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A B S T R A C T

Background: Separating individuals with viral-induced wheezing from those with asthma is challenging, and
there are no guidelines for children under 6 years of age. Impulse oscillometry, however, is feasible in 4-year-old
children.
Objective: To explore the use of impulse oscillometry in diagnosing and monitoring asthma in young children
and evaluating treatment response to inhaled corticosteroid (ICS).
Methods: A total of 42 children (median age 5.3 years, range 4.0-7.9 years) with physician-diagnosed asthma
and lability in oscillometry were followed for 6 months after initiation of ICS treatment. All children performed
the 6-minute free-running test and impulse oscillometry at 3 time points. After the baseline, they attended a sec-
ond visit when they had achieved good asthma control and a third visit approximately 60 days after the second
visit. A positive ICS response was defined as having greater than 19 points in asthma control test and no hyperre-
activity on the third visit.
Results: In total, 38 of 42 children responded to ICS treatment. Exercise-induced increases of resistance at 5 Hz
decreased after ICS treatment (61% vs 18% vs 13.5%, P < .001), and running distance during the 6-minute test was
lengthened (800 m vs 850 m vs 850 m, P = .001). Significant improvements in childhood asthma control scores
occurred between the baseline and subsequent visits (21 vs 24 vs 24, P < .001) and acute physicians’ visits for
respiratory symptoms (1, (0−6) vs 0, (0−2), P = .001). Similar profiles were observed in children without aeroal-
lergen sensitization and among those under 5 years of age.
Conclusion: Impulse oscillometry is a useful tool in diagnosing asthma and monitoring lung function in young
children.
© 2021 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. This is an open access arti-
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Introduction

The prevalence of childhood asthma varies in European birth
cohorts, possibly at least to some extent owing to lack of universal con-
sensus guidelines on diagnosing early childhood asthma.1 Typical
symptoms are wheezing and coughing, with bronchial hyperrespon-
siveness (BHR).2 Many young children who have wheezing episodes
have no asthma symptoms at school age, making it difficult to separate
those with virus-induced wheezing from those with asthma in early
childhood.3 Clinical tools predict whether young children will go on to
develop childhood asthma, but a negative result using the Asthma Pre-
dictive Index does not rule out asthma in later life.4 This is why clinical
diagnosis is challenging in children under 6 years old.

Impulse oscillometry is a noninvasive lung function tool that only
requires passive patient cooperation with normal breathing by a
mouthpiece. It uses externally applied pressure signals and their
resultant flows to determine resistance and reactance, the compo-
nents of respiratory impedance. Peripheral airway obstruction typi-
cally results in negative frequency dependence of resistance.
Therefore, resistance at lower frequencies (R5) is thought to reflect
both peripheral and central airway resistance, whereas with increas-
ing frequencies (R20), resistance at more central airways.5

Impulse oscillometry is feasible in 4-year-old children, and chil-
dren with asthma have abnormal bronchodilator responses.6
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Preschool oscillometry has been found to predict lung function at
school age, which is why it can be useful in clinical practice for pre-
dicting persistent lung symptoms into adolescence.7,8 According to
the European Respiratory Society recommendations, oscillometry
can be performed from the age of 2 years and the 6-minute free-run-
ning test (FRT) can be used from the age of 4 years.9

A Finnish study reported that, when healthy children aged 3 to
7 years took part in the 6-minute FRT, the highest 95% confidence
limit for maximal exercise-induced change in respiratory resistance
at 5 Hz was 32.5%.10 According to the Finnish national asthma guide-
lines, a change in resistance at 5 Hz of greater than or equal to 40%
between baseline and the period after exercise or bronchodilation
tests is a diagnostic value for exercise-induced bronchoconstriction
(EIB) at 3 to 7 years of age, and it can be used as a major diagnostic
feature of asthma together with symptoms.11

A minimum level of 35 ppb of exhaled nitric oxide (FeNO) in chil-
dren with asthma predicts a good response to an inhaled steroid.12

The full-term use of an inhaled corticosteroid (ICS) rarely relieves to
chronic cough without atopy.13 Phenotype-based treatment has pre-
viously been described,14 and a good response to inhaled steroid
treatment has been predicted for children with eosinophilia greater
than or equal to 0.30 E9/L or those sensitized to aeroallergens.14,15

A number of studies have revealed that ICS reduced BHR and
decreased FeNO among adults and children aged 5 to 16 years with
asthma.16-23 Furthermore, BHR improved among children aged 5 to
12 years when measured in 2 studies using the methacholine
challenge.23,24 The fall of forced expiratory volume in 1 second
observed during 6-minute FRT improved within 3 to 6 weeks when
children aged 7 to 12 years received ICS treatment.24 It has been pre-
viously revealed that ICS decreased FeNO, asthma symptoms, and the
use of rescue medication and was tolerated well by children aged 4
to 7 years with wheezing owing to multiple triggers.23 Considerable
proportions of children with asthma respond poorly to ICS.25 Among
288 children with asthma aged 6 to 18 years old, ICS treatment
reduced exacerbations, but one-third experienced exacerbations dur-
ing ICS treatment.26

In this study, we evaluated the feasibility of impulse oscillometry
together with clinical assessment in the evaluation of ICS treatment
responses in Finnish preschool children aged 4 to 7 years. We
hypothesized that 6-minute FRT combined with impulse oscillometry
could supplement the routine clinical evaluation of preschool-aged
children with suspected asthma.
Methods

The study was carried out on children aged 4 to 7 years with mild
or moderate asthma. It was conducted at the following 2 sites in Hel-
sinki, Finland, from November 28, 2017, to May 15, 2020: the tertiary
Figure 1. Flowchart of the study. BHR, bronchial hyperresponsiveness; C-AC
Skin and Allergy Hospital and the Mehil€ainen T€o€ol€o private clinic.
Aside from age, the other inclusion criteria were typical asthma
symptoms, such as wheezing, cough, and/or dyspnea; the ability to
cease any ICS treatment for 30 days before testing; and physician-
diagnosed asthma. The exclusion criteria included using ICS in the
past 30 days, an acute respiratory infection in the past 14 days, and
preterm birth. We also excluded children with a respiratory diagno-
sis, another chronic lung disease or a neurologic or cardiovascular
disease with respiratory symptoms, and active implanted equipment,
such as a pacemaker.

Of the 53 children, 45 were seen at the hospital and 8 were seen at
the clinic. Both study sites carried out the 6-minute FRT, but there
were missing data for 3 of the 8 children who underwent this proce-
dure at the clinic. They were excluded from this part of the analysis.
We found that 48 of the 50 children who underwent 6-minute FRT
had, as compared with baseline, greater than or equal to 40% increase
in respiratory resistance at 5 Hz or greater than or equal to 40%
decrease in resistance at 5 Hz on the bronchodilatation test. In addi-
tion to the 3 clinic subjects with missing data who were excluded
from the analysis, a further 4 children dropped out of the study, and
4 without significant bronchodilatation improvements or exercise-
induced respiratory increases were excluded. Ultimately, 42 of the 53
children were included in the final analysis. Of these, 31 (74%) were
boys and 31 (74%) had no ICS treatment in the past 6 months (Fig 1).

Questionnaire

Background data were collected for the case report form, includ-
ing sex of the child; whether they had ever been diagnosed by a phy-
sician with atopic eczema, asthma, or allergic rhinitis; and whether
they had a history of wheezing when they did not have an infection.
We also collected data on parental asthma and current smoking. The
Childhood Asthma Control Test (C-ACT)27 was completed during
every visit.

Each acute physician-diagnosed wheezing episode and physician
visit with respiratory symptoms 6 months before and 6 months after
the baseline were also recorded. These included primary care and
emergency department visits and were obtained from the national
Finnish registries.
Laboratory Tests

Children underwent laboratory testing, if clinically indicated, and
the following results were collected: blood count eosinophils, C-reac-
tive protein, and skin-prick tests or specific immunoglobulin E tests
for aeroallergens. A serum immunoglobulin E value of more than
0.35 kU/L, using the Phadiatop test (Phadia AB, Uppsala, Sweden),
was considered a positive reaction. Birch, timothy, mugwort, dog, cat,
horse, Cladosporium herbarum, and Dermatophagoides pteronyssinus
T, Childhood Asthma Control Test; FRT, free-running test; Md, median.
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were included in the skin-prick test, and a minimum wheal size of
3 mmwas considered positive.
Prerequisites for Testing

Beta2 agonists were not administered for 12 hours before the
tests. If the child had acute respiratory infection symptoms or fever
at the baseline visit or visit 3, only the oscillometry and bronchodila-
tation tests were performed.
Study Visits

Visit 1 provided the baseline data. The second study visit took
place when the child achieved good asthma control, with a C-ACT of
greater than 19 points; this always took place at greater than or equal
to 4 weeks after the baseline visit. The median time between visits 1
and 2 was 43.5 days (range 32-68 days). The target for days between
visits 2 and 3 was 50 to 70 days, and the median time between visits
that was achieved was 68 days (range 57-100 days) (Fig 1).
Impulse Oscillometry

The baseline oscillometry test was performed according to the cri-
teria of the European Respiratory Society and the American Thoracic
Society.28 We documented resistance at 5 and 20 Hz, the difference
between resistance at 5 and 20 Hz, and reactance at 5 Hz. Obstruction
was defined as a Z-score of greater than or equal to 1.65 SD of the
prediction for resistance at 5 Hz.29
The 6-Minute Free-running Test and Bronchodilatation Test

The 6-minute FRT30 was performed during every study visit, but 2
of the 42 children did not perform the FRT at baseline because of a
significant obstruction discovered through the oscillometry test. If
the children had an acute respiratory infection during the third visit,
only oscillometry, with a bronchodilatation test, was performed at
that point. The heart rate target was a minimum of 170 beats per
minute for 6 minutes. Impulse oscillometry was performed immedi-
ately before the test started, then at 1 and 5 minutes after exercise,
and for every 5 minutes thereafter, up to 30 minutes or until no fur-
ther resistance increase was observed. Finally, the children were
given 0.3 mg of salbutamol using a Ventoline Evohaler with a Baby-
haler spacer device (Glaxo Wellcome Production, Evreux, France),
and an impulse oscillometry test was performed 15 minutes after the
administration of salbutamol.

An increase in resistance at 5 Hz greater than or equal to 40% was
considered evidence of EIB, and a greater than or equal to 40%
decrease of resistance at 5 Hz was considered a significant
Table 1
Baseline Characteristics of the 42 Children

Variable Children, <5 y (

Age (y), median (range) 4.7
(4.0-4.9)

Sex (boys) 12 (75)
Previous asthma diagnosis in childhood 7 (44)
Regular asthma medication in past 6 mo 3 (19)
Physician-diagnosed allergic rhinitis 3 (19)
Physician-diagnosed atopic dermatitis 12 (75)
Parental asthma 9 (56)
Parental smoking 4 (25)
Physician-diagnosed wheezing episodes at any point 13 (81)
Number of physician-diagnosed wheezing episodes 3 (0, ≥5)
Furry animal at home 1 (6.3)
Sensitization to aeroallergens 11 (69)

NOTE. Data are presented as median and range or n (%).
bronchodilator response.10,31 The running distance in the hospital
was documented in 30 of the 42 children at baseline and during visits
2 and 3.
Treatment Response

Positive response to ICS treatment was defined as a child scoring
greater than 19 points on the C-ACT and no significant hyperreactiv-
ity observed on the third visit.
Statistics

For statistics, SPSS version 22 (IBM Corporation, Armonk, New
York) was used. For continuous data, the Student’s t test and the
Mann-Whitney U test were used, as appropriate. For categorical data,
the x2 test and Fisher’s exact test were used if the number was under
5, and the Mann-Whitney U test was used for comparison between
the groups, namely, children under 5 years and those 5 years and
older. For comparisons between different time points, the Wilcoxon
signed-rank test and Friedman’s 2-way analysis of variance by ranks
were used for continuous data. McNemar’s test and Cochran’s Q test
were used for categorical data.
Ethics

The Helsinki University Hospital of Children and Adolescents
Ethics Committee approved the study, and each participant and their
guardian provided written, informed assent or consent, as appropri-
ate. The study was registered at clinicaltrials.gov (NCT03377192).
Results

Subject Characteristics

The median age of the 42 children (74% boys) who were included
in the analysis was 5.3 years (range 4.0-7.9 years), and 11 (26%) had
used inhaled steroids in the past 6 months. Of the 42 children, 12
(29%) had physician-diagnosed allergic rhinitis and 29 (69%) had phy-
sician-diagnosed atopic dermatitis. We found that 17 (41%) of the
children had parents who had been diagnosed as having asthma. In
addition, 28 (67%) of the children had experienced previous physi-
cian-diagnosed wheezing episodes. The median number of episodes
was 2, ranging from 0 to more than 5. Most children (74%) were sen-
sitized to aeroallergens (Table 1).

After the baseline visit, every child began regular inhaled steroid
treatment. Most of the children (31 of 42) began taking the Flixotide
evohaler (Glaxo Wellcome Production, Evreux, France), which pro-
vides 125 mcg 1 £ 2 fluticasone. The other 11 children used a
n=16) Children, ≥5 y (n=26) Total (n=42)

5.9
(5.0-7.9)

5.3
(4.0-7.9)

19 (73) 31 (74)
9 (35) 16 (38)
8 (31) 11 (26)
9 (35) 12 (29)
17 (65) 29 (69)
8 (31) 17 (41)
6 (23) 10 (24)
15 (58) 28 (67)
1 (0, ≥5) 2 (0, >5)
10 (38) 11 (26)
20 (77) 31 (74)
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Budesonid Easyhaler (Orion Pharma, Espoo, Finland), which provides
100 to 200 mcg 1 £ 2 budesonide. Furthermore, 2 children were pre-
scribed a long-acting beta2 agonist and ICS at visit 2: 1 received Sym-
bicort (AstraZeneca AB, S€odertelje, Sweden), which delivers a 4.5/160
mcg dose of formoterol and budesonide, and the other received a
Bufomix Easyhaler (Orion Pharma), which delivers a 4.5/160 mcg
dose of formoterol and budesonide. Moreover, 2 others were also
prescribed a 4 to 5 mg dose of montelukast.
Bronchial Hyperresponsiveness and Lung Function

The proportion of children with significant EIB was significantly
reduced after the baseline visit (93% vs 9.5% vs 9.5%, P < .001), and
the median increase after exercise with 5 Hz resistance was signifi-
cantly reduced at visits 2 and 3 as compared with the baseline. There
were no differences between visits 2 and 3 (Fig 2A). The proportion
of children with a significant improvement in bronchodilatation test
results was reduced between visits 1 and 2 and between visits 1 and
3 (17% vs 0%, P = .011); however, no significant change was observed
when the analyses used the median change in bronchodilatation test
results between visits (Fig 2B).

Most children already had a normal Z-score value of less than
positive 1.65 at baseline, and only 6 of 42 children (14%) had an
obstruction at their first visit. The proportion of patients with
obstructive lung function at baseline was reduced when compar-
ing the baseline visit with visits 2 and 3 (14% vs 9.5% vs 0.0%,
P = .032). However, no significant improvements in lung function
igure 2. A, Percentage change in resistance at 5 Hz after exercise for 40 children who performed the running test at every visit. The triple asterisk represents P < .001 compared
ith visit 1; B, Percentage change in resistance at 5 Hz after bronchodilatation test for 42 children; C, Childhood asthma test scores at the 3 visits for 42 children. The triple asterisk
presents P < .001 compared with visit 1; D, Running distance at the 3 visits for 30 children. The double asterisk represents P < .01 compared with visit 1. Triple asterisks represent
< .001 compared with visit 1.
F
w
re
P

were observed during the study when the analyses used the
median change in values (Table 2).
Clinical Improvement During Inhaled Corticosteroid Treatment

At baseline, the median C-ACT score was 21 (range 11-27). There
was significant improvement in the median scores between visits 1
and 2 at 21 (11-27) vs 24 (20-27) (P < .001) and between visits 1 and
3 at 21 (11-27) vs 24 (20-27) (P < .001), respectively. No significant
improvements were noted between visits 2 and 3 (Fig 2C). In addi-
tion, the percentage of children who had a minimum C-ACT score of
22 points was significantly increased between visits 1 and 3 (43% vs
88%, P < .001) and visits 1 and 2 (43% vs 79%, P = .0018), but not
between visits 2 and 3.

Physiological performance was evaluated by running a dis-
tance in 6 minutes. All running distance data were available for
30 children in the hospital. There were significant improvements
in running distance between visits 1 and 2: 800 m (600-900 m)
vs 850 m (500-1000 m) (P = .0068). The same was true for visits
1 and 3: 800 m (600-900 m) vs 850 m (700-1050 m) (P < .001).
However, this was not the case between visits 2 and 3 (P = .193;
Fig 2D).

Physician-diagnosed acute wheezing episodes were significantly
decreased when they were compared 6 months before and after ICS
treatment: 8 of 42 children (19%) vs 0 of 42 children (0%; P = .005).
Acute emergency department visits owing to any respiratory symp-
toms also decreased significantly, with the proportion of children



Table 2
Lung Function Measurements for the 42 Children

Variable Visit 1(n=42) Visit 2(n=42) Visit 3(n=42) P value

Resistance at 5 Hz,
Z-score (SD)

+0.15 (1.38) �0.18 (1.34) �0.22 (1.18) .22

Resistance at 20 Hz, Z-score (SD) �0.67 (1.12) �1.86 (0.89) �1.70 (1.12) .001
Reactance at 5 Hz,

Z-score (SD)
�1.72 (2.91) �2.78 (3.61) �1.79 (2.37) .017

Difference in resistance at 5 Hz and 20 Hz, Z-score (SD) +1.07 (1.83) +1.93 (2.02) +1.46 (1.52) .0086
Obstructiona in impulse oscillometry 6 (14%) 4 (9.5%) 0 (0.0%) .032
BHRb 42 (100%) 4 (9.5%) 4 (9.5%) .001

Abbreviation: BHR, bronchial hyperresponsiveness.
NOTE. Friedman’s 2-way analysis of variance by ranks was used for continuous data. McNemar’s test and Cochran’s Q test were used for categorical data.
Bold P values indicate P<0.05.
aDefined as ≥+1.65 SD in resistance at 5 Hz.
bDefined as ≥40% in resistance at 5 Hz after exercise or decrease of ≥40% compared with baseline in the bronchodilatation test.
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having a minimum of 1 visit decreasing from 19 of 42 (45%) to 5 of 42
(12%) (P < .001).

There were no adverse effects from using ICS. The growth
in height based on the national Finnish SD curve was stable at nega-
tive 0.4 SD at the start of treatment and negative 0.2 SD at the third
visit (P = .13). There were no changes in the weight curve.
Treatment Response to Inhaled Corticosteroid

At visit 3, all 42 children achieved greater than or equal to
19 points in their C-ACT and 38 of 42 (90%) had no significant hyper-
reactivity during FRT. Only 4 children did not respond to ICS. How-
ever, 2 of the 4 experienced a hyperreactivity reduction of greater
than 50% as compared with their baseline visit.
Eosinophil Level

Eosinophil level had no correlation to baseline lung function eval-
uated as the resistance at 5 Hz (Rs = 0.043), difference in resistance at
5 to 20 Hz (Rs = �0.004), BHR evaluated as the increase in resistance
at 5 Hz (Rs = �0.193), or the improvement in R5 after the bronchodi-
lation test (Rs = �0.133). However, children who responded to ICS
had higher eosinophils compared with the nonresponders
(Md = 0.60 vs 0.14, P = .029).
Patients Without Aeroallergen Sensitization

We found that 11 of 42 (26%) children had no aeroallergen sensiti-
zation. Those 11 children were identical to the others with respect to
their age, sex distribution, parental asthma history, parental smoking
habits, and having a furry animal at home. In total, 10 of these 11 chil-
dren had a greater than or equal to 40% increase in resistance at 5 Hz
after exercise at baseline, and this fell significantly to 3 children at
visit 2 and 2 children at visit 3 (P = .0043). We also saw a similar
decrease in resistance at 5 Hz after exercise (P = .026) among sensi-
tized children (Fig 3A).

Nonsensitized children had a significant improvement in their C-
ACT scores at the 3 visits (20 vs 23 vs 24 points, P = .034; Fig 3B),
which was similar to sensitized children. There were no significant
changes in physical performance on the FRT (P = .093; Fig 3C). In the
6 months before the study, 1 of the 11 children had a physician-diag-
nosed wheezing episode, but there were no wheezing episodes in the
6 months after the study began (P > .99).
Findings in Children Under 5 years of Age

Regarding baseline characteristics, the only significant difference
between age groups was that 1 of 16 children (6.3%) under 5 years
who had a furry animal at home and 10 of 26 (38.0%) of the older chil-
dren did (P = .030). There were no differences in sex, atopy status,
previous asthma diagnoses, parental asthma, or parental smoking.

Similar to the older children, the 16 children under 5 years of age
had significant improvements in the change in resistance at 5 Hz after
exercise (Fig 4A), C-ACT test scores from the baseline to visits 2 and 3
(P = .0024; Fig 4B), and physical performance in the 6-minute running
test (P = .0022; Fig 4C).
Discussion

Our study has 3 main findings. First, more than 90% of all children
responded to ICS treatment in terms of improving C-ACT scores,
decreasing acute physicians’ visits, and decreasing EIB, measured as
the resistance change at 5 Hz after exercise. Second, children
improved their physical performance within 6 weeks of starting ICS
treatment. Third, children under 5 years of age and children without
allergic sensitization also benefited from ICS treatment, suggesting 6-
minute FRT and impulse oscillometry can aid in treatment decisions
and represent a useful tool in evaluating children with suspected
asthma.

Without objective testing, there is a risk of overdiagnosing and
misdiagnosing asthma and overtreating ICS, which is why objective
testing is needed.32,33 The highest proportion of childhood asthma in
birth cohorts has reached more than 40%, implying the overdiagnosis
of asthma.1 Impulse oscillometry can be used beginning at the age of
2 years, according to ERS.9 In previous studies, impulse oscillometry
predicted baseline lung function in spirometry in school-aged chil-
dren34 and impulse oscillometry in preschool-aged children pre-
dicted lung function in adolescence.7 Also, preschool-aged children
with asthma had pronounced bronchodilator responsiveness as com-
pared with healthy controls.6 Moreover, impulse oscillometric varia-
bles linked to small airway function (such as the frequency
dependence of resistance or reactance area) have been found to be
associated with a loss of asthma control and the severity of
asthma.35-37 However, there are few studies characterizing ICS treat-
ment responses that use impulse oscillometry.

Most of our patients (31/42) were boys with aeroallergen sensiti-
zation, which fits well with the natural history of childhood asthma
and allergies.38,39 Only 7 of 42 children had no eosinophilia or aeroal-
lergen sensitization. Also, most of the children had previous viral-
induced wheezing episodes in early childhood.

The vast majority of children evaluated here responded to ICS
treatment, unlike in many previous studies,25,26 implying the value
of impulse oscillometry in identifying responders to ICS treatment.
Also, in cases in which a child has symptoms despite ICS treatment,
monitoring with oscillometry and FRT may be useful to avoid over-
treatment.



Figure 3. A, The percentage change in resistance at 5 Hz after exercise in 10 children without, and 30 children with, aeroallergen sensitization. The triple asterisk represents P < .001
compared with the baseline. The single asterisk represents P < .05 compared with visit 1; B, Childhood asthma test scores at the 3 visits in 11 children without, and 31 with, aeroal-
lergen sensitization. The single asterisk represents P < .05 compared with visit 1. Triple asterisks represent P < .001 compared with visit 1; C, Running distance in meters at the 3 vis-
its for 8 children without, and 22 with, aeroallergen sensitization. The double asterisk represents P < .01 compared with the baseline.
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Our study revealed no significant improvement in lung function
when median Z-score values were used, unlike a study of children
aged 5 to 12 years.22 However, after ICS treatment, none of the 42
children had obstructive baseline oscillometry at the third visit as
compared with 6 of the 42 children before the treatment. BHR, as
measured by the indirect provocation test, an exercise-induced
increase in respiratory resistance, was significantly reduced in 5 to 6
weeks after the start of ICS. This also fits well with previous studies
conducted on older school-aged children.10,11,20-22 In our previous
study,23 no significant change in BHR was observed when it was mea-
sured using the hypertonic saline challenge.

There was a clear clinical improvement among the children. The
C-ACT improved significantly after 5 to 6 weeks of ICS treatment.
This fits well with previous studies.23,24 Also, ICS treatment signifi-
cantly reduced acute physicians’ visits 6 months before and 6 months
after starting the medication, as previous studies have revealed in
preschool children.25,40

Physical performance significantly improved by 50 m (6.3%) in the
FRT in 5 to 6 weeks after the start of ICS. The age-related mean
improvement in the same running test in the same place for children
aged 7 to 8 years was 38 m, according to research by our team
(unpublished data), implying the increase was significant. In addition,
in another study of more than 1 million children, improvements
among children 9 to 10 years of age on the 20-m shuttle-run test
were 3.3% for boys and 3.8% for girls41; this also suggests the signifi-
cance of our finding and that ageing was not the reason for improved
performance. On the basis of our knowledge, this kind of improve-
ment after ICS treatment has not been reported in any published arti-
cle on preschool-aged children.

Children without allergic sensitization improved clinically, and
BHR decreased similarly to other children. Traditionally, those chil-
dren have been considered to have a poor response to ICS.14,15 In
addition, children under 5 years of age had similar results as com-
pared with older children. This suggests that the classification of
childhood asthma could possibly be rethought. For example, children
aged 4 to 11 years could possibly be treated as 1 group in the asthma
guidelines.

The strength of the study was that most of the diagnoses were
based on both the patients’ clinical histories and their objective BHR
results on the lung function test. This is probably a major reason that
the results were so positive and most of the children responded well
to ICS treatment. However, the study had certain limitations. The
vast majority of the patients did not have their FeNO measured
because the examination often failed. Noting the change in FeNO
would have offered information on how to get inflammation under
control. This was a follow-up study, so we did not have a control



Figure 4. A, Percentage change in resistance at 5 Hz after the 6-minute FRT for 15 of 16 children under 5 years of age, compared with the baseline. The triple asterisk represents P <
.001 compared with visit 1. B, Childhood asthma test points at the 3 visits for the 16 children aged less than 5 years and the 26 children aged 5 years and older at the start of the
study. The double asterisk represents P < .01 compared with visit 1. The triple asterisk represents P < .001 compared with visit 1; C, Running distance achieved in the 6-minute FRT
by the 11 children aged less than 5 years and the 19 children aged 5 years and older at the start of the study. The single asterisk represents P < .05 compared with visit 1. The double
asterisk represents P < .01 compared with visit 1. FRT, free-running test.

332 J. Burman et al. / Ann Allergy Asthma Immunol 127 (2021) 326−333
group. For 4 of 42 children, clinical treatment changed during the
observation period. However, the vast majority of the children were
treated with aerosol fluticasone.

In conclusion, impulse oscillometry combined with FRT is a useful
tool for identifying asthma in young children. Children with asthma
symptoms who have objective BHR during the FRT should be treated
with ICS, regardless of their atopy status. Further studies with larger
numbers of children without eosinophilia or aeroallergen sensitiza-
tion are needed. These should evaluate whether the 6-minute FRT
with impulse oscillometry indicates an independent clinical pheno-
type of young children who benefit from ICS treatment.

Acknowledgment

The authors wish to thank nurse Anssi Koivuselk€a for his assis-
tance with the test procedures.

References

1. Sonnenscheon-van der Voort A, Areds L, de Jongste J, et al. Preterm birth, infant
weight gain, and childhood asthma risk: a meta-analysis of 147,000 European chil-
dren. J Allergy Clin Immunol. 2014;133(5):1317–1329.
2. Padem N, Saltoun N. Classification of asthma. Allergy Asthma Proc. 2019;40
(6):385–388.

3. Global Initiative for Asthma. 2015 pocket guide for asthma management and pre-
vention in children 5 years and younger. Available at: https://ginasthma.org/
pocket-guide-for-asthma-management-and-prevention-in-children-5-years-and-
younger/. Accessed March 1, 2021.

4. Castro-Rodriguez JA, Cifuentes L, Martinez FD. Predicting asthma using clinical
indexes. Front Pediatr. 2019;31(7):320.

5. Galant SP, Komarow HD, Shin HW, Siddiqui S, Lipwoth BJ. The case for impulse
oscillometry in the management of asthma in children and adults. Ann Allergy
Asthma Immunol. 2017;118(6):664–671.

6. Marotta A, Klinnert MD, Price MR, Larsen GL, Liu AH. Impulse oscillometry pro-
vides an effective measure of lung dysfunction in 4-year-old children at risk for
persistent asthma. J Allergy Clin Immunol. 2003;112(2):317–322.

7. Lajunen K, Kalliola S, Kotaniemi-Syrjanen A, et al. Abnormal lung function at pre-
school age asthma in adolescence? Ann Allergy Asthma Immunol. 2018;120
(5):520–526.

8. Knihtil€a H, Kotaniemi-Syrj€anen A, M€akel€a MJ, Bondestam J, Pelkonen AS, Malm-
berg LP. Preschool oscillometry and lung function at adolescence in asthmatic chil-
dren. Pediatr Pulmonol. 2015;50(12):1205–1213.

9. Pijnenburg MW, Baraldi E, Brand PL, et al. Monitoring asthma in children. Eur
Respir J. 2015;45(4):906–925.

10. Malmberg P, M€akel€a MJ, Mattila PS, Hammaren-Malmi S, Pelkonen AS. Exercise-
induced changes in respiratory impedance in young wheezy children and nona-
topic controls. Pediatr Pulmonol. 2008;43(6):538–544.

11. Haahtela T, Lehtim€aki L, Ahonen E, et al. Finnish national asthma guidelines. Avail-
able at: https://www.kaypahoito.fi/hoi06030. Accessed March 1, 2021.

http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0001
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0001
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0001
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0002
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0002
https://ginasthma.org/pocket-guide-for-asthma-management-and-prevention-in-children-5-years-and-younger/
https://ginasthma.org/pocket-guide-for-asthma-management-and-prevention-in-children-5-years-and-younger/
https://ginasthma.org/pocket-guide-for-asthma-management-and-prevention-in-children-5-years-and-younger/
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0004
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0004
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0005
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0005
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0005
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0006
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0006
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0006
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0007
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0007
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0007
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0008
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0008
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0008
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0008
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0008
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0008
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0008
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0009
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0009
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0010
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0010
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0010
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0010
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0010
https://www.kaypahoito.fi/hoi06030


J. Burman et al. / Ann Allergy Asthma Immunol 127 (2021) 326−333 333
12. Dweik RA, Boggs PB, Erzurum SC, et al. An official ATS clinical practice guideline:
interpretation of exhaled nitric oxide levels (FeNO) for clinical application. Am J
Respir Crit Care Med. 2011;184(5):602–615.

13. Yilmaz O, Bakirtas A, Ertoy Karagol HI, Topal E, Turktas I. Children with chronic
nonspecific isolated cough. Chest. 2014;145(6):1279–1285.

14. Beigelman A, Bacharier LB. Management of preschool recurrent wheezing and
asthma: a phenotype-based approach. Curr Opin Allergy Clin Immunol. 2017;17
(2):131–138.

15. Bush A, Saglani S. Medical algorithm: diagnosis and treatment of preschool
asthma. Allergy. 2020;75(10):2711–2712.

16. Hansel T. How do we measure the effectiveness of inhaled corticosteroids in clini-
cal studies? Respir Med. 2004;98(suppl B):S9–S15.

17. Kharitonov SA, Yates DH, Chung KF, Barnes PJ. Changes in the dose of inhaled ste-
roid affect exhaled nitric oxide levels in asthmatic patients. Eur Respir J. 1996;9
(2):196–201.

18. Cortese S, Gatta A, Della Valle L, et al. Fluticasone/formoterol association favors
long-lasting decrease in bronchial reactivity to methacholine and weekly PEF vari-
ability. Int J Immunopathol Pharmacol. 2016;29(4):769–774.

19. Brannan JD, Koskela H, Anderson SD. Monitoring asthma therapy using indirect
bronchial provocation tests. Clin Respir J. 2007;1(1):3–15.

20. Freezer NJ, Croasdell H, Doull IJ, Holgate ST. Effect of regular inhaled beclometha-
sone on exercise and methacholine airway responses in school children with
recurrent wheeze. Eur Respir J. 1995;8(9):1488–1493.

21. Nuijsink M, Hop WCJ, Sterk PJ, Duiverman EJ, de Jongste JC. Long-term asthma
treatment guided by airway hyperresponsiveness in children: a randomised con-
trolled trial. Eur Respir J. 2007;30(3):457–466.

22. Park G, Won Han H, Youn K, et al. Association of symptom control with changes in
lung function, bronchial hyperresponsiveness, and exhaled nitric oxide after
inhaled corticosteroid treatment in children with asthma. Allergol Int. 2016;65
(4):439–443.

23. M€akel€a MJ, Malmberg LP, Csonka P, Klemola T, Kajosaari M, Pelkonen AS. Salme-
terol and fluticasone in young children with multiple-trigger wheeze. Ann Allergy
Asthma Immunol. 2012;109(1):65–70.

24. Hofstra WB, Neijens HJ, Duiverman EJ, et al. Dose-responses over time to inhaled
fluticasone propionate treatment of exercise- and methacholine-induced bron-
choconstriction in children with asthma. Pediatr Pulmonol. 2000;29(6):415–423.

25. Ramadan AA, Gaffin JM, Israel E, Phipatanakul W. Asthma and corticosteroid
responses in childhood and adult asthma. Clin Chest Med. 2019;40(1):163–177.

26. Martinez F, Chinchilli VM, Morgan WJ, et al. Use of beclomethasone dipropionate
as rescue treatment for children with mild persistent asthma (TREXA): a rando-
mised, double-blind, placebo-controlled trial. Lancet. 2011;377(9766):650–657.
27. Liu AH, Zeiger R, Sorkness C, et al. Development and cross-sectional validation of
the childhood asthma control test. J Allergy Clin Immunol. 2007;119(4):817–825.

28. Beydon N, Davis SD, Lombardi E, et al. An official American Thoracic Society/Euro-
pean Respiratory Society statement: pulmonary function testing in preschool chil-
dren. Am J Respir Crit Care Med. 2007;175(12):1304–1345.

29. Malmberg LP, Pelkonen A, Poussa T, Pohianpalo A, Haahtela T, Turpeinen M.
Determinants of respiratory system input impedance and bronchodilator
response in healthy Finnish preschool children. Clin Physiol Funct Imaging.
2002;22(1):64–71.

30. Remes S, Pekkanen J, Remes K, Salonen RO, Korppi M. In search of childhood
asthma: questionnaire, tests of bronchial hyperresponsiveness, and clinical evalu-
ation. Thorax. 2002;57(2):120–126.

31. Thamrin C, Gangell CL, Udomittipong K, et al. Assessment of bronchodilator
responsiveness in preschool children using forced oscillations. Thorax. 2007;62
(9):814–819.

32. Bush A, Pavord D. The Lancet Asthma Commission: towards the abolition of
asthma? EMJ. 2018;3:10–15.

33. Saglani S, Menzie-Gow AN. Approaches to asthma diagnosis in children and adults.
Front Pediatr. 2019;7:148.

34. Hyeong YK, Shin YH, Jung DW, Jee HM, Park HW, Han MY. Resistance and reac-
tance in oscillation lung function reflect basal lung function and bronchial hyper-
responsiveness respectively. Respirology. 2009;14(7):1035–1041.

35. Kalliola S, Malmberg LP, Pelkonen AS, M€akel€a MJ. Aberrant small airways function
relates to asthma severity in young children. Respir Med. 2016;111:16–20.

36. Shi Y, Aledia AS, Tatavoosian AV, Vijayalakshmi S, Galant SP, George SC. Relating
small airways to asthma control by using impulse oscillometry in children. J
Allergy Clin Immunol. 2012;129(3):671–678.

37. Galant SP, Fregeau F, Pabelonio N, Morphew T, Tirakitsoontorn P. Standardized IOS
reference values define peripheral airway impairment-associated uncontrolled
asthma risk across ethnicity in children. J Allergy Clin Immunol Pract. 2020;8
(8):2698–2706.

38. Ridolo E, Incorvaia C, Martignago I, Caminati M, Canonica GW, Senna G. Sex in
respiratory and skin allergies. Clin Rev Allergy Immunol. 2019;56(3):322–332.

39. Taussig LM, Wright AL, Holberg CJ, Halonen M, Morgan WJ, Martinez FD. Tucson
children’s Respiratory Study: 1980 to present. J Allergy Clin Immunol. 2003;111
(4):661–675.

40. Kaiser SV, Huynh T, Bacharier LB, et al. Preventing exacerbations in preschoolers
with recurrent wheeze: a meta-analysis. Pediatrics. 2016;137:(6) e20154496.

41. Tomkinson GR, Lang JJ, Tremblay MS, et al. International normative 20 M shuttle
run values from 1 142 026 children and youth representing 50 countries. Br J
Sports Med. 2017;51(21):1545–1554.

http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0012
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0012
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0012
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0013
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0013
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0014
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0014
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0014
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0015
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0015
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0016
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0016
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0017
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0017
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0017
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0018
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0018
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0018
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0019
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0019
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0020
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0020
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0020
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0021
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0021
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0021
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0022
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0022
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0022
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0022
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0023
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0023
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0023
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0023
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0023
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0024
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0024
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0024
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0025
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0025
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0026
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0026
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0026
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0027
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0027
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0028
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0028
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0028
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0029
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0029
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0029
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0029
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0030
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0030
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0030
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0031
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0031
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0031
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0032
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0032
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0033
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0033
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0034
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0034
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0034
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0035
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0035
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0035
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0035
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0036
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0036
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0036
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0037
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0037
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0037
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0037
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0038
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0038
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0039
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0039
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0039
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0040
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0040
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0041
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0041
http://refhub.elsevier.com/S1081-1206(21)00262-3/sbref0041

	Impulse oscillometry and free-running tests for diagnosing asthma and monitoring lung function in young children
	Introduction
	Methods
	Questionnaire
	Laboratory Tests
	Prerequisites for Testing
	Study Visits
	Impulse Oscillometry
	The 6-Minute Free-running Test and Bronchodilatation Test
	Treatment Response
	Statistics
	Ethics

	Results
	Subject Characteristics
	Bronchial Hyperresponsiveness and Lung Function
	Clinical Improvement During Inhaled Corticosteroid Treatment
	Treatment Response to Inhaled Corticosteroid
	Eosinophil Level
	Patients Without Aeroallergen Sensitization
	Findings in Children Under 5 years of Age

	Discussion
	Acknowledgment
	References


