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Abstract
Small airway disease, characterised by ventilation heterogeneity (VH), is present in a subgroup of patients with asthma.
Ventilation heterogeneity can be measured using multiple breath washout testing. Few studies have been reported in children.
We studied the relationship between VH, asthma severity, and spirometry in a cross-sectional observational cohort study
involving children with stable mild-moderate and severe asthma by GINA classification and a group of healthy controls.
Thirty-seven participants aged 5–16 years completed multiple breath nitrogen washout (MBNW) testing (seven controls, seven
mild-moderate asthma, 23 severe asthma). The lung clearance index (LCI) was normal in control and mild-moderate asthmatics.
LCI was abnormal in 5/23 (21%) of severe asthmatics. The LCI negatively correlated with FEV1 z-score.

Conclusion: VH is present in asthmatic children and appears to be more common in severe asthma. The LCI was significantly
higher in the cohort of children with severe asthma, despite no difference in FEV1 between the groups. This supports previous
evidence that LCI is a more sensitive marker of airway disease than FEV1. MBNW shows potential as a useful tool to assess
children with severe asthma and may help inform clinical decisions.

Keywords Asthma . Spirometry . Lung clearance index .Multiple breath washout . Cohort study .Wheeze

Introduction

Asthma in children is common, with most controlled with low
doses of inhaled corticosteroids. A subgroup of children has
more severe asthma. Ventilation heterogeneity (VH) is well
described in adults with severe asthma; however, our under-
standing of the contribution of small airway disease to asthma
severity in children remains limited.

Knowledge of peripheral airway dysfunction may have
therapeutic implications as conventional inhaled therapy
may not reach the peripheral airways, an often-overlooked
aspect in asthma management.

Spirometry is insensitive to disease at the level of the small
airways [1]. In recent years, there has been increasing interest
in multibreath washout (MBW) tests. The Lung Clearance
Index (LCI), derived from MBW, is recognised as a measure
of global lung function.

What is Known:
• Increased ventilation heterogeneity is present in some children with asthma
• Spirometry is not sensitive enough to detect small airway involvement in asthma

What is New
• Lung clearance index is abnormal in a significant subgroup of children with severe asthma but rarely in children with mild-moderate asthma
• Our data suggests that LCI monitoring should be considered in children with severe asthma
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Previous studies of VH in children mostly focused on co-
horts with milder asthma and showed higher lung clearance
index (LCI) in children with asthma compared to controls [2,
3]; however, the average LCIs were usually still within the
normal range [4, 5]. Others did not stratify by severity [5–7]
or focused solely on severe asthma [8].

We aimed to investigate the presence of VH in asthmatic
children using multiple breath nitrogen washout (MBNW),
focusing on assessment of the relationships between the fol-
lowing: (1) LCI and asthma disease severity (represented by
Global Initiative for Asthma (GINA) step scores) and (2) LCI
and spirometry, primarily FEV1.

Materials and methods

This is a cross-sectional observation study in children with asthma
to investigate if differences exist in VH between children with and
without asthma, and between varying severities of asthma.

Children with physician-diagnosed asthma and control partici-
pants aged 5–16 years were recruited at Leicester Royal Infirmary,
Leicester, UK. Children with stable asthma with scheduled atten-
dances during the study period were recruited from general respi-
ratory or asthma clinics. Control subjects with no respiratory dis-
ease were recruited from the children’s diabetes clinic and also
included healthy siblings. All aspects of the study were approved
by the Research Ethics Committee (study numbers 12/WM/0413
and 09/H0403/92). All children attended the laboratory with a
parent/guardian. We assessed asthma control using the children’s
asthma control test (c-ACT) for children aged 5 to 11 years and the
asthma control test (ACT) in children ≥ 12 years. Test scores > 19
for either test indicates good current asthma control. Written in-
formed consent was taken from all parents/guardians, with age-
appropriate written consent/assent taken from all children before
enrolment.

The lack of data available onMBW in childrenwith asthma
meant that we were unable to perform meaningful power cal-
culations. The sample size was therefore opportunistic and
determined by the number of participants that could be recruit-
ed by a research fellow (AN) during the study period.

Current prescribed medication information was used to
classify severity of asthma as mild-moderate (steps 1–3) or
severe (steps 4–5), according to the GINA step guidance
(www.ginasthma.org).

Lung function testing

Spirometry was performed according to the ATS/ERS guide-
lines [9], using a MicroLab spirometer (Vyaire Medical
Products Ltd., Basingstoke, UK).

Fractional exhaled nitric oxide (FeNO) was measured
using the NIOX MINO device (Circassia Group plc, Oxford,
UK), following American Thoracic Society clinical practice

recommendations (Dweik RA 2011) and using a flow of 50 ±
5 mL/s. FeNO > 35 ppb was regarded as a positive test, indi-
cating the presence of type 2 airway inflammation.

MBNW measurements were made using the EXHALYZER
D with SPIROWARE 3.1.6 software package (Eco Medics,
Switzerland), according to ERS/ATS criteria relating to proce-
dure and test quality control [10]. The equipment was regularly
calibrated to ensure accurate measurement. Participants complet-
ed MBNW in an upright seated position wearing nose clips.
Children began by breathing medical air; then, after a steady
breathing patternwas established, the EXHALYZERDautomat-
ically switched the gas to 100% oxygen and began the washout
phase. The washout continued until the end-tidal concentration
of N2 reached the target of less than 1/40th of initial starting
concentration for three consecutive breaths. LCI values represent
the number of lung volume “turnovers” required for the end-tidal
concentration of N2 to reach the target. The test was repeated at
least three times, with sufficient time between trials to allow
subjects to re-equilibrate with room air. A minimum of two
acceptable tests was required for the test to be valid and included
in the analysis.

Tests where FRC differed by > 25% from the overall me-
dian were excluded. Tests were acceptable if LCI values were
within 10% where three tests were completed, and within 5%
if two tests were completed.

Statistical analysis

Results of FVC and FEV1 were converted to z-scores using
the Global Lung Function Initiative Software Version 3.3.1
Build 5 to allow comparison of results. We focused primarily
on FEV1 values, as this is the spirometry parameter most
frequently examined in previous MBW studies.

Published reference values for MBNW were used to define
normal LCI, with 7.91 representing the upper limit of normal
(ULN) [11].

Non-parametric testing was used for group comparisons
(Mann-Whitney and Kruskal-Wallis tests). Spearman correla-
tion tests were used to compare relationships between vari-
ables. All analyses were performed in GraphPad Prism (V7.0,
San Diego, CA, USA).

Results

Thirty-eight asthmatic children and seven controls were re-
cruited. Thirty asthmatic children and seven controls success-
fully completed MBW (82.2% of participants) and were in-
cluded in further analysis. Twenty-three were classified as
severe asthma (10 male, 13 female) and seven as mild-
moderate asthma (5male, 2 female). There were no significant
differences between the age or gender distributions of the
participants in each group.
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Lung function testing results for spirometry, FeNO, and
MBNW are presented in Table 1.

LCI vs disease severity

As disease severity increased, there was an increase in LCI,
with a significant difference found on comparison of all
groups (p = 0.017). All the control participants and mild-
moderate asthmatics had normal LCI (ULN 7.91). LCI of
the severe asthmatics were significantly higher than those of
children with mild-moderate asthma and controls (Table 1).
Five out of 23 severe asthmatics had abnormal LCI, with the
LCI scores of several further participants in this group near the
ULN. Individual LCI data is displayed in Fig. 1b.

LCI vs FEV1

Regarding the spirometry results, there was no signifi-
cant difference between the FEV1 z-score and FVC z-
score between the groups.

There was a significant negative correlation between LCI
and FEV1 z-score (r = − 0.65, p ≤ 0.001) (Fig. 1a). All partic-
ipants with an abnormal FEV1 z-score also had an abnormal
LCI. One out of 30 asthmatic participants had normal FEV1 z-
scores but abnormal LCI.

LCI vs Asthma Control Score

As defined by an ACT or c-ACT score > 19, 11/30 asthmatics
were controlled, and 19/30 were uncontrolled. There was no
significant difference between the LCI values of controlled vs
uncontrolled asthmatics (p = 0.10).

Discussion

Small airway disease in children with asthma has been little
studied. Involvement of the small airways in the disease pro-
cess may be a factor in some patients with asthma who re-
spond poorly to conventional coarse-particle inhaled cortico-
steroids [12]. We found that all children with mild-moderate
asthma had LCI values within the normal range, with no sig-
nificant difference found between LCI of this group and
healthy controls. However, VH, as represented by an increase
in LCI (> 7.91), was a feature in just over 20% of the children
we studied with severe asthma. This finding is consistent with
that of Irving et al., who demonstrated abnormal LCI in chil-
dren with severe treatment-resistant asthma [8].

Previous studies in children have demonstrated increased
LCIs in asthmatic children compared with controls, but results
were mostly within predicted limits [5–7, 13]. Consistent with
previous studies, our data in mild-moderate asthmatics dem-
onstrated normal LCI in all these participants. Our separation
of asthmatics by severity group allowed a more specific anal-
ysis of this relationship and revealed a clear difference be-
tween mild-moderate and a subgroup of severe asthmatics,
whereas the previous studies focus either on asthma cohorts
of mixed severity (largely mild-moderate asthma) or exclu-
sively on severe asthma. Our identification of a subgroup of
severe asthmatic children with abnormal LCI may indicate the
presence of a subgroup of asthmatic children in which small
airway disease is a significant feature of their asthma.

In our asthmatic cohort, we observed a strong negative corre-
lation between LCI and FEV1. All asthmatic participants with
abnormal FEV1 z-scores also had abnormal LCI. This suggests
that measuring LCI in addition to routine pulmonary function

Fig. 1 LCI plotted against FEV1 z-score and boxplot displaying
individual LCI data. a Correlation between LCI and FEV1 z-score in 29
asthmatic participants and 6 controls. Diamond—controls; circles—mild-
moderate asthmatics; triangles—severe asthmatics. Horizontal dotted line

at 7.91 = ULN for LCI. Vertical dotted line at − 1.96 = LLN for FEV1.
Best-fit linear regression line shown. b Boxplots displaying individual
LCI data for all participants, box represents IQR with line at the median

3402



Eur J Pediatr (2021) 180:3399–3404

testing is of benefit in children with severe asthma to assess ven-
tilation heterogeneity as a potential comorbidity in these patients.

MBNW measurements are time-consuming, and like many
studies in this area, our study is limited by its relatively small
sample size. Sampling was opportunistic from a cohort of asth-
matic children under specialist care, which limited the number of
mild-moderate asthmatics recruited. We did not have electronic
monitoring data to confirm adherence to treatment, something that
future studies should look to include as adherence is a major
confounder in asthma studies. Within our cohort, we did not iden-
tify a significant difference in LCI between controlled and uncon-
trolled asthmatics (as defined by the ACT/c-ACT). Future studies
focusing on children with persistently uncontrolled asthma would
be of benefit to assess this relationship further.

Conclusion

Evidence demonstrating the presence of ventilation heterogeneity
in childhood asthma is starting to emerge. By stratifying our cohort
by asthma severity, we have demonstrated that VH is a particular
feature of severe asthma, with abnormal LCI found in just over
20% of severe but in none of the mild-moderate asthmatics. We
conclude that measuring LCI in children with severe asthma is of
benefit to evaluate the presence and severity of ventilation hetero-
geneity in this subgroup as a potential comorbidity.

Abbreviations c-ACT, Children’s Asthma Control Test; ACT, Asthma
Control Test; FeNO, Fractional exhaled nitric oxide; GINA, Global
Initiative for Asthma; GLI, Global Lung Function Initiative; LCI, Lung
Clearance Index; MBNW, Multiple breath nitrogen washout; MBW,
Multiple breath washout; ULN, Upper limit of normal; VH, Ventilation
heterogeneity
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