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Abstract
Rationale: In asthma, airway inflammation, obstruction and reactivity may lead to ventilation heterogeneity; our
understanding of this process is limited in asthmatic children.
Objectives and Methods: The study’s objective was to measure ventilation heterogeneity, by the lung clearance
index (LCI), in children with well controlled asthma and assess the association of LCI with airway reactivity through
methacholine challenge tests. LCI and spirometry were measured in 24 children with asthma and 21 healthy controls
between 4 and 10 years of age. Sixteen children with asthma and 11 healthy controls also performed methacholine
challenge tests.
Results: LCI was higher in children with asthma compared to healthy controls (7.58 vs. 6.79, p = 0.004); no
differences in FEV1 or FEF25-75 were noted between groups. Ages were similar (p = 0.54); however, the slope of LCI
versus age differed between groups (p = 0.001). The LCI slope increased with age in asthmatics. Further, higher LCI
values were associated with decreasing PC20 (provocative concentration of methacholine to decrease baseline FEV1
by 20%) values in children with asthma (p = 0.02), but not healthy controls (p = 0.16).
Conclusions: Ventilation heterogeneity is present from preschool age in children with well controlled asthma. The
relationship between ventilation heterogeneity and airway reactivity suggests that normalizing ventilation heterogeneity
may be an important therapeutic target for treating children with asthma.

Keywords: Ventilation inhomogeneity; Lung clearance index;
Spirometry; Airway reactivity; Asthma
Abbreviations: LCI: Lung Clearance Index; FEV1: Forced Expired
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Introduction
Asthma is characterized by recurrent episodes of airway
obstruction, hyperreactivity, and inflammation, which may contribute
to airway remodeling and progressive flow limitation [1,2]. Autopsy and
biopsy specimens have demonstrated increased airway inflammation
and remodeling in the smaller, more peripheral airways [3]; however,
obstruction in these airways may not be detected using spirometry.
Further, asthma is characterized by inhomogeneity of airway disease
that can produce ventilation heterogeneity within the lung that is not
readily detectable with spirometry.
The multiple breath inert gas washout technique (MBW) can
assess ventilation heterogeneity within the lung by calculating the lung
clearance index (LCI) [4]. This technique quantifies the washout of
an inert gas during regular tidal breathing, making it suitable for all
ages, particularly young children who may not perform reproducible
spirometry [5]. Studies have demonstrated that well-controlled adults
with asthma may have normal spirometry, but an elevated LCI, reflecting
greater ventilation heterogeneity [6,7]. Among adult asthmatics,
greater ventilation heterogeneity is associated with increased airway
reactivity [8]. Limited studies have been conducted in children with
asthma evaluating ventilation heterogeneity using differing inert gases
(sulfur hexafluoride, SF6; and nitrogen, N2) and methodology [9-12].
No studies have specifically evaluated the association of ventilation
heterogeneity with airway hyper-responsiveness in children with
asthma. We hypothesized that pre-school and school age children with
well-controlled asthma have evidence of ventilation heterogeneity and
that school age children with well-controlled asthma have increasing
ventilation heterogeneity associated with greater airway reactivity.
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Materials and Methods
Subjects
Asthmatic children: Subjects between 4 and 10 years of age diagnosed
with asthma by a pediatric pulmonologist were enrolled from the pediatric
pulmonary clinics at Riley Hospital for Children (Indiana University
School of Medicine). Inclusion criteria included mild to moderate asthma
according to the Global Initiative for Asthma (GINA) 2010 symptoms
and treatment criteria [13], with spirometry values of forced expiratory
volume in one second (FEV1) ≥80 percent predicted. Subjects also had well
controlled disease at the time of testing, defined by the absence of an acute
exacerbation and treatment modifications for 4 weeks prior to testing. In
addition, parents completed the Asthma Control Test and subjects with
scores<20 (poor control) were excluded [14].
Healthy controls: Subjects between 4 and 10 years of age were
recruited through advertisements in local publications in Indianapolis,
Indiana (2013-2014). Inclusion criteria included being full term (≥37
weeks of gestation) and no history of allergic rhinitis, food allergy, atopic
dermatitis, wheezing, pneumonia, or hospitalization for a respiratory
illness. Exclusion criteria included any history of immunodeficiency,
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autoimmune, neoplastic, and/or congenital heart disease. Subjects
were clinically healthy at the time of testing, with no fever or acute
respiratory symptoms for 4 weeks prior to testing.

length, weight, gender, or race.

The study was approved by the Institutional Review Board at
Indiana University and informed parental consent as well as assent in
children ≥7 years old was obtained.

LCI was significantly higher (reflecting increased ventilation
heterogeneity) in asthmatics compared to the healthy control subjects (p =
0.004, Table 2). In contrast, there were no statistically significant differences
between the 2 groups for FEV1 (p = 0.16) and FEF25-75 (p = 0.19), although
the asthmatic group tended to have lower spirometry values.

Nitrogen multiple breath washout (N2MBW)
N2MBW was assessed using a standard method according to current
consensus [15] with Ecomedics® Exhalyzer D open circuit equipment
and Spiroware® software (3.1.6) for data acquisition, storage, and analysis.
N2MBW was performed with the child in a seated upright position,
breathing through a mouthpiece and wearing nose clips while watching
a video. The wash-in phase utilized nitrogen (N2) as the tracer gas (room
air bias flow), while the wash-out phase used 100% oxygen. The number of
lung volume turnovers required to reduce N2 gas concentration to 1/40th of
the starting value was expressed as the lung clearance index (LCI), which
was calculated as the ratio between the cumulative expired volume (CEV)
and the mean functional residual capacity (FRC) calculated from the washout phase. Reported values were the average of 2-3 technically acceptable
trials with no leaks or coughing during the washout time. LCI and FRC
measurement coefficient of variability (CV) was <5% for two trials and
<10% for three trials.

Spirometry and methacholine challenge
Spirometry was measured by standardized methodology with the
child standing and wearing nose clips [16,17]. At least three technically
acceptable maneuvers were required with the CV of FEV1 being <10%.
Spirometry measurements were expressed as percent predicted based upon
Global Lung Initiative (GLI) equations [18].
Methacholine bronchial challenge was only performed in children
between 7-10 years of age. The five breath dosimeter protocol was
performed according to American Thoracic Society 1999 Guidelines [19].
Children were seated throughout the testing and increasing methacholine
concentrations (0.0625, 0.25, 1, 4 and 16 mg) were nebulized and inhaled
through a mouthpiece while wearing nose clips. The methacholine
challenge was considered positive (airway hyper-reactivity present)
when FEV1 decreased ≥20% from baseline and PC20, the methacholine
concentration required to decrease FEV1 by 20%, was calculated.

Statistical analysis
Subjects’ demographics and lung function variables of each group
(healthy controls and children with asthma) were summarized and
compared using two-sample t-tests for continuous variables (all had
normal distribution) and Chi-Square tests for categorical variables.
Relationships between lung function measurements (LCI, FEV1, FEF25) and the following covariates were evaluated using multiple regression
75
models: age and subjects´ group. Relationship between LCI and PC20
was evaluated using a linear regression model. For all the analyses, the
level for statistical significance was set at 0.05. All analytic assumptions
were verified and all tests were performed using SPSS Statistics 22®
(SPSS, Chicago, IL, USA).

Results
Demographics
Forty-five children who met inclusion/exclusion criteria were
evaluated; 24 were asthmatics and 21 were healthy. Table 1 summarizes
the demographics for each group of subjects. There were no significant
differences between the asthmatics and healthy groups in age, body
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Lung function tests

As a previous study had reported that LCI varied with age, we
compared LCI versus age for the asthmatic and control subjects [20,21].
Neither asthmatics nor controls demonstrated a significant relationship
between LCI and age; however, there was a significant difference in
the slopes of LCI with age between the two groups (p = 0.001) (Figure
1). For FEV1 and FEF25-75, neither group demonstrated significant
relationships with age for either parameter, nor was there a difference
between the slopes for the two groups.

Airway hyperreactivity
Twenty-seven children between 7 and 10 years of age (16 asthmatics
and 11 healthy controls) were evaluated with both measurements of
N2MBW and methacholine challenge; there were no demographic
differences between asthmatics and the healthy controls in these
groups that underwent methacholine challenge (Table 3). The group of
asthmatic children had significantly higher LCI compared with healthy
controls (p = 0.008 (Table 4), and tended to have lower FEV1 (percent
predicted), which did not achieve statistical significance.
Nine asthmatics (56%) and four healthy controls (36%) had a
positive response to methacholine (PC20<16 mg/ml); however, there
was no difference in the frequency of a positive test for the two groups (p
= 0.31). There was also not a significant difference in group mean PC20
for asthmatics compared to healthy control subjects (Table 4). Among
the asthmatic subjects that had a positive methacholine challenge,
there was a significant relationship between LCI and PC20 (p = 0.02);
Healthy Controls

Children with asthma

21

24

Subjects (N)

p-value

Age (years)

7.4(2.0)

7.7(1.7)

0.54

Height (cm)

123(12.5)

126(9.9)

0.46

Weight (kg)

26(6.88)

29(9.74)

0.25

Gender(Female,
%)

5(24)

7(29)

0.68

Race(Caucasian,
%)

18(86)

21(87)

0.86

Values are means (standard deviations) for continuous variables; frequency
(percent) for categorical variables. P-values were derived from t-tests for
continuous variables, Chi-Square tests for categorical variables.
Table 1: Demographics.

Healthy Controls

Children with
asthma

Subjects (N)

21

24

LCI

6.79(0.59)

7.58(1.03)

0.004

FEV1(% predicted)

107(10.29)

102(13.22)

0.16

FEF25-75(% predicted)

97(19.59)

85(25.22)

0.19

p-value

Values are means (standard deviations) for continuous variables. P-values are
derived from t-tests for continuous variables.
Table 2: Lung function tests.
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Figure 1: Lung Clearance Index (LCI) versus Age (years). Individual data for subjects with asthma (solid triangles) and control subjects (open squares) are
presented, as well as the linear regressions for each group. The slopes of LCI versus age were significantly different between the asthmatics and healthy control
subjects (p = 0.001), although there were not significant correlations between LCI and Age for asthmatics (p = 0.24) or healthy control (p = 0.92) groups.

increasing LCI (greater ventilation heterogeneity) was associated with
a lower PC20 (greater airway reactivity) (Figure 2). When we analyzed
all asthmatic subjects, responders and non-responders (n = 16), the
relationship between increasing LCI and lower PC20 approached
statistical significance (p = 0.07). Among healthy control subjects there
was no significant relationship between LCI and PC20 (Figure 2). Neither
asthmatics nor healthy controls subjects had a significant relationship
between FEF25-75 or FEV1 (percent predicted) and PC20.

Healthy Controls

Children with
asthma

Subjects (N)

11

16

Age (years)

8.98 (1.09)

8.64 (1.13)

0.44

Height (cm)

133 (8.68)

130 (8.54)

0.43

Weight (kg)

32 (6.87)

32 (10.15)

0.91

Discussion

Gender (Female, %)*

2 (18)

4 (25)

0.67

Race (Caucasian, %)*

10 (91)

14 (87)

0.78

Ventilation heterogeneity within the lung is a well-recognized feature
of asthma; however, relatively few studies have evaluated this measure in
young asthmatic children [10,22,23]. In our study, we found that not only
did young well-controlled children with asthma have higher LCI values
when compared with healthy controls, but there was also a significant
relationship between LCI and airway reactivity among the asthmatic
children; increasing LCI was associated with greater airway reactivity.

p-value

Values are means (standard deviations); P-values are derived from t-tests.
* Values are number, N, and frequency (percent); P-value are derived from Chisquare tests.
Table 3: Methacholine challenge group (demographics).
Healthy Controls

Children with
asthma

p-value

Subjects (N)

11

16

LCI

6.83 (0.45)

7.41 (0.63)

Baseline FEV1 (% predicted)

106 (9.45)

100 (9.81)

0.08

Baseline FEF25-75 (% predicted)

93 (19.53)

86 (22.34)

0.18
0.31

0.008

PC20 reactive (N; %)*

4 (36%)

9 (56%)

PC20 reactive (mg/ml)

5.31 (4.87)

5.79 (4.72)

0.87

PC20 reactive (FEV1% drop)

34.5 (25.05)

32.3 (7.96)

0.67

Values are means (standard deviations); P-values are derived from t-tests.
*Values are number, N, and frequency (percent) with positive bronchial
challenge; P-value are derived from Chi-square tests.
Table 4: Methacholine challenge.
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Our well-controlled children with asthma had significantly higher
LCI values compared to healthy controls, reflecting greater ventilation
heterogeneity; however, differences in spirometry did not achieve
statistical significance. These findings reinforce that LCI is a more
sensitive measure of airway dysfunction than spirometry, particularly
in children with well controlled disease. Our finding in pre-school and
school age children is consistent with other studies of older children
and adults with well controlled asthma [9]. However, this study is one of
the first using nitrogen (N2) as an inert gas in this age group, while previous
studies [9-12] used different gases such as sulfur hexafluoride (SF6). Given
that SF6 is difficult to obtain in the United States, a better understanding
of the sensitivity of measurements of MBW using N2 as the inert gas is
important. We also found there was a difference in the relationship between
LCI and age among our well-controlled pre-school and school age asthmatic
children compared to healthy control subjects; the asthmatics had a greater
increase in slope of LCI compared to the controls. Although our study
Volume 6 • Issue 1 •1000321
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Figure 2: Lung Clearance Index (LCI) versus Airway Reactivity - PC20 (mg/ml). Individual data for subjects with asthma (solid triangles) and control subjects (open circles)
who were reactive to methacholine are presented, as well as the linear regressions for each group. The relationship between LCI and methacholine PC20 was significant in
asthmatics (p = 0.02); LCI increased with decreasing PC20 in asthmatic subjects; however, there was no significant relationship between LCI and PC20 in healthy controls
(p = 0.16).

was cross-sectional, rather than longitudinal, our findings suggest that
even among well-controlled asthmatic children, ventilation heterogeneity
may increase with increasing age. Similar findings were observed with
spirometric values for which longitudinal cohort studies suggest worsening
airway obstruction with increasing age [24-26]. Our findings suggest that
LCI may be more sensitive than spirometry for detecting worsening airway
function in well-controlled asthmatic children. Earlier detection of disease
prior to airway remodeling may help to alter the trajectory of disease.
As a group, our children with asthma did not have significantly
greater airway reactivity compared to our healthy control subjects,
which may reflect selection bias since 15 of the 16 that underwent
bronchial challenge were using inhaled corticosteroids that can suppress
airway reactivity. We did find that among the asthmatic children, but
not the healthy controls, increasing ventilation heterogeneity was
associated with greater airway reactivity (lower PC20). Our findings
are in agreement with previous studies in adults that demonstrated
similar relationships between ventilation heterogeneity and airway
reactivity [8]; however, our study has extended this finding from adults
to young children, particularly, those with well-controlled asthma. In
adults with clinically unstable asthma, Downie et al. demonstrated
the persistence of this relationship following anti-inflammatory
treatment, which suggested that ventilation heterogeneity may be an
important independent determinant of airway hyperresponsiveness.
Computational models of airway narrowing have also suggested that
inhomogeneity of airway obstruction, which contributes to ventilation
heterogeneity, might be associated with increased airway reactivity [2729]. Therefore, normalization of ventilation heterogeneity may be an
important treatment goal for subjects with asthma. However, at what
age ventilation heterogeneity develops, and whether it precedes airway
hyper-reactivity or develops concurrently is not known.
Our study has several limitations. The sample size was low for those
that performed methacholine challenge, especially amongst the healthy
controls. We did not measure ventilation heterogeneity at the end of
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the methacholine challenge; we only measured spirometry. Given this,
we were unable to determine whether a change in LCI was associated
with the change in spirometry. We administered the bronchodilator
immediately after the last methacholine dose and spirometry maneuver
so as to not maintain the airway obstruction in these young subjects,
who were also not likely to tolerate a much longer protocol. Another
limitation is that our study was cross-sectional; therefore, we were
not able to determine whether LCI progressively worsens over time
in well-controlled asthmatic children relative to healthy controls.
Lastly, a longitudinal cohort study starting during infancy is required
to determine whether ventilation heterogeneity precedes or develops
coincidentally with heightened airway reactivity.
In conclusion, we found that ventilation heterogeneity measured using
N2 washout, unlike spirometry, demonstrated airway dysfunction in young
well-controlled children with asthma. Further, increasing ventilation
heterogeneity was related to increasing airway reactivity in young wellcontrolled children with asthma, but not in healthy controls. Future
studies are required to determine the mechanistic relationship between
ventilation heterogeneity and airway reactivity in children with asthma, as
well as whether ventilation heterogeneity can be an important outcome for
assessing the management of children with asthma.
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