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Identification and treatment of persistent
small airway dysfunction in paediatric patients
with asthma: a retrospective cohort study
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Abstract

Background Asthma is a common respiratory disease. In asthma, the small airways have more intensive
inflammation and prominent airway remodelling, compared to the central airways. We aimed to investigate the
predictive value of risk factors and the fractional concentration of exhaled nitric oxide (FeNO) for persistent small
airway dysfunction (p-SAD), and compare the effects of different treatment modalities.

Methods This retrospective cohort study included 248 children with asthma (aged 4-11 years). Binary logistic
regression was used to analyse the risk factors for p-SAD. Correlations among FEV,/FVC, small airway function
parameters, and FeNO levels in patients with asthma were analysed using Spearman’s rank correlation. The receiver
operating characteristic curve and the Delong test were used to analyse the predictive value of FeNO for p-SAD.
Differences in the treatment effects of inhaled corticosteroids (ICS) and ICS with a long-acting beta-agonist (ICS/LABA)
on p-SAD were analysed using Fisher's exact test.

Results Asthmatic children with older age of receiving the regular treatment (OR 1.782, 95% Cl 1.082-2.935), with
younger age at the time of onset of suspected asthma symptoms (OR 0.602, 95% Cl 0.365-0.993), with longer
duration of using ICS or ICS/LABA (OR 1.642, 95% Cl 1.170-2.305) and with worse asthma control (OR 3.893, 95% Cl
1.699-8.922) had increased risk for p-SAD. Significant negative correlations of small airway function parameters with
FeNO at a 200 mL/s flow rate (FeNO,,), and the concentration of nitric oxide in the alveolar or acinar region (CaNO)
were observed. The areas under the curve of FeNO,, (cut-off:10.5ppb), CaNO (cut-off:5.1ppb), and FeNO,,, combined
with CaNO were 0.743, 0.697, and 0.750, respectively, for asthma with p-SAD. After using ICS or ICS/LABA, switching to
ICS/LABA was easier than continuing with ICS to improve small airway dysfunction (SAD) in the 8th month.
Conclusions Paediatric asthma with p-SAD is associated with older age at receiving regular treatment, younger

age at the time of onset of suspected asthma symptoms, longer duration of using ICS or ICS/LABA, worse asthma
control, and higher FeNO,,, and CaNO levels, all of which can be combined with small airway function indicators to
distinguish p-SAD from asthma. ICS/LABA improves SAD better than ICS alone.
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Background

Asthma is a heterogeneous and chronic respiratory dis-
ease characterised by airway inflammation, airway hyper-
responsiveness, and impaired pulmonary function [1].
Central and peripheral airway obstruction is commonly
observed in patients with asthma [2]. Small airway dys-
function (SAD) has attracted widespread attention in
asthma research. Small airways are defined as airways
with internal diameters less than 2 mm in adults [3].
Compared to the central airways, the small airways are
more intensively inflamed and undergo a more promi-
nent airway remodelling in asthma [4].

Epidemiological studies have shown that 25-33% of
children with asthma have SAD [5], which is particularly
prevalent in patients with severe and difficult-to-treat
asthma [6]. A longitudinal cohort study indicated that
SAD increases the risk of increased asthma symptoms
and exacerbations [7]. SAD has been linked to more
severe bronchial hyperresponsiveness, worse asthma
control, and a greater number of exacerbations [8, 9].
However, SAD was recently detected in children with
mild asthma [10], and SAD may even be present in the
absence of symptoms as well as in patients with normal
spirometry [11]. Some children with asthma and SAD
exhibit transient symptoms due to environmental infec-
tions or poor asthma control that disappear quickly after
treatment. However, other children may progress to per-
sistent small airway dysfunction (p-SAD) with poor prog-
nosis. In clinical practice, pulmonary function tests are
routinely performed to evaluate small airway function.
Multiple methods should be used in conjunction to iden-
tify p-SAD at an earlier stage in patients with asthma.
However, the guiding value of demographics, clinical
characteristics, and fractional concentration of exhaled
nitric oxide (FeNO) in predicting p-SAD in asthma is
unknown. There is growing recognition that the role
of small airways in asthma may be a target for optimal
disease control. Treatment of small airway obstruc-
tion effectively reduces asthma symptoms, controls air-
way inflammation, and decreases the incidence of acute
exacerbations [12]. A personalised approach to treating
asthma with SAD includes increasing the dose of inhaled
corticosteroids (ICS) or combining ICS with a long-act-
ing beta-agonists (ICS/LABA) [13]. However, an effective
regimen for treating paediatric patients with asthma and
p-SAD has not yet been developed.

Therefore, in this study, we aimed to reveal the clinical
characteristics of paediatric asthma with p-SAD, to inves-
tigate the guiding value of the risk factors, and FeNO
in the prediction of p-SAD in asthma. Moreover, we
explored better treatment plans for asthma with p-SAD.
Based on this research, we hope to provide a strong
basis for the identification and treatment of p-SAD in
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paediatric patients with asthma, which would aid in
improving their prognosis.

Methods

Study population

Paediatric patients diagnosed with asthma at the Respira-
tory Specialist Clinic of Children’s Hospital of Chongq-
ing Medical University and Chongqing Youyoubaobei
Women and Children’s Hospital between January 2019
and September 2021 were included in our study.

The inclusion criteria were as follows: (1) patients aged
between 4 and 11 years; (2) those diagnosed with bron-
chial asthma in accordance with the Guideline for the
Diagnosis and Optimal Management of Asthma in Chil-
dren [14]; (3) patients who received treatment with ICS
or ICS/LABA for more than 6 months; and (4) those who
were followed up for at least 1 year during which pulmo-
nary function tests were performed more than four times
every 2 months or longer.

The exclusion criteria for the study were as follows: (1)
patients with other diseases, such as mental retardation,
cardiac anomalies, congenital malformations, other dis-
eases of the lungs/airways, kidney diseases, immunode-
ficiency diseases, and other diseases requiring hormonal
treatment; (2) those who were not compliant with their
asthma medication treatment; and (3) patients who
were not followed up regularly or those who were lost to
follow-up.

Study design and data collection

The initial sample size of the research cohort of patients
with asthma was 846, of whom, 598 were excluded. In
total, 248 patients with asthma were included in this
study. The demographics and clinical characteristics of
the 248 study participants were analysed. We also col-
lected data regarding other clinical characteristics, drug
therapeutic regimens, results of all pulmonary function
tests, and available FeNO tests of the 248 children with
asthma. SAD was defined as <65% of any two of the fol-
lowing parameters: forced expiratory flow between 25
and 75% of forced vital capacity (FEF,5_-5)% pred, forced
expiratory flow at 50% of forced vital capacity (FEF5;)%
pred, and forced expiratory flow at 75% of forced vital
capacity (FEF,;)% pred measurements [15, 16]. SAD with
the abovementioned pulmonary function test results for
two consecutive times was designated as p-SAD. During
the follow-up period of at least 1 year (14—25 months),
81 children with asthma developed p-SAD, the diagnosis
of which was based on the results of pulmonary function
tests. Therefore, we divided the children with asthma into
two groups: an asthma with p-SAD group comprising 81
participants and an asthma without p-SAD group com-
prising 167 patients. We continued to analyse the treat-
ment and improvement of SAD in patients with p-SAD
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in the ensuing 8 months after the appearance of p-SAD,
including patients who continuously used ICS in the past.
The study protocol is illustrated in Fig. 1.

Assessments

Asthma control level: Based on the responsiveness to
treatment, the patients were classified into well-con-
trolled, partly-controlled (met 1-2 assessing projects),
and uncontrolled (met>3 assessing projects) groups.
Specific symptom control level grading was based on the
Guideline for the Diagnosis and Optimal Management of
Asthma in Children (2016) [14].

Pulmonary function test: We used MasterScreen Pead
(EAGER Company, Germany) to perform the pulmo-
nary function tests. Spirometry along with bronchial
provocation or bronchodilation tests were performed as
recommended by the American Thoracic Society (ATS)
[17]. Short-acting beta-agonists should be stopped at
least 8—12 h, short -acting muscarinic-agonists should
be stopped at least 24 h, LABA/long-acting muscarinic-
agonists should be stopped at least 24—48 h, leukotri-
ene receptor antagonists should be discontinued at least
48 h and ICS should be discontinued at least 24 h before
performing spirometry or either a bronchial provoca-
tion test (using methacholine) or a bronchodilator test
(using salbutamol). The instrument automatically cal-
culates and obtains the measurement parameters. At
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least three attempts were required and all tests were
recorded. Finally, two well-trained technicians reviewed
the flow-volume and volume-time tracings and selected
the best results to save. Reference values of spirometry
parameters for children were adjusted for age, height,
weight and sex [18]. The indicators included forced vital
capacity (FVC), forced expiratory volume in the first sec-
ond (FEV,), FEV,/FVC, (FEF,5)% pred, (FEF;,)% pred,
FEF(5_75)% pred.

FeNO test: FeNO was measured according to the
standard procedures recommended by the ATS and the
European Respiratory Society (ERS) [19]. A Nano Cou-
lomb Nitric Oxide Analyzer (Shangwo Biotechnology
Company, Wuxi, China) was used for the tests. Partici-
pants were informed to inhale nitric oxide (NO)-free air
and exhaled via a mouthpiece at a constant flow rate
of 50 mL/s for at least 4 s and 200 mL/s for at least 2 s.
Then, FeNO and the concentration of nitric oxide in the
gas phase of the alveolar or acinar region (CaNO) were
automatically calculated by the analyser. CaNO was cal-
culated using a two-compartment model based on FeNO
at different flow rates (50 and 200 mL/s). Three tests
were repeated, and the average values of FeNO at a 50
mL/s flow rate (FeNOg;), FeNO at a 200 mL/s flow rate
(FeNO,), and CaNO were used for subsequent analyses.

846 patients diagnosed with asthma

598 excluded:

48 aged not between 4 and 11 years old

23 with other combined diseases

126 no more compliant with their asthma medication treatment

401 followed-up irregularly or lost to follow-up

248 asthma

Recording demographics and

clinical characteristics

Pulmonary function tests for at least 4 times;
recording other clinical characteristics, drug
therapeutic regimens and the results of all

pulmonary function test and available FeNO test

\E

\/

167 without p-SAD

81 with p-SAD 29 used ICS in the past

Fig. 1 Patient screen and follow-up. FeNO, fractional concentration of exhaled nitric oxide; ICS, inhaled corticosteroids; ICS/LABA, combined ICS with a

long-acting beta-agonist; p-SAD, persistent small airway dysfunction
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Statistical analysis

Continuous data with normal distribution are presented
as meantstandard deviation (SD), and non-normally dis-
tributed data are presented as median and interquartile

Table 1 Demographics and clinical characteristics of patients
with and without p-SAD

Asthma without Asthma with e P
p-SAD (n=167) p-SAD (n=81)
7.00(6.00,8.50) 7.50(6.50,9.00)

Item

Age of receiv- -1.837 0.067
ing the regular
treatment
(years old)
Male

BMI (kg/m?)
Birth weight
(kg)
Breastfeeding
(months)
History of anti-
biotic usage in
the first year

111(66.5)
16.50(15.20,17.80)
3.20(3.00,3.40)

55(67.9) 0051 0822
16.90(14.95,18.90) -0.061 0.951
3.20(3.00,3.45) 0 1

7.00(3.00,11.00)  6.00(4.50,10.00)  -0.538 0.591

50(29.9) 25(30.8) 0.022 0.882

History of pas-  38(22.8) 29(35.8) 471 0.03

sive smoking
25(15.0) 20(24.7) 3471

Family history 0.062

of asthma

119(71.3)
138(82.6)
37(22.2)

55(67.9)
64(79.0)
15(18.5)

0.293
0474
0435

0.588
0.491
0.509

Allergens
Allergic rhinitis
Eczema
Asthma
control

Well-controlled 155(92.81) 10.062 0.002

12(7.19)

64(79.01)
Partly-con- 17(20.99)
trolled

Time taken
for asthma

to reach well
controlled
(years)

Age at the
time of onset
of suspected
asthma symp-
toms (years
old)

Duration of
asthma (years)
Age at which
the diagnosis
of asthma was
made (years
old)

Duration of
using ICS or
ICS/LABA
(years)

Data were presented as median (25%, 75% IQR) or number (%); the difference
between groups was analyzed by Mann-Whitney U-test or chi-squared test.

BMI, body mass index; p-SAD, persistent small airway dysfunction; ICS, inhaled
corticosteroids; LABA, long-acting beta-agonist

1.00(1.00,1.00) 1.00(1.00,2.00) -1.002 0316

6.00(4.50,7.00) 5.00(3.50,7.00) -1.989 0.047

3.50(3.00,5.00) 4.50(3.00,7.25) -2.688 0.007

6.50(6.00,8.00) 7.00(5.75,8.25) -0.143  0.886

2.50(2.00,3.00) 3.00(2.00,3.50) -3.724  <0.001
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range (IQR). All dichotomous data are presented as num-
bers and percentages [n (%)]. For group comparisons,
Student’s t-test or one-way analysis of variance (ANOVA)
was used for normally distributed continuous variables,
Mann-Whitney U-test or Kruskal-Wallis H-test was used
for non-normally distributed continuous variables, and
the Chi-square test or Fisher’s exact test was used for
dichotomous variables. To test the correlations between
two continuous variables, we used Pearson’s correlation
for normally distributed data and Spearman’s rank cor-
relation for non-normally distributed data. To investigate
the risk factors, independent variables were included in a
binary logistic regression model using the enter method.
The odd ratio (OR) with 95% confidence intervals (CI)
obtained in the regression analysis were calculated. The
optimal cut-off points were determined using receiver
operating characteristic (ROC) analysis. Comparing
the area under the curve (AUC) of ROC was performed
using the Delong test. Data were analysed using SPSS
software for Windows (version 27) and the R program-
ming language, and two-tailed p-values<0.05 were con-
sidered statistically significant.

Results

Demographics and clinical characteristics of the study
participants

Demographics and clinical characteristics were compared
between patients with and without p-SAD (Table 1).
Among the 248 participants with asthma, 167 belonged
to the asthma group without p-SAD and 81 to the asthma
group with p-SAD. Compared to patients without p-SAD,
those with p-SAD had a significantly higher ratio of a
history of passive smoking (35.8% vs. 22.8%, P=0.03),
younger age at the time of onset of suspected asthma
symptoms (5.00 years old vs. 6.00 years old, P=0.047),
longer duration of asthma (4.50 years vs. 3.50 years,
P=0.007), and longer duration of using ICS or ICS/LABA
(3.00 years vs. 2.50 years, P<0.001). Patients with p-SAD
had partly-controlled (20.99%) or well-controlled (7.19%)
asthma, whereas most of the patients without p-SAD had
well-controlled (92.81%) or partly-controlled (79.01%)
asthma (P=0.002). There were no significant differences
between the two groups in terms of age of receiving the
regular treatment, sex, BMI, birth weight, breastfeeding,
history of antibiotic usage in the first year, family history
of asthma, allergens, allergic rhinitis, eczema, time taken
for asthma to be well controlled, and age at which the
diagnosis of asthma was made (P>0.05).

Binary logistic regression analysis to identify risk factors
for asthma with p-SAD

Possible factors influencing asthma with p-SAD (P<0.1)
were used as independent variables. The presence of
p-SAD was used as the dependent variable. These factors
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Table 2 Binary logistic regression analysis of risk factors for
asthma with p-SAD

Variables OR (95% ClI) P
Age of receiving the regular treatment 1.782(1.082-2.935)  0.023
History of passive smoking 1.733(0.921-3.260)  0.088
Family history of asthma 1.693(0.824-3.481)  0.152
Asthma control (Partly-controlled) 3.893(1.699-8.922)  0.001
Age at the time of onset of suspected 0.602(0.365-0.993)  0.047
asthma symptoms

Duration of asthma 0.664(0.399-1.104) 0.114
Duration of using ICS or ICS/LABA 1.642(1.170-2.305)  0.004

ICS, inhaled corticosteroids; LABA, long-acting beta-agonist; OR, Odd Ratio; Cl,
confidence intervals

were included in the binary logistic regression analy-
sis (Table 2). The analysis results showed that asthmatic
children with older age of receiving the regular treatment
(OR 1.782, 95% CI 1.082-2.935, P=0.023), younger age
at the time of onset of suspected asthma symptoms (OR
0.602, 95% CI 0.365-0.993, P=0.047), longer duration of
using ICS or ICS/LABA (OR 1.642, 95% CI 1.170-2.305,
P=0.004) and worse asthma control (OR 3.893, 95% CI
1.699-8.922, P=0.001) indicated the possibility of occur-
rence of p-SAD.

Correlations among FEV,/FVC, small airway function

parameters, and FeNO levels in patients with asthma

During the follow-up period, some patients with asthma
underwent FeNO testing. Significant positive correlations
of FEV,/FVC with (FEF,;)% pred (r=0.754, P<0.001),
(FEF;)% pred (r=0.895, P<0.001), and (FEF,;_,:)%
pred (r=0.930, P<0.001) were observed. We found
negative correlations between FEV,/FVC and FeNOg,
(r=-0.262, P=0.018). Negative correlations of FeNO,,
with (FEF,5)% pred (r=-0.456, P<0.001), (FEF5,)% pred
(r=-0.353, P=0.003), and (FEF,;_,5)% pred (r=-0.401,

1.0
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P<0.001) were also found. Furthermore, negative corre-
lations of CaNO with (FEF,;)% pred (r=-0.297, P=0.015),
(FEF5,)% pred (r=-0.281, P=0.021), and (FEF,;_-5)% pred
(r=-0.267, P=0.029) were observed.

ROC curve analysis of FeNO levels for predicting the
diagnosis of asthma with p-SAD

For patients with p-SAD, the values of FeNO,,, and
CaNO were 15.00 and 5.20 ppb, respectively. These val-
ues were significantly higher than that of patients with-
out p-SAD (P<0.001, P=0.007). However, the value
of FeNOjy, did not significantly differ between the two
groups (P=0.285). The ROC analysis of asthma with
p-SAD showed that the AUC was 0.743 (95% CIL:0.624—
0.861, P=0.001) for FeNO,, alone, 0.697 (95% CI:0.561—
0.834, P=0.008) for CaNO alone, and 0.750 (95%
CL:0.627-0.873, P=0.001) for FeNO,,, combined with
CaNO (Fig. 2). The sensitivity and specificity of FeNO,,
in predicting SAD were 70.8% and 76.7%, respectively, at
a cut-off point of 10.5 ppb. The sensitivity and specific-
ity of CaNO in predicting SAD were 54.2% and 83.7%,
respectively, at a cut-off point of 5.1 ppb. The sensitivity
and specificity of FeNO,, combined with CaNO in pre-
dicting SAD was 58.3% and 86%, respectively. There were
no significant differences between the AUCs of CaNO
and FeNO,,, CaNO and FeNO,, combined with CaNO,
FeNO,, and FeNO,,, combined with CaNO.

Improvement of SAD in asthma with p-SAD

During the follow-up period of at least 1 year (14-25
months), 81 children with asthma developed p-SAD. This
diagnosis was made based on two consecutive pulmo-
nary function tests. We continued to record their drug
therapeutic regimens and therapeutic effects in the 4th
and 8th month after p-SAD onset (Table 3). In patients

Sensitivity
© o o
T @

o
N
1

FeNOzoo
— CaNO
FeNO5g+CaNO

0.0 T T T
0.0 0.2 0.4 0.6

1 - Specificity

0.8 1.0

Fig. 2 ROC curve analysis of FeNO,,, or CaNO alone and in combination for predicting the diagnosis of asthma with p-SAD. FeNO,, fractional concen-
tration of exhaled nitric oxide at a 200 mL/s flow rate; CaNO, concentration of nitric oxide of the alveolar or acinar region
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Table 3 Improvement of SAD after continuing to using ICS or
ICS/LABA

Item 1 Item 2 Asthma  Asthma XX P
with SAD without
SAD

Using ICS
In the 4th 17(773)  5(22.7) / 0.049
month
In the 8th 9(56.3) 7(43.7) / 0.001
month

Using ICS/

LABA
In the 4th 46(78.0) 13(22.0) / <0.001
month
In the 8th 35(53.8)  30(46.2) / <0.001
month

Data were presented as number (%); the difference between groups was
analyzed by the fisher exact test

ICS, inhaled corticosteroids; LABA, long-acting beta-agonist; SAD, small airway
dysfunction

Table 4 Improvement of SAD in patients who continuously
used ICS in the past

Item 1 Item 2 Asthma Asthma x> Uni-
with without lat-
SAD SAD eral
P
In the 4th month
Using ICS 17(773)  5(22.7) / 0.108
Using ICS/  3(42.9) 4(57.1)
LABA
In the 8th month
Using ICS 9(56.3) 7(43.7) / 0.029
Using ICS/  2(15.4) 11(84.6)
LABA

Data were presented as number (%); the difference between groups was
analyzed by the fisher exact test

ICS, inhaled corticosteroids; LABA, long-acting beta-agonist; SAD, small airway
dysfunction

who received continuous treatment with ICS, the small
airway function of 5 and 7 patients returned to normal
in the 4th and 8th month, respectively (P=0.049 and
P=0.001). In patients who continuously received ICS/
LABA treatment, the small airway function of 13 and 30
patients returned to normal in the 4th (P<0.001) and 8th
month, respectively (P<0.001).

According to the Global Initiative for Asthma Strat-
egy 2021 and clinical experience [1], some patients with
p-SAD who continuously used ICS adjusted their drug
treatment plans. We separately analysed the specific
drug adjustments made. On comparing the number of
patients whose small airway function returned to normal
after continuing the use of ICS or those who switched
to ICS/LABA (Table 4), no significant differences were
observed in the 4th month (P=0.108). However, in the
8th month, the number of patients whose small airway
function returned to normal comprised more patients
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who switched to ICS/LABA than those who continued
using ICS (P=0.029).

Discussion
In this study, we combined significant risk factors, pul-
monary function and FeNO levels to distinguish p-SAD
from asthma. Moreover, we explored better treatment
plans for asthma with p-SAD. Asthmatic children with
older age of receiving the regular treatment, younger
age at the time of onset of suspected asthma symptoms,
longer duration of using ICS or ICS/LABA, and worse
asthma control indicated the possibility of occurrence
of p-SAD. There is a negative correlation between small
airway function parameters and FeNO,,, and CaNO lev-
els. However, because of its relatively low sensitivities
and specificities, the use of FeNO as a diagnostic tool for
SAD is controversial. In some children, we found that the
treatment effect of ICS/LABA was better than that of ICS
alone in improving SAD. Based on the above findings, we
hope to provide a strong basis for the identification and
treatment of p-SAD in paediatric patients with asthma.
Numerous physiological and imaging techniques have
been used to assess small airway function including spi-
rometry, impulse oscillometry (IOS), multiple breath
washout (MBW), exhaled NO (eNO), hyperpolarised
magnetic resonance imaging, high resolution computed
tomography and nuclear medicine [10, 20, 21]. Currently,
there is no gold standard method for clinically assessing
SAD. International asthma guidelines suggest spirometry
as the method of choice for assessing lung function [1].
Therefore, we used lung function parameters to detect
SAD, which is the most acceptable and feasible method
in routine clinical practice. FEV, and FEV,/ FVC mainly
represent the larger airways, whereas (FEF,; -5)% pred,
(FEF5,)% pred, and (FEF,;)% pred reflect the small airway
function. The (FEF,;)% pred is a more sensitive param-
eter reflecting SAD in asthma [22]. We defined the SAD
of lung function parameters for two or more consecutive
measurements as p-SAD. Our findings suggest that small
airway parameters are consistent with FEV,;/ FVC when
evaluating airway obstruction. Moreover, it can be used
as a sensitive measurement for assessing asthma in chil-
dren in the remission stage, where FEV,/ FVC remains
within the normal range until the irreversible small-air-
way disease phase occurs. Therefore, monitoring of small
airway function should be emphasised during the remis-
sion stage of asthma, and small airway lesions should not
be ignored when evaluating the long-term prognosis of
children with asthma. However, there are limitations of
pulmonary function tests in assessing asthma, including
poor cooperation of children, operational variation by
physicians, and inaccurate assessment due to insufficient
number of tests. Therefore, we combined the pulmonary
function test with clinical risk factors and the FeNO test.
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Some studies of adults found that advanced age, female
sex, passive smoking, age at asthma diagnosis and so on
have been significantly associated with the risk of SAD
with asthma [11, 15, 23]. Although, there is an increasing
number of studies on small airway dysfunction in paedi-
atric asthma, little is known about the clinical risk factors
for SAD. In our study, older age of receiving the regular
treatment, younger age at the time of onset of suspected
asthma symptoms, longer duration of using ICS or ICS/
LABA, and worse asthma control were risk factors for
asthma appearing in p-SAD. Asthma in children usually
occurs before 3 years of age, and persistent impairment
of lung function may occur in preschool children [14].
Some children develop asthma symptoms early; however,
some doctors with low awareness of asthma treat recur-
rent wheezing as common cold. In addition, some chil-
dren had been diagnosed with asthma and some parents
had low medical compliance with treatment, resulting
in delayed treatment. A longer duration of using ICS or
ICS/LABA indicates poor asthma control. Dysfunction
caused by persistent small airway inflammation in the
periphery is closely linked to the degree of asthma con-
trol [24]. Severe SAD may represent a unique eosino-
philic asthma phenotype [25], and patients with asthma
and SAD have increased numbers of IgA+memory B
cells [26]. These children may have persistent abnor-
mal lung function and airway inflammation, result-
ing in p-SAD. Huang et al. [27] demonstrated that most
children with well-controlled asthma continued to have
airway hyperresponsiveness and poor small airway func-
tion. Therefore, regular and continuous monitoring of
asthma in children is necessary.

FeNO is a useful non-invasive biomarker reflect-
ing Th2-driven lung airway and alveolar inflammation,
which is usually mediated by eosinophils [25]. FeNOg,
can reflect inflammation, mainly in the large central air-
ways. FeNO,, reflects inflammation dynamics of the
small airways or lung parenchyma. CaNO may be valu-
able for evaluating inflammation in the small airways or
lung parenchyma in both airway and interstitial lung dis-
ease [28]. Our results showed that FeNO,, was negatively
correlated with large airway function, whereas FeNO,,
and CaNO were negatively associated with small airway
function. These correlations of CaNO levels with airway
function were consistent with previous reports, suggest-
ing that alveolar NO is a marker of peripheral airway
dysfunction [29-31]. Our results revealed that the val-
ues of FeNO,,, and CaNO in patients with asthma of
p-SAD were significantly higher than those in patients
with asthma but without p-SAD, which was similar to
the results of the following studies. Mahut et al. [32]
showed that CaNO levels were significantly higher in
recently symptomatic asthmatic children than in asth-
matic patients without symptoms, possibly reflecting
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deep lung inflammatory cell recruitment. Scichilone et
al. [33] found that in adults, NO contribution from small
airways (CalvNO) was significantly higher in patients
with uncontrolled asthma than in those with controlled/
partially controlled asthma. These findings support
the characterisation of SAD by elevated CaNO levels.
Some studies recommend adjustments of CalvNO for
the trumpet model and axial diffusion (TMAD). In a
large cohort study of 410 participants [34] aged 10-35
years with asthma, both FeNO and unadjusted CalvNO
levels were related to asthma symptoms, lung function
and bronchial responsiveness. However, no associations
between TMAD-adjusted CalvNO and asthma charac-
teristics were found, raising the questions of overadjust-
ment. Further studies assessing axial diffusion in patients
with asthma and the validity of the proposed adjustment
algorithms are warranted.

Glucocorticoids and [, receptor agonists are essential
for the management of patients with asthma [35]. In our
study, both ICS and ICS/LABA significantly improved
SAD in the 4th and 8th month. The difference in the
improvement of SAD between the two medication regi-
mens was significant in the 8th month. Thus, we con-
cluded that ICS and ICS/LABA improved SAD, and that
concurrent use of ICS and LABA was better. Despite
treatment with a high dose of ICS/LABA in our study,
several patients still developed SAD. This may have been
because the ICS used by the children in our study was
fluticasone propionate, which is a drug with a smaller
molecular weight to choose from. Currently, traditional
ICS transported by most inhalers [mean mass aerody-
namic diameter (MMAD)]>2 pm and < 5 um] do not suf-
ficiently reach the small airways, whereas the extra-fine
ICS (MMAD <2 pm) transported by hydrogen fluorine
alkane (HFA) have a higher pulmonary deposition and
can better penetrate the small airways. Moreover, they
also obviously reduce the daily ICS dose [36]. Vos et al.
[37] reported that an extra-fine inhaler may improve SAD
and clinical outcomes and asthma control in patients
with asthma. In addition, this matter may also be related
to the short follow-up duration. Therefore, further stud-
ies are needed to determine whether extra-fine-particle
inhalers or long-term treatment will improve small air-
way function and prognosis in patients with p-SAD.

Our study has some limitations that need to be taken
into consideration. First, internationally, spirometry indi-
ces are usually expressed as z-scores (number of stan-
dard deviations by which the measurement differs from
the mean predicted value) using the prediction equations
from the Global Lung Function Initiative 2012 (GLI-
2012). However, we used the measured values/expected
values of spirometry indices to evaluate pulmonary func-
tion, a method commonly used in China based on statis-
tical results of several large-sample studies. Second, an
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international multiple-flow analysis of FeNO is needed to
differentiate between proximal airway and alveolar NO.
However, in our study, CaNO was calculated using a two-
compartment model based on FeNO at different flow
rates (50 and 200 mL/s). Therefore, in a subsequent study,
we hope to utilize the latest international standards and
methods. Even, we can widely use some other advanced
techniques, such as IOS and MBW. Finally, this was a ret-
rospective study in which the data might have been par-
tially biased, and the sample size was limited. Prospective
research with a larger sample size is needed for further
analysis to provide more evidence in support of clinical
practice guidelines.

Conclusions

In conclusion, older age of receiving regular treatment,
younger age at the time of onset of suspected asthma
symptoms, longer duration of using ICS or ICS/LABA,
and worse asthma control might identify children with
asthma at a risk for p-SAD. There is a negative correlation
between small airway function parameters and FeNO,,
and CaNO, supporting the characterisation of SAD by
elevated CaNO levels. ICS/LABA improves SAD better
than ICS in some children with asthma, and an extra-fine
inhaler may better penetrate the small airways. This study
provides a basis for the identification and treatment of
p-SAD in paediatric patients with asthma. The findings of
our study may aid in improving the prognosis of children
with asthma.
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SAD Small airway dysfunction

p-SAD Persistent small airway dysfunction

ICS Inhaled corticosteroids

ICS/LABA  Combine ICS with a long-acting beta-agonists

FEFys_ 45 Forced expiratory flow between 25 and 75% of forced vital
capacity

FEFs, Forced expiratory flow at 50% of forced vital capacity

FEF,5 Forced expiratory flow at 75% of forced vital capacity

FvC Forced vital capacity
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FeNO Fractional concentration of exhaled nitric oxide

FeNOq, FeNO at a 50mL/s flow rate

FeNO,q, FeNO at a 200mL/s flow rate

NO Nitric oxide

eNO Exhaled NO

CaNO Concentration of nitric oxide in the gas phase of the alveolar or
acinar region

CalvNO Nitric oxide contribution from small airways

TMAD Trumpet model and axial diffusion

SD Mean + standard deviation
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OR Odd ratio

cl Confidence intervals

ROC Receiver operating characteristic

AUC Area under the curve

ATS American Thoracic Society
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BMI Body mass index
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MBW Multiple breath washout
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HFA Hydrogen fluorine alkane
GLI-2012 Global Lung Function Initiative 2012

Acknowledgements

The authors sincerely acknowledge the assistance of the children and their
parents who participated in the study and the staff of the Children’s Hospital
of Chongging Medical University and Chongging Youyoubaobei Women and
Children’s Hospital.

Author contributions

LLZ designed the study, collected data, conducted statistical analysis, and
wrote the article. ZF checked the data and reviewed the article. HD and
QX collected data. WJW designed the study, proposed and conceived
the ideas for the article, reviewed the article and were involved in project
administration. All authors reviewed the manuscript.

Funding

This work was supported by The Research and Cultivation Fund of Chongging
Youyoubaobei Women and Children’s Hospital (Grant No. 2021 YYRCF 02); and
The National Natural Science Foundation of China (Grant No. 81670018). The
funders of this study had no role in study design, data collection, data analysis,
data interpretation, or writing of the report.

Data availability

The datasets generated and/or analyzed during the current study are not
publicly available but are available from the corresponding author on
reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the Chongging
Youyoubaobei Women and Children’s Hospital (Number: YYBB-ER-2021004)
and the Institutional Review Board of the Children’s Hospital of Chongging
Medical University [File No: 2023(156)]. The need for informed consent

was waived by the ethics committee/Institutional Review Board of [Ethics
Committee of the Chongging Youyoubaobei Women and Children’s
Hospital/Institutional Review Board of the Children’s Hospital of Chongging
Medical University], because of the retrospective nature of the study. All the
procedures in this study were performed in accordance with the tenets of
Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 24 June 2023 / Accepted: 13 February 2024
Published online: 23 February 2024

References

1. Reddel HK, Bacharier LB, Bateman ED et al. Global Initiative for Asthma
Strategy 2021: executive summary and rationale for key changes. Eur Respir J.
2022;59(1).

2. Pavord ID, Beasley R, Agusti A, et al. After asthma: redefining airways diseases.
Lancet. 2018;391(10118):350-400.

3. CarrTF, Altisheh R, Zitt M. Small airways disease and severe asthma. World
Allergy Organ J. 2017;10(1):20.

4. Jiang D,Wang Z,Yu N, et al. Airway Remodeling in Asthma: evaluation in
5 consecutive bronchial generations by using high-resolution computed
Tomography. Respir Care. 2018;63(11):1399-406.

5. Usmani OS, Singh D, Spinola M, et al. The prevalence of small airways disease
in adult asthma: a systematic literature review. Respir Med. 2016;116:19-27.

6. Contoli M, Kraft M, Hamid Q, et al. Do small airway abnormalities characterize
asthma phenotypes? In search of proof. Clin Exp Allergy. 2012;42(8):1150-60.



Zhang et al. BMC Pulmonary Medicine

20.

21

22.

23.

(2024) 24:94

Kraft M, Richardson M, Hallmark B, et al. The role of small airway dysfunction
in asthma control and exacerbations: a longitudinal, observational analysis
using data from the ATLANTIS study. Lancet Respir Med. 2022;10(7):661-8.
van der Wiel E, ten Hacken NH, Postma DS, et al. Small-airways dysfunction
associates with respiratory symptoms and clinical features of asthma: a
systematic review. J Allergy Clin Immunol. 2013;131(3):646-57.

ArikogluT, Unlu A, Yildirim DD, et al. The airway hyperresponsiveness to
methacholine may be predicted by impulse oscillometry and plethysmogra-
phy in children with well-controlled asthma. J Asthma. 2018;55(11):1166-73.
Uppala R, Kaenpugdee P, Srisutthikamol S, et al. Assessment of small airway
function and reversibility in symptom-controlled asthma in pediatric
patients. Asian Pac J Allergy Immunol. 2019;37(1):25-9.

Kocks J, van der Molen T, Voorham J et al. Development of a tool to detect
small airways dysfunction in asthma clinical practice. Eur Respir J. 2023,61(3).
Ghezzi M, Odoni M, Testagrossa O, et al. Pneumonia in a teenager hiding a
fire-eating stunt. Pediatr Emerg Care. 2019;35(8):e147-€9.

Chipps BE, Bacharier LB, Farrar JR, et al. The pediatric asthma yardstick:
practical recommendations for a sustained step-up in asthma therapy for
children with inadequately controlled asthma. Ann Allergy Asthma Immunol.
2018;120(6):559-79.e11.

Subspecialty Group of Respiratory Diseases SOPCMA, Editorial Board CJoP.
[Guideline for the diagnosis and optimal management of asthma in children
(2016)]. Zhonghua Er Ke Za Zhi. 2016;54(3):167-81.

Xiao D, Chen Z, Wu S, et al. Prevalence and risk factors of small airway
dysfunction, and association with smoking, in China: findings from a national
cross-sectional study. Lancet Respir Med. 2020;8(11):1081-93.

Gao J, Wu HG, Wu F. Small Airways Dysfunction and bronchial hyper-respon-
siveness in cough variant asthma. Int J Gen Med. 2020;13:1427-34.

Miller MR, Hankinson J, Brusasco 'V, et al. Standardisation of spirometry. Eur
Respir J. 2005,26(2):319-38.

JianW, Gao Y, Hao C, et al. Reference values for spirometry in Chinese aged
4-80 years. J Thorac Dis. 2017,9(11):4538-49.

American Thoracic S, European Respiratory S. ATS/ERS recommendations for
standardized procedures for the online and offline measurement of exhaled
lower respiratory nitric oxide and nasal nitric oxide, 2005. Am J Respir Crit
Care Med. 2005;171(8):912-30.

Abdo M, Trinkmann F, Kirsten AM, et al. Small Airway Dysfunction Links
Asthma Severity with Physical Activity and Symptom Control. J Allergy Clin
Immunol Pract. 2021;9(9):3359-68. e1.

Shirai T, Hirai K, Gon Y. Small airway dysfunction in asthma based on oscil-
lometry. Allergol Int. 2023.

Qin R, An J, Xie J, et al. FEF(25-75)% is a more sensitive measure reflecting
Airway Dysfunction in patients with asthma: a comparison study using

FEF(25-75)% and FEV(1). J Allergy Clin Immunol Pract. 2021;9(10):3649-59.e6.

ZhangY, Zhang H, Su X, et al. Analysis of influencing factors and a predictive
model of small airway dysfunction in adults. BMC Pulm Med. 2023;23(1):141.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

Page 9 of 9

Cottini M, Licini A, Lombardi C, et al. Small airway dysfunction and poor
asthma control: a dangerous liaison. Clin Mol Allergy. 2021;19(1):7.

Abdo M, Watz H, Veith V, et al. Small airway dysfunction as predictor and
marker for clinical response to biological therapy in severe eosinophilic
asthma: a longitudinal observational study. Respir Res. 2020,21(1):278.
Habener A, Grychtol R, Gaedcke S et al. IgA(+) memory B-cells are signifi-
cantly increased in patients with asthma and small airway dysfunction. Eur
Respir J. 2022,60(5).

Huang J, Zhang M, Zhang X, et al. Airway hyper-responsiveness and small
airway function in children with well-controlled asthma. Pediatr Res.
2015;77(6):819-22.

Horvath |, Barnes PJ, Loukides S et al. A European respiratory Society technical
standard: exhaled biomarkers in lung disease. Eur Respir J. 2017,49(4).

Wang J, Wu K, Cheng X, et al. The value of concentration of alveolar nitric
oxide in diagnosing small airway dysfunction in patients with stable asthma.
Clin Respir J. 2023;17(5):357-63.

Mahut B, Delclaux C, Tillie-Leblond |, et al. Both inflammation and remodeling
influence nitric oxide output in children with refractory asthma. J Allergy Clin
Immunol. 2004;113(2):252-6.

Mahut B, Trinquart L, Le Bourgeois M, et al. Multicentre trial evaluating
alveolar NO fraction as a marker of asthma control and severity. Allergy.
2010,65(5):636-44.

Mahut B, Delacourt C, Zerah-Lancner F, et al. Increase in alveolar nitric

oxide in the presence of symptoms in childhood asthma. Chest.
2004;125(3):1012-8.

Scichilone N, Battaglia S, Taormina S, et al. Alveolar nitric oxide and asthma
controlin mild untreated asthma. J Allergy Clin Immunol. 2013;131(6):1513-7.
Heijkenskjold-Rentzhog C, Nordvall L, Janson C, et al. Alveolar and exhaled
NO in relation to asthma characteristics—effects of correction for axial diffu-
sion. Allergy. 2014,69(8):1102-11.

Zhang W, Wang Y. Evaluation of glucocorticoid therapy in Asthma Children
with small airway obstruction based on CT features of Deep Learning. Com-
put Math Methods Med. 2021;2021:7936548.

Usmani OS. Small-airway disease in asthma: pharmacological considerations.
Curr Opin Pulm Med. 2015;21(1):55-67.

Vos W, De Backer J, Poli G, et al. Novel functional imaging of changes in

small airways of patients treated with extrafine beclomethasone/formoterol.
Respiration. 2013;86(5):393-401.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Identification and treatment of persistent small airway dysfunction in paediatric patients with asthma: a retrospective cohort study
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study population
	﻿Study design and data collection
	﻿Assessments
	﻿Statistical analysis

	﻿Results
	﻿Demographics and clinical characteristics of the study participants
	﻿Binary logistic regression analysis to identify risk factors for asthma with p-SAD
	﻿Correlations among FEV﻿1﻿/FVC, small airway function parameters, and FeNO levels in patients with asthma
	﻿ROC curve analysis of FeNO levels for predicting the diagnosis of asthma with p-SAD
	﻿Improvement of SAD in asthma with p-SAD

	﻿Discussion
	﻿Conclusions
	﻿References


