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 Introduction 

 Chronic obstructive lung disease with airway mucus 
obstruction, polymicrobial infection, and neutrophilic 
inflammation leading to progressive lung damage with 
bronchiectasis remains the main cause of morbidity and 
mortality in patients with cystic fibrosis (CF)  [1, 2] . Evi-
dence from recent studies suggests that CF lung disease 
starts very early in the first months of life even in infants 
with CF who were diagnosed by newborn screening 
(NBS) and treated in specialized centers, and that lung 
disease is initially clinically ‘silent’ without overt symp-
toms in the majority of CF patients  [3–5] . CT studies have 
demonstrated that a substantial fraction of infants with 
CF have morphological abnormalities consistent with ob-
structive lung disease such as air trapping, airway wall 
thickening, and bronchiectasis, and bronchoalveolar la-
vage studies have shown that these structural abnormali-
ties are associated with early neutrophilic inflammation 
 [5, 6] . Consistent with these results, lung function testing 
using multiple breath washout (MBW) or the raised vol-
ume rapid thoracoabdominal compression technique 
showed abnormal lung function with ventilation inho-
mogeneity, hyperinflation and airflow obstruction in a 
subgroup of infants with CF diagnosed by NBS  [3, 4, 7, 8] . 

 Key Words 
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 Abstract 

  Background:  Cystic fibrosis (CF) lung disease starts in the 
first months of life often before the onset of clinical symp-
toms. Multiple breath washout (MBW) detects abnormal 
lung function in infants and young children in the laboratory 
setting.  Objective:  The aim of this study was to determine 
the feasibility of MBW in 0- to 4-year-old children with CF and 
non-CF controls in the clinical setting.  Methods:  Fourteen 
children with CF (mean age 1.3 ± 1.0 years) and 26 age-
matched non-CF controls were sedated with chloral hydrate 
and MBW was performed with sulfur hexafluoride.  Results:  
MBW measurements were successful in 27 of 40 children 
(67.5%). The mean lung clearance index (LCI) was significant-
ly higher in CF patients compared to non-CF controls (p = 
0.006). Further, the frequency of elevated LCI (z-score >1.96) 
was significantly increased in CF patients compared to con-
trols (p = 0.0003).  Conclusions:  We conclude that MBW is 
feasible and sensitive to detect abnormal lung function in 
infants and young children with CF in the clinical setting. 
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These results highlight the need for sensitive noninvasive 
endpoints that detect lung abnormalities during routine 
clinical follow-up to identify individual presymptomatic 
infants and young children with CF who may benefit 
from early therapeutic interventions  [9] .

  MBW with assessment of the lung clearance index 
(LCI) is a noninvasive pulmonary function test that can 
be performed at any age in tidal breathing and does not 
require forced breathing maneuvers  [10] . An abnormal 
LCI reflects ventilation inhomogeneity due to airway pa-
thology, suggesting MBW as a suitable noninvasive out-
come measure of early CF lung disease. In preschool chil-
dren with CF, the LCI has been shown to be more sensi-
tive for detecting early lung disease than spirometry 
 [11–13] , and recent studies have demonstrated the feasi-
bility of the MBW technique in children 4 years or older 
in the outpatient setting  [14, 15] . In infants and young 
children with CF, MBW has been shown to be feasible 
and sensitive for detecting abnormal lung function in lab-
oratory settings  [3, 4] ; however, information on its per-
formance in the routine clinical setting during an annual 
check-up in a pediatric CF center remains limited.

  In this study, we therefore evaluated the feasibility 
and technical success rates of MBW in a CF center with-
out prior experience with this technique. MBW was per-
formed in sedated infants and young children with and 
without CF. Furthermore, we determined the ability of 
MBW measurements to detect abnormal lung function 
in individual CF patients in this age group in the clinical 
setting.

  Material and Methods 

 Subjects 
 In this prospective cross-sectional study, MBW testing was of-

fered to all children with CF younger than 4 years of age who were 
admitted to our CF center for an annual check-up from April to 
November 2012 and MBW measurements were performed as part 
of the general clinical work flow. The diagnosis of CF in all partici-
pating children was based on a positive family history (n = 3), pos-
itive CF NBS (n = 8), or clinical symptoms characteristic of CF (n = 
3), as well as increased sweat Cl –  concentrations, detection of 2 dis-
ease-causing mutations in the  CFTR  gene, and/or detection of ab-
normal CFTR function in rectal biopsies as previously described 
 [16, 17] . The clinical characteristics of the CF patients including age 
and gender, and their  CFTR  genotypes are provided in  table 1  and 
online supplementary table  1 (for all online suppl. material, see 
www.karger.com/doi/10.1159/000357075). The non-CF control 
group was recruited from age-matched infants and young children 
( table 1 ) who obtained a routine diagnostic MRI scan in sedation 
for various indications, as detailed in the online supplementary ma-
terial (online suppl. table 2), but showed no evidence of lung dis-

ease. Anthropometric data of CF and non-CF children are provid-
ed in  table 1 . z-scores for weight, height, and BMI were derived 
from reference values of healthy children in Germany  [18, 19] . All 
participating children were naive to the performance of MBW mea-
surement. The parents of all of the children completed a question-
naire on the respiratory symptoms of their child and the family 
history of smoking and allergic or pulmonary diseases. Exclusion 
criteria for all children were: a respiratory infection within 3 weeks 
and coexisting cardiac, renal, or neuromuscular conditions or lung 
disease of prematurity. This study was approved by the Ethics Com-
mittee of the University Hospital Heidelberg. Parents obtained de-
tailed information and gave their signed informed consent.

  Tidal Breathing Analysis and the MBW Test 
 MBW measurements were not established at our CF center be-

fore the start of this study. A physician (M.S.) and a pulmonary 
function technician (C.J.) from our team were trained in the MBW 
technique at the Inselspital Bern, Switzerland, a center specialized 
in pulmonary function testing in infants  [20] , and measurements 
in Heidelberg were performed under the supervision of an external 
expert (P.L.). All children included in this study were investigated 
following the same clinical work flow. They were admitted to our 
day hospital for their annual CF check-up including lung MRI 
studies (children with CF), or for a planned MRI (non-CF con-
trols) for other indications (online suppl. table 2). After the clinical 
examination and exclusion of reasons that precluded sedation (e.g. 
a current respiratory tract infection), all children were sedated 
with oral or rectal chloral hydrate (100 mg/kg body weight, maxi-
mum dose 2 g) as per guidelines  [21, 22]  approximately 30 min 
before the scheduled MRI study, and they were continuously mon-
itored by pulse oximetry. After induction of sleep, children were 
transported in their bed to the radiology department for the MRI 
study, which took between 30 and 45 min. All children who were 
asleep after the MRI (n = 36) were subsequently brought to the 
lung function laboratory, where measurements of tidal breathing 
and MBW were performed, with examination times between 20 
and 45 min. All children returned to the day hospital afterwards. 
About one third of the children woke up during transportation 
from the lung function laboratory to the day hospital, another 
third woke up during the first hour after the end of the MBW mea-
surement, and the last third slept longer, but no child had to stay 
overnight due to sedation. 

  Tidal breathing and MBW testing were performed using a 
commercially available mainstream ultrasonic flowmeter (Exh-
alyzer ®  D; Eco Medics AG, Duernten, Switzerland) with sulfur 
hexafluoride (SF6) as the tracer gas  [3]  as previously described, 
with all children tested in a supine position  [3, 4, 20] . Dead space 
reducers were used according to the children’s body size and the 
manufacturer’s recommendations. A face mask was chosen ac-
cording to the size of the child’s face (size 1–3). After normaliza-
tion of breathing, tidal breathing was recorded for at least 5 min to 
detect a minimum of 100 breaths to measure the tidal volume (VT) 
and respiratory rate (RR). A minimum of 2 (ideally 3–5) washin/
washout curves were saved but only recordings that met the ac-
ceptability criteria were used to determine the LCI  [10] . In brief, 
the acceptability criteria were defined as: absence of a leak, sighs, 
hiccoughing, swallowing, or arousal and a difference in FRC of less 
than 10% in relation to the lower value of the other curves. The LCI 
was determined via dedicated data acquisition and analysis soft-
ware (WBreath, version 2; ndd Medical Technologies, Zürich, 
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Switzerland); the infant temperature model was used for measure-
ments in all children  [23] . For analysis, only the results of children 
with at least 2 successful washout curves fulfilling the quality cri-
teria were used.

  Statistical Analysis 
 Data were analyzed using SPSS version 20.0 (SPSS Inc., Chi-

cago, Ill., USA). Absolute LCI values were transformed into z-
scores. An abnormal LCI was defined as being outside the range of 
the mean LCI + 1.96 SD from non-CF controls. For categorical 
data, groups were compared using Fisher’s exact test and for con-
tinuous data comparisons were made using an unpaired Student’s 
t test. p < 0.05 was considered statistically significant.

  Results 

 MBW Is Feasible in Sedated Infants and Young 
Children in the Clinical Setting 
 MBW was offered to a total of 40 infants and young 

children, i.e. 14 with an established diagnosis of CF and 
26 age-matched non-CF controls ( table 1 ). MBW mea-

surements were integrated into the routine clinical work 
flow during the annual check-ups of CF patients or the 
diagnostic workup for various indications in non-CF 
controls. All children had a normal clinical examination 
of the lungs and the upper airways at the time of investi-
gation. There was no difference in age, gender, or nutri-
tional status (weight, height, and BMI) between the CF 
and non-CF groups ( table 1 ). Most CF patients were di-
agnosed based on positive CF NBS, resulting in a mean 
age at diagnosis of 2 months. CF pathogens ( Staphylococ-
cus aureus  and  Haemophilus influenzae ) were detected 
via throat and nose swabs in 8 CF patients at the time of 
MBW measurements, whereas 3 CF patients had never 
tested positive for a CF pathogen ( table 1 ). Sedation with 
chloral hydrate was successful in 36 out of 40 children 
without any adverse effects ( fig. 1 ; online suppl. table 3). 
Specifically, all children were monitored continuously by 
pulse oximetry and showed normal oxygen saturation 
(SaO 2 ) for the duration of the MRI and subsequent MBW 
studies. Further, potential side effects of chloral hydrate 

Table 1.  Clinical characteristics of the study population

Non-CF 
(n = 26)

CF 
(n = 14)

95% CI p value

Males, n (%) 19 (73.1) 9 (64.3) – 0.72
Mean age ± SD, years 1.9±1.2 1.3±1.0 –1.4 to 0.2 0.12

Range 0.2 to 4.0 0.2 to 3.2
Weight z-score –0.0±1.1 –0.2±1.2 –0.9 to 0.6 0.61
Height z-score –0.7±1.7 –0.3±1.6 –0.8 to 1.5 0.53
BMI z-score 0.3±1.3 –0.2±1.0 –1.3 to 0.3 0.23
F508del/F508del, n (%) – 6 (42.9) – –
Pancreatic insufficiency, n (%) – 9 (64.3) – –
Basis for diagnosisa

NBS, n (%) – 11 (78.6) – –
Positive family history, n (%) – 3 (21.4) – –
Respiratory symptoms, n (%) – 2 (14.3) – –
Failure to thrive, n (%) – 4 (28.6) – –
Gastrointestinal symptoms, n (%) – 6 (42.9) – –

Detection of airway pathogensb

Staphylococcus aureus
Ever, n (%)

– 7 (50.0) – –

Currently, n (%) – 3 (21.4) – –
Haemophilus influenza

Ever, n (%)
– 7 (50.0) – –

Currently, n (%) – 5 (35.7) – –
Pseudomonas aeruginosa

Ever, n (%)
– 0 (0.0) – –

Currently, n (%) – 0 (0.0) – –

 Complete genotype information for all children with CF is provided in online supplementary table 1. a Mul-
tiple answers are possible. b Detection of more than one pathogen is possible. 
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such as allergic reactions, ketonuria, or bradykardia were 
not observed in any child included in this study. MBW 
measurements yielded technically acceptable results with 
2 or more washout curves (defined as a successful inves-
tigation) in 27 of these 36 infants and young children, 
resulting in an overall success rate of 67.5% ( fig. 1 ). The 
main reason why MBW measurements did not meet the 
acceptability criteria were sighs or signs of a leak (online 
suppl. table  3). Overall success rates did not differ be-
tween the CF (9 of 14 children; 64.3%) and non-CF groups 
(18 of 26 children; 69.2%) (p = 0.75;  fig. 1 ). In the sub-
group of successfully sedated children (n = 36), at least 1 
acceptable washout curve was obtained in 91.7% of cases 
and the success rates of MBW measurements with 2 or 
more acceptable washout curves increased to 75% for 
both the CF and the non-CF groups ( table 2 ). Of note, the 
success rate of technically acceptable MBW measure-
ments was lower at the beginning of the study ( ∼ 60% for 
the first 10 measurements) and increased substantially to 
 ∼ 80% thereafter.

  Tidal Breathing Is Abnormal in Infants and Young 
Children with CF 
 Assessment of tidal breathing prior to washin of the 

tracer gas (SF6) showed that the minute ventilation (MV) 
per kilogram of body weight was significantly increased 
in infants and young children with CF compared to non-
CF controls (p = 0.032) ( table 3 ). This increase in MV in 
the CF group was caused by an elevated RR, not by an 

increase in VT ( table  3 ). Parameters of tidal breathing 
(VT, RR, and MV) did not correlate with age, gender, or 
nutritional status in the CF and non-CF groups. These 
results indicate that the breathing pattern is abnormal in 
infants and young children with CF even under sedation.

Invited population
n = 40 (100%)

CF children
n = 14 (100%)

Non-CF children
n = 26 (100%)

Sufficient sedation
n = 12 (85.7%)

Sufficient sedation
n = 24 (92.3%)

Successful MBW measurements
n = 9 (64.3%)

Successful MBW measurements
n = 18 (69.2%)

Overall successful measurements
n = 27 (67.5%)

Table 2.  Success of MBW measurements in sedated infants and young children

Total, n (%) Mean age ± SD (range), 
years

Non-CF, n (%) CF, n (%)

Studied population 36 (100) 1.8±1.2 (0.2–4.0) 24 (100) 12 (100)
At least 1 successful washout 33 (91.7) 1.8±1.2 (0.2–4.0) 22 (91.7) 11 (91.7)
At least 2 successful washouts 27 (75.0) 1.9±1.2 (0.3–4.0) 18 (75.0) 9 (75.0)

Table 3.  Summary of tidal breathing analysis

Non-CF (n = 17) CF (n = 9) 95% CI p value

VT per kilogram of body weight z-score 0.0±1.0 (–1.9 to 1.4) 0.3±1.3 (–1.3 to 2.7) –0.6 to 1.3 0.47
RR z-score 0.0±1.0 (–1.7 to 2.3) 1.5±1.7 (–1.5 to 3.2) 0.1 to 2.8 0.03
MV per kilogram of body weight z-score 0.0±1.0 (–2.6 to 1.5) 1.5±1.7 (–0.7 to 4.2) 0.2 to 2.9 0.04

 Values are presented as means ± SD (range) unless otherwise stated.

  Fig. 1.  Feasibility of assessment of lung function by MBW in se-
dated infants and young children. Total numbers and percent suc-
cess rates of sufficient sedation and technically acceptable MBW 
measurements are provided for infants and young children with 
CF and non-CF controls.  
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  LCI Is Increased in Infants and Young Children with 
CF Compared to Non-CF Controls 
 The mean absolute LCI in the non-CF group was 6.8 ± 

0.3 (range 6.4–7.3). In infants and young children with 
CF, the mean LCI was slightly but significantly higher 
(7.6 ± 0.6; range 6.7–8.6; p = 0.006). Similar to the abso-
lute LCI values, LCI z-scores were significantly increased 
in patients with CF (2.7 ± 2.2) compared to non-CF con-
trols (0.0 ± 1.0; p = 0.006) ( fig. 2 ). In the CF group, 6 out 
of 9 patients with CF had an elevated LCI z-score above 
1.96, whereas the remaining 3 CF patients and all non-CF 
controls had LCI z-scores within the normal range, re-
sulting in a significant increase in the fraction of children 
with elevated LCI z-scores in the CF group versus the 
non-CF control group (p = 0.0003). In both the CF group 
and the non-CF control group, the LCI z-score did not 
correlate with age, gender, anthropometric values, or 
clinical symptoms such as cough or risk factors such as 
parental smoking in the infants and young children in-
cluded in our study. 

  Discussion 

 This study demonstrates that assessment of lung func-
tion by MBW is feasible in sedated infants and young 
children and that the MBW technique is sensitive for de-
tecting early functional abnormalities in individual CF 
patients in the clinical routine setting. Recent results from 
unsedated children aged 0–4 years demonstrated that 
MBW can be performed with high success rates without 
sedation during infancy ( ∼ 69%)  [24] , but that the overall 
success rates of 2 technically acceptable MBW measure-
ments, as recommended by current guidelines  [10, 25] , 
dropped substantially to 40% in children with CF and 
23% in healthy controls  [26]  if toddlers and young chil-
dren were included in the studies. These results indicate 
that use of the MBW technique to monitor lung function 
in unsedated children below the age of 5 years is highly 
limited, especially for the assessment of lung function 
past infancy including longitudinal MBW measurements. 
In our study including infants and young children with 
an age range of 3 months to 4 years, sedation with chloral 
hydrate was well tolerated without any adverse events and 
led to a high overall success rate of technically acceptable 
MBW measurements in patients with CF (64.3%), as well 
as non-CF controls (69.2%) ( fig. 1 ). Of note, the overall 
success rates were somewhat impaired by insufficient se-
dation. In the subgroup of infants and young children 
who were effectively sedated, the MBW success rate was 

75% for both the CF group and the non-CF group ( ta-
ble 2 ). The mean and distribution of the absolute LCI val-
ues and LCI z-scores obtained by our measurements were 
very similar to the values recently reported from sedated 
newborn-screened children with CF and healthy controls 
studied in the laboratory setting ( fig. 2 )  [3, 4, 27] . Consis-
tent with the results of these studies  [3, 4] , our data dem-
onstrate that the LCI is already elevated, reflecting venti-
lation inhomogeneity and air trapping associated with 
early CF lung disease ( fig. 2 ). The higher rate of abnormal 
LCI results in CF patients in our study is most likely due 
to our older population compared to the other published 
studies. Our results therefore support that the LCI ob-
tained in sedation is a sensitive parameter for the detec-
tion and diagnostic monitoring of early lung function ab-
normalities in the clinical management of infants and 
young children with CF.

  Recent studies have demonstrated that the LCI is able 
to detect the treatment effects of inhaled hypertonic saline 
and dornase alpha in pediatric patients aged 6 years or 
older with mild lung disease and normal spirometry (FEV 1  
predicted  ≥ 80%)  [28, 29] , suggesting that the LCI may also 
be a sensitive noninvasive endpoint in clinical trials in in-
fants and young children with CF. Our preclinical studies 

6

7

8

9

LC
I

Non-CF

*

CF

ULN

  Fig. 2.  MBW detects increased LCI in infants and young children 
with CF in the clinical setting. LCI in children with CF and non-
CF controls an upper limit of normal (ULN) of 7.4. Circles repre-
sent the measurements of single children, and solid lines repre-
sent the mean values of each group.  *  p < 0.05 compared to non-
CF controls. 
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in a mouse model with CF-like lung disease  [30, 31]  dem-
onstrated that improving airway surface dehydration by 
inhalation with the Na +  channel blocker amiloride had 
significant therapeutic effects on airway mucus obstruc-
tion, inflammation, and pulmonary mortality when the 
treatment was started in structurally normal lungs after 
birth, but not in mice with established lung disease  [32] . 
These results support the notion that therapeutic inter-
vention may be most effective at early/presymptomatic 
stages, whereas therapeutic effects in established CF lung 
disease may be impeded by chronic disease processes in-
cluding chronic mucus obstruction, inflammation, and 
structural damage with airway remodeling  [9, 32] . Early 
intervention clinical trials are now feasible with the wide-
spread implementation of CF NBS and provide a unique 
opportunity to develop therapeutic strategies that mitigate 
progression from reversible to irreversible CF lung dis-
ease. However, assessment of the treatment effects in in-
fants and young children with CF has been hampered by 
the lack of established clinical trial endpoints available in 
older children and adults. So far, the MBW technique has 
not been used in multicenter intervention trials, and ex-
pertise and equipment for MBW measurements has been 
limited to specialized lung function laboratories. Howev-
er, a monocenter add-on pilot study embedded in the first 
large randomized controlled trial testing the effect of 7% 
hypertonic saline in infants and children younger than 
6 years with CF (ISIS) indicated that LCI is feasible in an 
interventional study at a specialized center  [33, 34] . Our 
results demonstrate that MBW measurement with a com-
mercially available mainstream ultrasonic flowmeter was 
highly feasible in infants and young children in the clinical 
setting of a CF center that had no prior experience in the 
technique following initial training and supervision by a 
specialized pediatric lung function laboratory, and there-
fore support the practicability of LCI as an endpoint in 
multicenter clinical trials in this age group.

  In addition to abnormal LCI, tidal breathing was also 
abnormal with an increased RR and MV in infants and 
young children with CF compared to non-CF controls 
( table 3 ). These results suggest that an abnormal breath-
ing pattern may also be a sensitive indicator of early CF 
lung disease. Of note, abnormal tidal breathing was also 
observed in prior studies in newborn-screened infants 
with CF  [4, 35] . However, the study by Hoo et al.  [4]  re-
ported an increase in VT, rather than an increased RR, in 
infants with CF compared to healthy controls, whereas 
the study by Ranganathan et al.  [35]  also detected an in-
creased RR. Therefore, additional studies are required to 
determine the diagnostic value of abnormalities of tidal 
breathing in early CF lung disease.

  In summary, our study demonstrates that assessment 
of lung function by MBW is feasible, with high success 
rates in sedated infants and young children with CF and 
healthy controls, and that the LCI is sensitive to detect 
early CF lung disease in the clinical setting. These results 
support the use of lung function testing by MBW for di-
agnostic monitoring of early lung disease in clinical man-
agement, and as a potential noninvasive endpoint in lon-
gitudinal observational studies on the natural history of 
early CF lung disease and in early intervention clinical 
trials in patients with CF and possibly other genetic or 
acquired early-onset lung diseases.
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