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ABSTRACT  
Background: In adults with asthma, ventilation heterogeneity, independent of inflammation, has 
been hypothesised to be associated with airway remodelling. Bronchial biopsy in preschool children 
with wheeze demonstrates early structural changes. Ventilation heterogeneity is sensitive to airway 
disease in other paediatric respiratory conditions (cystic fibrosis), so may be sensitive to early 
airway disease in asthma.  
Objective: In this observational study we hypothesised that ventilation heterogeneity (Lung 
Clearance Index (LCI) and Phase III slope indices (Scond and Sacin)) were more sensitive than 
conventional measurements (FEV1 and exhaled nitric oxide (FeNO)) at detecting residual airways 
disease in children with well-controlled asthma. 
Methods: In 31 asthmatic children (mean age 10.6, range 5-15), FEV1, LCI, Scond and Sacin were 
measured at two separate visits, before and after blinded salbutamol or placebo, with FeNO 
measured once. 29 healthy volunteers (mean age 11.2, range 5-16) completed measurements at one 
visit only.  
Results: Baseline mean (SD) LCI was significantly higher in asthmatics vs. controls (6.69 (0.91) 
vs. 6.24 (0.47), p=0.02). There were no significant differences in FEV1 (p=0.16) or median FeNO 
(p=0.63). Following Salbutamol there was small significant change in mean (SD) FEV1 (-1.26(1.25) 
to -0.93(0.23), p=0.03) but not LCI, Scond or Sacin (p>0.05). Importantly, LCI post bronchodilator 
remained significantly higher than controls (6.64 (0.69), p=0.01).  
Conclusion: This study identifies the presence of residual ventilation heterogeneity in well 
controlled children with asthma and normal FEV1. The role of LCI in measuring early airway 
disease in children with asthma requires further exploration, possibly as a surrogate of structural 
remodeling.  
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INTRODUCTION 
Asthma has a variable course in childhood with evidence of distinct phenotypes.[1] The 
characteristic features of asthma (airway inflammation and hyperresponsiveness) are apparently 
controllable with treatment, leading to minimal symptoms in most cases. It is currently unclear how 
early childhood events or genetic factors contribute to disease progression, as even well controlled 
individuals may continue to have ongoing histological evidence of airway obstruction and 
inflammation.[2,3] Structural changes to the airway wall and vasculature (airway remodelling) may 
explain why some patients with good symptom control in adolescence appear to have accelerated 
decline in lung function in later adult life.[4]  These airway structural changes have recently been 
noted as absent in infants,[5] but have developed as early as the immediate preschool years.[6] If 
this process of remodelling is to be influenced by treatments, then non-invasive markers of airway 
remodelling require to be identified, as airway biopsy is an invasive and poorly repeatable measure. 
Disease severity in asthma is conventionally assessed using spirometry (FEV1) and symptoms. 
Current opinions suggest that spirometry is able to  detect airway obstruction and reversibility in the 
medium to large airways, but may be insensitive to subtle changes in the distal airways.[7,8] Young 
children also have difficulty in performing spirometry as it requires cooperation and learned 
techniques. In children with cystic fibrosis, spirometry is poorly sensitive to early airway disease.[9] 
Sensitive and repeatable measures of pulmonary function are now being developed to monitor and 
track small airways disease from infancy to adulthood.[10,11]  
Lung Clearance Index (LCI) is a simple measure of ventilation heterogeneity, derived from multiple 
breath inert gas washout measurements. This technique is well suited to all age groups, requiring 
simple tidal breathing. LCI has a narrow range of normal that does not seem to change throughout 
life[12,13] and in children has been shown to be more sensitive than FEV1 at detecting early 
airways disease, particularly in cystic fibrosis.[14,15] Two additional indices of ventilation 
heterogeneity can be derived from the analysis of progressive changes in the phase III (alveolar) 
slope with each breath of the washout. These indices are considered to correspond to abnormalities 
in the conductive airways (Scond) and acinar airways (Sacin) respectively. Scond and Sacin have been 
used to demonstrate changes in ventilation heterogeneity in children with asthma and cystic 
fibrosis.[13,16-20] 
A study in adults with asthma demonstrated residual ventilation heterogeneity, independent of 
inflammation.[18] This is postulated as representing airway remodelling.  Only one study has 
previously assessed ventilation heterogeneity in children with asthma. [16]   These children had a 
poor baseline FEV1 and hence would not be considered well controlled by current standards. LCI 
and FEV1 improved post bronchodilator, but remained significantly different from controls.  
We conducted a randomised, placebo controlled observational study to assess residual ventilation 
heterogeneity (LCI) in well-controlled asthmatics post bronchodilator, compared at baseline with 
healthy controls. Our aim was to assess whether residual ventilation heterogeneity, possibly 
representing evidence of airway remodelling, is present in children with well controlled asthma. 
 
METHODS 
Patients 
Asthmatic patients, aged 5-16 years, were recruited from those attending the Royal Hospital for 
Sick Children specialist asthma clinic. Inclusion criteria were: 1. Known asthma diagnosed by a 
consultant respiratory paediatrician, 2. No previous history of severe asthma requiring admission to 
intensive care, and 3. No increase in symptoms or any exacerbation requiring increased use of 
inhaled bronchodilator or systemic steroid treatment in the four weeks prior to testing. Age-matched 
healthy volunteers were recruited from patients attending for follow-up of stable upper-limb 
fractures as well as children of hospital staff. Healthy volunteers had: 1. No history of recurrent 
wheeze, pertussis or tuberculosis, 2. No previous diagnosis of asthma or previous use of asthma 
medication, 3. No prematurity (<34 completed weeks gestation), 4. No neuromuscular weakness or 
bone disease likely to affect respiration and 5. No congenital cardiac disease requiring medication.  
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Study design 
Patients with asthma attended on two separate occasions one week apart. All patients took normal 
preventer medication on the day of testing but were asked to withhold short-acting beta2 agonists 
for six hours prior to testing. Each visit consisted of completing multiple breath washout (MBW) 
and standard spirometry before, and 20 minutes after, inhaled salbutamol (200mcg metered dose 
inhaler (MDI), Allen and Hanburys, GlaxoSmithKline (GSK), UK) or placebo (propellant only 
MDI, Allen and Hanburys, GSK, UK). Both salbutamol and placebo were delivered via standard 
spacer (Aerochamber plus, GSK, UK).  In addition, exhaled nitric oxide was measured at each visit 
after the first spirometry assessment. Patients were administered salbutamol or placebo in a 
randomised, double blind manner, with the alternative intervention given at the second visit to 
ensure variability in tests was valid. Salbutamol and placebo MDIs were masked by an independent 
person. Order of intervention was determined by sealed sequentially numbered opaque envelopes, 
also prepared independently of the study team. 
Healthy volunteer subjects simply attended on one occasion to complete MBW, spirometry and 
FeNO with no intervention. 
Approval for this study was given by the Lothian Research Ethics Committee. 
 
Multiple Breath Washout 
Multiple breath washout was measured using the modified Innocor flow meter and side stream gas 
analyser (Innovision, Denmark) with the addition of a screen pneumotach (Hans Rudolph, USA), as 
previously validated for use in adults and children as young as five years old.[12] Briefly, subjects 
were suitably distracted and seated with a nose clip attached as they breathed 0.2% Sulphur 
Hexafluoride (SF6) in medical air, supplied from a compressed gas cylinder (BOC, Hertford, UK) 
via a mouthpiece and flow past (bias flow) system until expired and inspired concentrations had 
equilibrated. The gas supply was then detached and patients breathed room air until the measured 
end-tidal SF6 concentration was 1/40th of the starting concentration (0.005%).   Tidal breathing was 
used throughout the test, each taking 5-10 minutes to complete. Washouts were repeated three times 
at each stage to obtain average values.[17] 
Functional residual capacity (FRC) is derived from the total volume of expired tracer gas and 
starting gas concentration.[21] LCI is defined as the total cumulative expired volume (CEV) 
required to wash the tracer gas out to 1/40th of the starting value, divided by the measured FRC 
(CEV/FRC). In other words LCI is the number of starting lung volume turnovers required to wash 
out the SF6 to the pre-defined point, and is elevated in lungs with increased ventilation 
heterogeneity. 
Scond and Sacin were derived from plots of Phase III slope against lung turnover normalised for mean 
expired SF6 concentration over that portion of the corresponding breath For a full description of this 
technique please refer to the work by Verbanck et al.[22] Tidal volume was not restricted in these 
patients so to allow comparison of this data with published work in adults, who were normally 
limited to 1 litre breaths, individual normalised phase III slope values were corrected by multiplying 
by breath volume before calculating Scond and Sacin.[13,17]  Following this protocol, negative Scond 
values are seen in both healthy volunteers and those with very mild disease. While this is 
biologically implausible in theory, due to variation in tidal volume throughout the washout and lack 
of progression of the normalised Phase III slope, negative values are seen in practice. This is 
consistent with other studies in paediatric populations using a similar washout protocol.[13]   
LCI, FRC, Scond and Sacin are all quoted as the mean of at least two reproducible measurements out 
of three washouts. As a quality control measure, washouts were excluded if the measured FRC 
differed by more than 10% from both other repeats.[17] 
 
Spirometry 
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Spirometry (Easyone, nnd, Sweden or Micromedical, UK) was performed according to ARTP 
guidelines.[23] Measurements were performed standing up, without a noseclip. Three reproducible 
measures (defined according to ERS/ATS standards[24]) were required for a satisfactory result, 
with the best of three recorded. Standard deviation scores (z-scores) were calculated from the 
reference population residual standard deviation.[25] 
 
Exhaled Nitric Oxide 
Fraction of expired Nitric Oxide (part per billion) was measured using the online NioxMino 
analyser (Aerocrine, Sweden). This device requires the child to breathe in to full vital capacity 
through a mouthpiece, then to breathe out steadily against resistance. A single acceptable 
measurement was performed with flow rate 50 +/- 5ml/s, exhalation time 6seconds, according to 
ATS standards.[26] An upper limit of 20ppb is considered abnormal. 
  
Statistical Analysis 
Data were analysed using Minitab version 14 statistical software (Minitab inc., USA).  
Data are presented as mean and standard deviation unless otherwise stated. Student’s T-test for 
parametric data and Mann-Whitney Test for non-parametric data were used for comparison of 
groups and effect of treatment. Correlations between two measures were assessed with Pearson’s 
correlation coefficient. Non-parametric paired comparisons were analysed using the 2-sample 
Wilcoxon Signed Rank Test. 
P values less than 0.05 were considered significant. 
 
RESULTS 
Subjects 
Thirty-one patients (mean age 10.6 years, range 5-15) and 29 healthy volunteers (mean age 11.1 
years, range 5-16) were recruited to this study. Five asthmatic patients withdrew from the study 
after one visit (two suffered exacerbations and three were unable to find time to return). All 
participants completed the measurements without difficulty.  
All patients were taking regular inhaled corticosteroids at the time of testing. 6% of patients were at 
step 2 of the BTS guidelines for paediatric asthma management[27] (regular inhaled corticosteroids 
200-400mcg/day),  68% were on step 3 (regular inhaled corticosteroids 200-400mcg/day with long 
acting ß2 agonist (LABA) or Montelukast) and 26% were on step 4 (regular inhaled corticosteroids 
>400mcg /day +/-  LABA or Montelukast). 58% of patients had evidence of atopy (positive skin-
prick testing to aeroallergen with a history of hay fever and/or eczema). 
 
Baseline Data 
Patient demographic characteristics and baseline measurements from the first attendance in the 
study are shown in table 1. Groups were matched for age, sex and height. Mean (SD) baseline FEV1 

z-score at the first visit was not statistically lower in the asthmatic patients compared with controls 
(-1.09 (1.28) vs. -0.70 (0.88), p=0.16). Both groups were within the normal range (+/- 1.96SD). 
There was also no difference in median [range] FeNO (ppb) between asthmatics and controls (14 [5 
– 300] vs. 18 [3 – 50], p=0.63).  
Mean (SD) baseline LCI was higher in the asthmatic group than controls at visit 1 (6.69 (0.91) vs. 
6.24 (0.47), p=0.02) indicating greater overall ventilation heterogeneity. There was a trend towards 
higher  Scond in the asthma group, though this was not significant (0.026 (0.02) vs. 0.017 (0.02), 
p=0.06). There was no difference in Sacin between the groups (0.14 (0.02) vs. 0.12, (0.06) p=0.23). 
There was no statistical difference in mean tidal volume, FRC or dead space (Fowler method) to 
tidal volume ratio (Vd/Vt). 
There was no correlation between age and either LCI, Scond or Sacin in healthy volunteers or 
asthmatics. Increased LCI did not correlate with increased steroid dose or BTS step of asthma 
treatment. 
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Table 1 – Subject characteristics and baseline measurements at first visit. 
 

Table 1 – comparison of groups at baseline.  
ICS, inhaled corticosteroid. LABA, long-acting beta2 agonist.  
*Mann-Whitney non-parametric test. 
 
At visit 1, pre-intervention, there was no correlation between LCI and FEV1 z-score in asthmatic 
patients (r2 = 0.11, p=0.08). There was a significant correlation between LCI and Scond (r

2=0.41, 
p<0.001) but not between LCI and Sacin (r

2=0.11, p=0.07). This relationship between LCI and Scond 
was maintained at each time point on both visits. There were no significant correlations between 
FeNO and any of the measured physiological variables.  
To assess repeatability of measurements in asthmatic patients, within subject coefficient of variation 
(within subject standard deviation divided by population mean, CV) was calculated for FEV1 and 
LCI before and after placebo (4.17% and 5.39% respectively). 
 
 
 

 Healthy Controls 
Asthmatic Patients at 

first visit baseline p 

Number 
29  

(28 for Scond and Sacin) 
31 
 

 

Mean age (yrs) 
[range] 

11.1 
[5 - 16] 

10.6 
[5 - 15] 

0.54 

Sex (male/female) 18/11 17/14  

ICS - 6%  

ICS + LABA - 52%  
Medication at 
time of testing 

ICS + montelukast - 42%  

+ve skin prick testing to 
aeroallergen 

- 58%  

Eczema - 16%  Atopy 

Hay fever - 71%  

Mean Height (cm) 
[range] 

148 
[118-180] 

144 
[110-186] 

0.38 

Median FeNO (ppb) 
[range] 

18 
[3-50] 

14 
[5-300]  0.63* 

Mean (SD) FEV1 z-score 
[range] 

-0.69 (0.88) 
[-2.64 – 1.28] 

-1.09 (1.28) 
[-4.00 – 1.82] 

0.16 

Mean (SD) LCI (CEV/FRC) 
[range] 

6.24 (0.47) 
[5.14 – 7.05] 

6.69 (0.91) 
[5.49 –  9.46] 0.02 

Mean (SD) Scond, Vt corrected       
[range] 

0.017 (0.02)  
[-0.03 – 0.06] 

0.026 (0.02) 
[-0.01 – 0.09] 

0.06 

Mean (SD) Sacin Vt corrected 
[range] 

0.12 (0.06) 
[0.02 – 0.29] 

0.14 (0.02) 
[0.05 – 0.40] 

0.23 

Mean (SD) Tidal Volume (L) 
[range] 

0.55 (0.24) 
[0.19 – 0.99] 

0.45 (0.17) 
[0.23 – 0.80] 

0.07 

Mean (SD) FRC (L) 
[range] 

2.14 (1.02) 
[0.80 – 4.51] 

1.91 (0.78) 
[0.85 – 3.82] 0.31 

Mean (SD) Dead Space to Tidal Volume Ratio 
(Vd/Vt)  
[range] 

 

0.27 (0.06) 
[0.13 – 0.37] 

0.27 (0.05) 
[0.17 – 0.36] 
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Salbutamol intervention 
Following salbutamol administration there was a significant increase (6%) in mean (SD) FEV1 z-
score (-1.26(1.25) to -0.93(0.23), p=0.03) indicating additional reversibility despite optimal asthma 
control. No change was seen post-placebo (-1.04(1.14) to -0.97 (1.17), p=0.5). There was no 
significant change in mean LCI, Sacin or Scond following either salbutamol or placebo (p>0.05). 
(Tables 2 and 3)  
Mean (SD) Post-salbutamol FEV1 z-score did not differ significantly from healthy controls (-0.93 
(0.23) vs. -0.69 (0.88) p=0.38), however mean (SD) post-salbutamol LCI remained significantly 
higher than controls (6.64 (0.69) vs. 6.24 (0.47), p=0.01) indicating residual overall ventilation 
heterogeneity despite improvement in FEV1. Compared with controls, there was no difference in 
post-salbutamol Scond (p=0.54) or Sacin (p=0.33). (Table 2). 
 
Table 2 – Measurements before, and 20 minutes after Salbutamol. Compared with healthy controls. 

Asthmatic  Healthy 
controls pre post p (post vs. pre) 

Mean (SD) FEV1 z-score -0.69 (0.88) -1.26 (1.25)          -0.93 (0.23) 0.03 
Mean (SD) LCI 6.24 (0.47) 6.82 (1.04) 6.64 (0.69)* 0.12 
Mean (SD) Scond 0.017 (0.02) 0.027 (0.02) 0.020 (0.04) 0.19 
Mean (SD) Sacin 0.12 (0.06) 0.12 (0.06) 0.14 (0.10) 0.45 

* Significant difference in post-salbutamol value compared with healthy controls (p=0.01) 
 

Table 3 – Measurements before, and 20 minutes after, Placebo.  
Asthmatic  

Pre post p (post vs. pre) 
Mean (SD) FEV1 z-score -1.036 (1.14)        -0.97 (1.17) 0.45 
Mean (SD) LCI 6.69 (1.01) 6.71 (1.23) 0.83 
Mean (SD) Scond 0.033 (0.03) 0.033 (0.02) 0.90 
Mean (SD) Sacin 0.14 (0.09) 0.16 (0.12) 0.46 

 
 
DISCUSSION 
In this study, children with well-controlled asthma and normal FEV1 had significantly higher LCI 
than controls, indicating abnormal gas mixing. As Scond correlated with LCI at all time points, this 
abnormality appeared to be located in the conducting airways (Scond) as opposed to the acini (Sacin) 
although the trend towards a difference in Scond between groups did not reach statistical significance 
(p=0.06).  
In patients with ongoing inhaled corticosteroid therapy and high level of asthma control, salbutamol 
administration only minimally improved FEV1, as to be expected in a well-controlled population. 
Despite this, post salbutamol mean LCI remained significantly raised, indicating the presence of 
residual small airways disease, not detected by FEV1. 
We report, for the first time, evidence of ventilation heterogeneity in well-controlled asthmatic 
children with normal FEV1. This residual disease did not appear to reflect persisting inflammation 
or bronchospasm as FeNO was normal and the heterogeneity persisted after salbutamol 
administration. It is possible therefore that LCI may reflect structural airway changes, consistent 
with previous observations made by biopsy in children with asthma.[5,6] Further studies would be 
required to directly link these two observations. 
This observational study is limited in that it is unable to directly link ventilation heterogeneity with 
independent evidence of structural airway changes. Given the difficulty in performing these 
invasive measurements, we can only hypothesise as to the cause of this residual ventilation 
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heterogeneity. Measurement of Airway Hyperresponsiveness (AHR) may also have provided 
further evidence of airway remodelling to support our hypothesis. If we had recruited pre-school 
children we may have been able to determine the influence of age and length of time with wheeze 
on ventilation heterogeneity. 
In adult asthmatics ventilation heterogeneity has been demonstrated to correlate with AHR, 
independent of airway inflammation measured by exhaled nitric oxide.[28]  In a similar study in 
adults with mild asthma reported by Verbanck et al, Scond and Sacin were measured before and after 
salbutamol. As in our study, there was evidence of ventilation heterogeneity in the conducting 
airways but not in the acini.[19] The persistently raised Scond, following salbutamol, reinforces the 
suggestion of non-bronchodilator responsive disease in the small conducting airways of well 
controlled asthmatic patients. The elevation of Scond was greater in both of these studies than we 
have seen. This may be due to poorer asthmatic control compared to our patients, or longer duration 
of asthma, leading to greater progression of airway structural changes. Gustafsson demonstrated 
elevated LCI and Scond in a Swedish population of moderately severe asthmatic children, with a 
greater improvement in both of these variables than we have observed.[16] Compared to the current 
study, however, these patients had a lower baseline FEV1 (77% predicted) and a higher mean LCI 
(>8).  
Inflammation is an important component of asthma. When exhaled nitric oxide or sputum 
eosinophil count are used to titrate inhaled steroid doses in adult asthmatics, better control can be 
achieved with fewer exacerbations and an overall lower steroid dose than treating using symptoms 
alone.[29,30] Similarly in children (6-18 years), using FeNO as the basis to increase or decrease 
inhaled steroid dose resulted in improved AHR and fewer exacerbations than those treated by 
symptoms alone.[31]  While inflammation is linked to asthma severity and control, our study shows 
that LCI detects residual airways disease, independent of inflammation as our patients had largely 
normal FeNO that did not correlate with LCI. 
In asthmatic children there is evidence of progressive airway changes into adulthood despite good 
control, with reduced lung function and increased AHR in those with the longest duration of 
asthma. Saglani et al have shown that early structural changes to the airway wall are present in pre-
school children (3-5 years) with wheeze.[5,6] As airway remodelling begins at an early stage, 
improvements in the treatment of preschool age children may result in less airway remodelling, 
better lung growth, and ultimately better lung function in adulthood.  
In this study, LCI was able to detect residual airways disease, following salbutamol administration, 
in children with well-controlled asthma. MBW may be a useful tool to track the progression of early 
airway structural disease that is not currently detected by spirometry. 
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