagnostopoulou P, Latzin P, Jensen R, Stahl M, Harper A, Yammine S, Usemann J, 

Foong RE, Spycher B, Hall GL, Singer F, Stanojevic S, Mall M, Ratjen F, Ramsey KA. 

Normative data for multiple breath washout outcomes in school-aged Caucasian children. 

Eur Respir J 2019;1901302.doi:10.1183/13993003.01302-2019. 

36. Robinson PD, Goldman MD, Gustafsson PM. Inert gas washout: theoretical background 

and clinical utility in respiratory disease. Respiration 2009;78:339–55. 

37. Kanhere N, Couch MJ, Kowalik K, Zanette B, Rayment JH, Manson D, Subbarao P, 

Ratjen F, Santyr G. Correlation of lung clearance index with hyperpolarized 129xe 

magnetic resonance imaging in pediatric subjects with cystic fibrosis. Am J Respir Crit 

Care Med 2017; 

38. Stahl M, Wielpütz MO, Graeber SY, Joachim C, Sommerburg O, Kauczor H-U, 

Puderbach M, Eichinger M, Mall MA. Comparison of Lung Clearance Index and 

Magnetic Resonance Imaging for Assessment of Lung Disease in Children With Cystic 

Fibrosis. Am J Respir Crit Care Med 2016;195:rccm.201604-0893OC. 

39. Rayment JH, Couch MJ, McDonald N, Kanhere N, Manson D, Santyr G, Ratjen F. 

Hyperpolarised 129Xe magnetic resonance imaging to monitor treatment response in 

children with cystic fibrosis. Eur Respir J 2019;53:. 

40. Grasemann H, Ciet P, Amin R, McDonald N, Klingel M, Tiddens HAWM, Ratjen F, 



 27 

Grosse-Wortmann L. Changes in magnetic resonance imaging scores and ventilation 

inhomogeneity in children with cystic fibrosis pulmonary exacerbations. Eur Respir J 

2017; 

41. Sanders DB, Emerson J, Ren CL, Schechter MS, Gibson RL, Morgan W, Rosenfeld M, 

EPIC Study Group. Early Childhood Risk Factors for Decreased FEV1 at Age Six to 

Seven Years in Young Children with Cystic Fibrosis. Ann Am Thorac Soc 2015;12:1170–

6. 

42. Cogen J, Emerson J, Sanders DB, Ren C, Schechter MS, Gibson RL, Morgan W, 

Rosenfeld M, EPIC Study Group. Risk factors for lung function decline in a large cohort 

of young cystic fibrosis patients. Pediatr Pulmonol 2015;50:763–770. 

43. Stanojevic S, Ratjen F. Physiologic endpoints for clinical studies for cystic fibrosis. J Cyst 

Fibros 2016;15:416–423. 

  

 

 

 

 

 

 

 

 

 

 



 28 

Figure Legends 

Figure 1: Flow diagram of participants 

¥Patients had residual symptoms from a captured respiratory event, these events were not 

analysed as separate events 

*These patients were treated for a drop-in lung function but did not have increased respiratory 

symptoms. They were not included in the analysis.  

 

Figure 2: Relative change in a) LCI and b) FEV1% predicted from baseline to pulmonary 

exacerbations (n=76) and untreated increased cough events (n=47) and from baseline to the next 

consecutive follow-up visit. Data presented as estimated mean values, error bars represent 95% 

confidence intervals as determined by linear regression using GEE models to account for 

multiple measurements in the same participant. The between stable visit changes in LCI and 

FEV1% predicted were used as the reference group in each analysis.   

 

Figure 3: Comparison of relative changes in LCI and FEV1% predicted from baseline to the 

symptomatic study visit. Complete data for both LCI and FEV1 to calculate a relative change 

from baseline were available for 180 acute respiratory events.  Vertical line represents 10% 

worsening in FEV1% predicted, and horizontal line represents 10% worsening in LCI.  

 

Figure 4:  

a) Relative changes in LCI and FEV1 percent predicted from baseline to the first stable visit after 

acute respiratory events for events, all pulmonary exacerbations and increased cough events. 

Data presented as estimated mean values, error bars represent 95% confidence intervals as 
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determined by linear regression using GEE models to account for multiple measurements in the 

same participant. The reference group is the between stable visit changes  

b) Proportion of events with recovery of FEV1% predicted and LCI recovery to 90% of baseline 

values at the next stable visit. For example, 75% of events with recovery to 90% of baseline LCI 

after an acute respiratory event.   
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Tables 

Table 1: Classification of acute respiratory events 

Visit type Stable  Pulmonary 

exacerbation 

Already 

Treated 

Pulmonary 

exacerbation 

Increased 

cough event  

Persistent 

Symptoms 

Respiratory 

symptoms 

None or stable New or acute 

worsening 

  

New or acute 

worsening 

New or acute 

worsening 

  

Ongoing  

  

Treatment with 

antibiotics 

(oral/IV) 

       

No Yes Yes No No 

Timing of 

antibiotics  

 
Start date on or 

after study visit  

Start date 

before study 

visit  

  

 

 

 

Table 2: Demographics of study population at enrolment 

Demographics N=98 

Age at enrolment, years, mean (range) 9.6 (5 – 16.8) 

Diagnosed by newborn screening, n (%) 53 (54) 

Male sex, n (%) 45 (46) 

Genotype functional class n(%) 

   Class 1-III 

   Class IV-V 

 

93 (95) 

5 (5) 

LCI, units, mean (SD) ¥ 9.2 (2.1) 

        LCI above upper limit of normal (35) , n (%) 65 (66) 

FEV1 percent predicted, mean (SD) ¥ 96.6% (11.6) 

        FEV1 percent predicted below lower limit of 

normal (26),  n(%) 

10 (10) 

BMI centile, mean (SD) 45.6 (23.6) 
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Medication use at enrolment, n (%) 
 

Hypertonic saline 46 (47) 

Dornase alfa  49 (50) 

CFTR modulator 27 (28) 

Chronic inhaled antibiotic 8 (8) 

¥  values taken from the first stable study visit of the study 

 

 

 

Table 3: Clinical characteristics of acute respiratory events present at the symptomatic study 

visit. 

Variable Pulmonary 

exacerbation 

 

 

N=124  

Already Treated 

Pulmonary 

exacerbation 

 

N=41 

Increased cough 

event 

 

 

N=80 

Persistent 

symptoms 

 

 

N=20 

Route of 

Treatment, n 

(%) 

    

   Oral  94 (75.8) 37 (90.2) - - 

   Inhaled  15 (12.0) 0 (0) - - 

   Intravenous 15 (12.0) 4 (8.7) - - 

Symptom scores 

Mean (95% CI) 

    

ʌCFQ-R (parent)  

 

-23.9 (-26.7 to -

21.2) 

-25.7 (-30.2 to -

21.1) 

-14.0 (-17.3 to -

10.7) 

-9.4 (-19.2 to 

0.37) 

ʌCFQ-R (self) 

 

-11.3 (-13.7 to -

8.8) 

-11.3 (-15.3 to -

7.4) 

-4.0 (-7.1 to -1.1) -10.6 (-17.2 to -

3.9) 

ʌCRISS  

 

15.8 (13.2 to 

18.4) 

9.9 (5.7 to 14.1) 12.8 (9.6 to 15.9) 9.1 (2.1 to 16.1) 

Clinical 

Features, n (%) 

    

Increased cough 131 (98.5) 44 (95.7) 81 (100) 15 (75.0) 
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Increased chest 

congestion or 

change in 

sputum  

88 (66.2) 18 (39.1) 26 (32.7) 7 (26.8) 

Decrease in 

FEV1% 

predicted by 

10% or more  

55 (41.4) 7 (15.2) 8 (9.9) 2 (10.5) 

New or increased 

adventitial 

sounds on lung 

exam 

38 (29.0) 2 (4.4) 6 (7.3) 1 (4.2) 

Oxygen 

saturation < 

90% on room air 

of 5% decline 

from previous 

baseline 

2 (1.5) 0 0 0 

New lobar 

infiltrate(s) or 

atelectasis on 

chest radiograph 

2 (1.5) 1 (2.2) 0 0 

Increased work 

of breathing or 

respiratory rate  

15 (11.5) 0 1 (1.2) 0 

Hemoptysis † 3 (2.3) 0 0 0 

Weight loss 5% 

body weight  

3 (2.3) 0 0 0 

Symptoms or 

signs of viral 

upper 

respiratory 

infection  

43 (39.5) 12 (29.3) 48 (58.5) 1 (12.5) 

Symptom 

duration, days, 

median (IQR) 

7 (4 to 15) 24.5 (14.5 to 36) 6 (3 to 12) 62 (17 to 89.5) 

*Weight loss 5% body weight or decreased across 1 major percentile in past 6 months 

†Hemoptysis defined as more than streaks on more than one occasion in past week 
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 Symptoms or signs of a viral upper respiratory tract infection included nasal congestion, sore 

throat, fever and rash 

ʌ change in symptom score from a recent stable baseline to the symptomatic visit. Data presented 

as mean difference (95% confidence interval), calculated using linear regression within a 

generalized estimating equation model. 

Abbreviations: CFQ-R, Cystic Fibrosis Questionnaire- Revised Respiratory score; CRISS, 

Chronic Respiratory Infection Symptom Score  

 

Table 4: Proportion of acute respiratory events with 10% or 15% worsening in lung function 

relative to baseline, as measured by either LCI or FEV1% predicted.  

 

Event type 10% worsening relative to 

baseline 

 

15% worsening relative to  

baseline 

 

LCI 

n (%) 

FEV1 

n (%) 

LCI or 

FEV1 

n (%) 

LCI 

n (%) 

FEV1 

n (%) 

LCI or FEV1 

n (%) 

All events  

n=180 

75 (41.7) 54 (30.0) 97 (53.9) 58 (32.2) 29 (16.1) 108 (40.0) 

Pulmonary exacerbation 

n=86 

37 (43.0) 39 (45.3) 55 (64.0) 29 (33.7) 21 (24.4) 39 (45.3) 

Already treated pulmonary 

exacerbation  

n=30 

13 (43.3) 8 (26.7) 16 (53.3) 9 (30.0) 5 (16.7) 12 (40.0) 

Increased cough events  

n=54 

20 (37) 7 (13.0) 21 (38.9) 16 (29.6) 3 (5.6) 17 (31.5) 

Persistent symptoms  

n=10 

5 (50.0) 0 5 (50) 4 (40.0) 0 4 (40) 
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Figure 1 
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Figure 2: 
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Figure 4: 

 


