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Objective: To explore the effect of a smart nebulizing device on the rate of adherence to inhaled 

corticosteroid (ICS) in children with positive Asthma Predictive Index.

Methods: In total, 65 children with positive Asthma Predictive Index and under the age of 

5 years who visited our hospital from October 2015 through October 2016, were randomly 

assigned to receive conventional nebulization or smart nebulization. The smart nebulizer was 

connected to smart phones via an App. The following information was collected: rate of adher-

ence to ICS, frequency of emergency visits or hospitalizations, application of antibiotics or oral 

steroids, and wheezing progression or improvement.

Results: The rate of adherence to ICS was 86.67% (26/30), 76.67% (23/30), and 67.33% 

(20/30) in the smart nebulization group, and 62.86% (22/35), 51.42% (18/35), and 40.00% 

(14/35) in the conventional nebulization group after 4-, 8-, and 12-week therapy, respectively. 

There were significant differences between the 2 groups at all of the time points (P,0.05). Both 

day- and night-time wheezing scores were significantly lower in the smart nebulization group 

than those of the conventional nebulization group after 4-, 8-, and 12-week therapy (P,0.05). 

The frequency of emergency visits, comorbidity of respiratory infection, antibiotics or systemic 

steroid usage, and therapeutic cost for additional treatment during the 12-week study period, 

was significantly lower in the smart nebulization group than that in the conventional nebuliza-

tion group (P,0.05).

Conclusion: A smart electronic nebulization device could significantly improve the rate of 

adherence to ICS in children under the age of 5 years, and thus could significantly reduce the 

frequency of emergency visits and respiratory infections as well as the usage of antibiotics or 

systemic steroids.
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Introduction
Wheezing is one of the most common symptoms in children ,2 years of age, especially 

in infants 1–6 months old.1 Wheezing has tended to increase in recent years in China. 

Recurrent episodes of wheezing may develop into asthma, which is a chronic airway 

disease characterized by wheezing, breathlessness, chest tightness, and coughing.2,3 

An epidemiologic study in China indicated that the prevalence of asthma in child-

hood has significantly increased in the past decade, predominantly in preschool-age 

children.4 Consistently, worldwide epidemiologic studies reported that 48.5% children 

had at least 1 episode of wheezing and breathlessness before 1 year of age, and that 
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30% of the preschool-age children who have wheezing 

episodes will develop asthma in the future.5 The prevalence 

of wheezing among 6–7 year old children ranged from 2.4% 

in Jodhpur (India) to 37.6% in Costa Rica.3 In addition, it has 

been reported that 80% of asthmatic children experienced 

wheezing episodes at age of 6 years or younger, and 50% of 

them had wheezing episodes when they were younger than 

3 years.6 Furthermore, the most recent estimation indicated 

that while approximately 50% of young children experience 

at least 1 acute episode of wheezing before 6 years of age, 

less than 10%–15% of these children will develop asthma 

at school age (6–12 years old) even though 30%–40% of 

these young children may have recurrent wheezing during 

school age.7,8

Diagnosis and treatment of young children with recurrent 

wheezing is complex, because most of these children do not 

have persistent asthma with regular symptoms such as wheez-

ing. Therefore, the Asthma Predictive Index (API) has been 

used to predict the risk of asthma development in children 

aged 5 years or younger,9–11 and API-positive children are rec-

ommended to receive long-term daily inhaled corticosteroid 

(ICS).12,13 In this regard, it is predicted that 77% of children 

will have asthma between age of 6 and 13 years if they were 

API positive at the age of 3, while only 3% of the children 

will have asthma if they were API negative at the age of 3.10 

In addition, the lung function of the children with positive 

API was worse than that of the children with negative API.14 

Therefore, in the current study, API was used to identify 

children with wheezing and those who would potentially 

have asthma in the future, and API-positive children under 

the age of 5 years were enrolled into this study.

The most recently published Chinese version of “Guide-

line for Diagnosis and Optimal Management of Asthma in 

Children (2016)” suggested that ICS is recommended as 

standard therapy for API-positive children in order to prevent 

and control asthma development in later life.15 ICS could 

effectively control airway inflammation and hyperreactivity 

and improve symptoms such as wheezing, lung function, 

and quality of life in asthmatic children.13,16,17 However, 

daily adherence to ICS was low in children at young age 

because the majority of children did not take their inhalers 

as prescribed even if they or their parents reported they did.18 

In this context, it has been reported that adherence to long-

term ICS in asthmatic children varied from 22% to 63%, 

and adherence to ICS remained mostly less than 50%.19 The 

current study was, therefore, designed to study the influence 

of smart nebulizing devices on the adherence rate to ICS in 

children under 5 years of age with positive API.

Materials and methods
Patients
Totally, 65 children who visited Renji Hospital, Shanghai 

Jiaotong University, from October 2015 through October 

2016 were enrolled into this study. The protocol of this study 

was approved by the Ethics Committee of Renji Hospital, 

Shanghai Jiaotong University. A signed consent form was 

obtained from parents who were willing to have their chil-

dren to enroll into this study. The inclusion criteria were as 

follows: 1) children with wheezing; 2) boys or girls under 

the age of 5 years; 3) children with positive API who came 

to Renji Hospital with asthma exacerbation for the first time; 

4) parents having signed consent forms and agreed to provide 

information during the 12-week study period; 5) children with 

wheezing episodes that were not caused by congestive heart 

disease, airway deformity, or occlusive bronchitis.

Methods
Smart nebulization
This was carried out by assembling a smart electronic device 

(red framed in Figure 1) to a nebulizer, which automatically 

Figure 1 Photographs of an electronic smart device and nebulizer.
Notes: (A) An electronic smart device (red framed) and a nebulizer before 
assembly. (B) After the 2 devices are assembled.
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controlled the status of nebulization and recorded desired 

information. This smart electronic device was also wirelessly 

connected to smart phone through BLE4.0 software, through 

which the pediatrician reminded the children to take the nebu-

lization if they forgot to do so. In contrast, the conventional 

nebulizer does not have such a remind function.

Smart App for the parents
The App was available in both iOS and Android operation 

systems. The App was used by parents to instantly com-

municate with a pediatrician or their child. Through the 

smartphone App, parents obtained data on time, duration, 

and frequency of nebulization.

Website for pediatricians
The jQuery Datatables (SpryMedia Ltd, Dunfermline, 

Scotland) and Bootstrap were used by pediatricians to 

monitor children’s progress, adherence to ICS therapy, and 

to have real-time communication with children’s parents 

when necessary.

Data exchange between the smart 
electronic device and smart phone
BLE4.0 software was used for connection between the smart 

electronic device and smart phones, including iPhone 4S or 

later version iPhones (Apple Inc, Cupertino, CA, USA) as well 

as Android 4.3 (Google, Mountain View, CA, USA) or later 

version phones with the BLE4.0 system. With this system, the 

battery life lasted over 1 year without interruption of commu-

nication between the smart electronic device and phones.

Research design
Asthmatic children’s medical history and physical details 

were obtained. Of the 65 enrolled children, 35 children were 

treated with conventional nebulization and 30 children were 

treated with smart nebulization. The Omron Nebulizer 

(Model: NE-C900) (Omron Healthcare, Hoofddorp, 

the Netherlands) or Pari Medical Nebulizer (Model: 

JuniorBOY SX) (PARI GmbH, Starnberg, Germany) 

was used for delivery of drugs following the Guideline 

of Chinese Pediatric Association on ICS.20 Specifically, 

during the 1st week of enrollment, budesonide suspension 

(AstraZeneca, Cambridge, UK) 0.5–1.0 mg each time, plus 

terbutaline sulfate solution for nebulization (AstraZeneca) 

0.25–0.5 mg each time, and Aloe Vera Inhalation solution 

(Boehringer-Ingelheim, Ingelheim am Rhein, Germany) 

250–500 µg each time were used. From the 2nd week through 

the 12th week, budesonide suspension was used as ICS. 

The parents of children enrolled into this study were educated 

in the correct use of the nebulizers. During the total 12-week 

study period, either the children were seen by pediatricians 

or the children’s parents were interviewed by pediatricians 

through telephone call every 2 weeks. The following medi-

cations were permitted to be prescribed to the children by 

pediatricians during the 12-week study period: bronchial 

dilator, oral steroid, antibiotics, oral antihistamine drug, or 

leukotriene antagonists.

Statistical analysis
Continuous variables with normal distribution were expressed 

by either mean ± SD or median and interquartile range. 

Student’s t-test was used for comparison between 2 groups 

and Wilcoxon 2 samples test was used for nonnormal distri-

bution data analysis. Discrete variables were expressed by 

frequency (%), and χ2 test or Fisher exact probability test was 

used. Cochran–Mantel–Haenszel test was used for compari-

son of the symptomatic score, drug usage, and severity of 

wheezing during the treatment. SAS9.3 statistical analysis 

software (SAS Institute, Cary, NC, USA) was used to conduct 

all the analyses. P,0.05 was considered as significant.

Results
Demographic and baseline characteristics 
of the participants
As shown in the Table 1, a total of 65 children with wheez-

ing were enrolled in this study. Of them, 44 were boys 

and 21 were girls. Their mean age was 37.91±11.83 months. 

They were randomly assigned to the conventional nebuli-

zation group (35 cases) and the smart nebulization group 

(30 cases). There was no significant difference between 

the 2 groups in gender ratio, age, and baseline characteris-

tics (P.0.05).

Comparison of ICS adherence rate
The 4-, 8-, and 12-week treatment adherence rates were 

86.67% (26/30), 76.67% (23/30), and 67.33% (20/30), 

respectively, in the smart nebulization group and 62.86% 

(22/35), 51.42% (18/35), and 40.00% (14/35), respectively, in 

the conventional nebulization group. There were significant 

differences between the 2 groups at any of the time points 

(P,0.05, Table 2).

Comparison of day- and night-time 
symptom scores
As shown in Table 3, both day- and night-time asthma-like 

symptom scores were significantly lower in the smart 
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nebulization group than in the conventional nebulization 

group at 4, 8, and 12 weeks posttherapy (P,0.05).

Comparison of additional drug usage 
and therapy cost
During the 12-week study period, in addition to ICS nebuliza-

tion therapy, some children received additional medication 

including antibiotics and oral steroid. As shown in Table 4, 

the frequency of emergency visit, comorbidity of respiratory 

infection, antibiotics or systemic steroid usage, and thera-

peutic cost for these additional treatments was significantly 

lower in the smart nebulization group than in the conventional 

nebulization (P,0.05).

However, usage of additional medicine for symptom 

relief and limitation of activities were not significantly 

different between the 2 groups during the 12-week treatment 

(Table 5, P.0.05).

Discussion
The current study compared the therapeutic effect of conven-

tional nebulization and smart nebulization in the treatment 

of asthmatic children under the age of 5 years. It was found 

that children in the smart nebulization group more readily 

followed the treatment procedure (better compliance and 

adherence to inhaled corticosteroid), had a significantly lower 

symptomatic score, and a significantly lower frequency of 

emergency visits, comorbidity with respiratory infection, 

usage of antibiotics or systemic steroid usage, and cost for 

the additional treatments compared with children treated with 

conventional nebulization.

Table 1 General characteristics of the children before treatment

Characteristics Conventional 
nebulization (N=35)

Smart nebulization 
(N=30)

Total N=65 P-value

Age (months, mean ± SD) 38.54±12.08 37.17±11.68 37.91±11.83 0.644
Gender, N (%) 0.487

Male 25 (71.43) 19 (63.33) 44 (67.69)
Female 10 (28.57) 11 (36.67) 21 (32.31)

Allergen, N (%) 0.767
Mite 29 (82.86) 24 (80.00) 53 (81.54)
Unknown 6 (17.14) 6 (20.00) 12 (18.46)

Eczema, N (%) 0.745
No 7 (20.00) 7 (23.33) 14 (21.54)
Yes 28 (80.00) 23 (76.67) 51 (78.46)

Rhinitis, N (%) 0.841
No 23 (65.71) 19 (63.33) 42 (64.62)
Yes 12 (34.29) 11 (36.67) 23 (35.38)

Parent rhinitis, N (%) 0.749
No 22 (62.86) 20 (66.67) 42 (64.62)
Yes 13 (37.14) 10 (33.33) 23 (35.38)

Parent asthma, N (%) 0.931
No 26 (74.29) 22 (73.33) 48 (73.85)
Yes 9 (25.71) 8 (26.67) 17 (26.15)

Serum IgE, N (%) 0.628
0 6 (17.14) 8 (26.67) 14 (21.54)
1 7 (20.00) 6 (20.00) 13 (20.00)
2 22 (62.86) 16 (53.33) 38 (58.46)

Table 2 Adherence to ICS during the 12-week treatment

Time Adherence 
to ICS

Conventional 
nebulization N (%)

Smart 
nebulization N (%)

Total N (%) P-value

At 4th week Good 22 (62.86) 26 (86.67) 48 (73.85) 0.029
Poor 13 (37.14) 4 (13.33) 17 (26.15)

At 8th week Good 18 (51.42) 23 (76.67) 41 (63.08) 0.036
Poor 17 (48.58) 7 (23.33) 24 (36.92)

At 12th week Good 14 (40.00) 20 (67.33) 34 (52.31) 0.032
Poor 21 (60.00) 10 (33.67) 31 (47.69)

Abbreviation: ICS, inhaled corticosteroid.
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Asthma is the most prevalent chronic disease in children, 

and the majority of asthma or wheezing starts before the 

age of 5 years. While the management of these children is 

complicated, nebulization of steroid or bronchodilators is 

the most common method for delivery of drugs to the small 

airways. Efficient delivery of medication through an inhaler 

requires not only a delivery device, but also the coordination 

between inhalation and actuation on the patient’s inspiratory 

flow as well as compliance of the patients to the physician’s 

instruction. Currently, methods of assessing adherence to ICS 

include daily diaries, self-report questionnaire, prescription 

filling record, physician’s subjective assessment, dose meter, 

remaining medication amount check, and electronic moni-

toring device. Of these methods, an electronic monitoring 

device provides an objective method in assessing adherence 

to a therapy.21 The method of prescription filling record 

does not tell if the child takes the medicine as ordered, 

while method of daily diaries and self-report questionnaire 

largely depend on the children’s or the parents’ subjective 

assessment, and thus they lack validity;22 especially, under 

the influence of the “Hawthorne Effect,” overestimation of 

drug adherence is common in these assessing methods.23,24 In 

this regard, it has been reported that an objectively assessed 

adherence rate of 25% was reported as 85% by the parents 

subjectively.25 Thus, it is necessary to explore alternative 

methods to objectively evaluate the long-term adherence 

to ICS.

Chan et al26 reported that an electronic monitoring and 

reminding device could significantly improve the adherence 

to ICS in 220 cases of 6–12-year-old asthmatic children. In 

the current study, a smart nebulizer was used to remind the 

children to inhale corticosteroid on time, and by using the 

smart nebulizer the pediatricians were able to have real-time 

communication with the children through a smart phone App. 

As a result of this smart device application, adherence to ICS 

was significantly improved compared to the group using 

Table 3 Scoring of the symptoms during the 12-week treatment

Time Symptom 
score

Conventional 
nebulization N (%)

Smart 
nebulization N (%)

Total N (%) P-value

Day-time during 0 3 (8.57) 1 (3.33) 4 (6.15) 0.911
the 1st week 1 15 (42.86) 14 (46.67) 29 (44.62)

2 14 (40.00) 15 (50.00) 29 (44.62)
3 3 (8.57) 0 (0.00) 3 (4.62)

Night-time during 0 8 (22.86) 7 (23.33) 15 (23.08) 0.865
the 1st week 1 14 (40.00) 10 (33.33) 24 (36.92)

2 10 (28.57) 11 (36.67) 21 (32.31)
3 3 (8.57) 2 (6.67) 5 (7.69)

Day-time during 0 9 (25.71) 14 (46.67) 23 (35.38) 0.032
the 4th week 1 9 (25.71) 8 (26.67) 17 (26.15)

2 12 (34.29) 7 (23.33) 19 (29.23)
3 5 (14.29) 1 (3.33) 6 (9.23)

Night-time during 0 10 (28.57) 15 (50.00) 25 (38.46) 0.037
the 4th week 1 12 (34.29) 9 (30.00) 21 (32.31)

2 10 (28.57) 6 (20.00) 16 (24.62)
3 3 (8.57) 0 (0.00) 3 (4.62)

Day-time during 0 9 (25.71) 17 (56.67) 26 (40.00) 0.030
the 8th week 1 11 (31.43) 5 (16.67) 16 (24.62)

2 9 (25.71) 6 (20.00) 15 (23.08)
3 6 (17.14) 2 (6.67) 8 (12.31)

Night-time during 0 11 (31.43) 16 (53.33) 27 (41.54) 0.046
the 8th week 1 11 (31.43) 10 (33.33) 21 (32.31)

2 10 (28.57) 2 (6.67) 12 (18.46)
3 3 (8.57) 2 (6.67) 5 (7.69)

Day-time during 0 15 (42.86) 18 (60.00) 33 (50.77) 0.031
the 12th week 1 5 (14.29) 7 (23.33) 12 (18.46)

2 6 (17.14) 3 (10.00) 9 (13.85)
3 9 (25.71) 2 (6.67) 11 (16.92)

Night-time during 0 15 (42.86) 19 (63.33) 34 (52.31) 0.044
the 12th week 1 7 (20.00) 6 (20.00) 13 (20.00)

2 8 (22.86) 4 (13.33) 12 (18.46)
3 5 (14.29) 1 (3.33) 6 (9.23)
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conventional nebulizing device. In addition, symptomatic 

score, frequency of emergency visit, comorbidity of respira-

tory infection, antibiotics or systemic steroid usage, and cost 

for additional treatment were significantly lower in children 

with smart nebulization than children with conventional 

nebulization.

Adherence to ICS decreased as a function of time. In 

this context, it has been reported that adherence to ICS at 

4 months was 60.4%, which dropped to 49.8% after 1 year 

of therapy.27 Similarly, adherence to ICS in the current study 

was also reduced as a function of time, which was regard-

less of using a conventional nebulizer or a smart nebulizer, 

suggesting education of the children or their parents may 

be crucial to maintain a high adherence rate in addition to 

equipment modernization.

While a smart nebulization device could significantly 

improve the therapeutic effect, the cost of the device should 

also be considered in clinical application. Currently, the cost 

of a smart nebulizer is still fairly high, and most devices are 

still in the clinical research stage although the cost of long-

term therapy in asthma may be reduced with significant 

improvement of adherence rate.26,28 In the current study, not 

only the health care cost, but also frequency of respiratory 

infection and emergency visit, and usage of antibiotics or sys-

temic steroids were significantly reduced in children treated 

with smart nebulization compared with that of children 

Table 4 Comparison on additional drug usage and cost during the 12-week treatment

Parameters for comparison Conventional 
nebulization (N=35)

Smart 
nebulization (N=30)

Total (N=65) P-value

Respiratory infection, N (%) 0.042
0 6 (17.14) 8 (26.67) 14 (21.54)
1 7 (20.00) 12 (40.00) 19 (29.23)
2 13 (37.14) 8 (26.67) 21 (32.31)
.2 times 9 (25.71) 2 (6.67) 11 (16.92)

Wheezing, N (%) 0.593
0 19 (54.29) 18 (60.00) 37 (56.92)
1 11 (31.43) 9 (30.00) 20 (30.77)
.1 time 5 (14.29) 3 (10.00) 8 (12.31)

Wheezing severity, N (%) 0.194
No 19 (54.29) 18 (60.00) 37 (56.92)
Mild 7 (20.00) 10 (33.33) 17 (26.15)
Severe 9 (25.71) 2 (6.67) 11 (16.92)

Antibiotics usage, median (IQR) 2 (1, 2) 1 (0, 2) 1 (0, 2) 0.038
Steroid usage, N (%) 0.029

No 19 (54.29) 24 (80.00) 43 (66.15)
Yes 16 (45.71) 6 (20.00) 22 (33.85)

Hospitalization, N (%) 0.716
No 30 (85.71) 27 (90.00) 57 (87.69)
Yes 5 (14.29) 3 (10.00) 8 (12.31)

Times of emergency or clinic visit, mean ± SD 8.94±3.82 7.20±2.89 8.14±3.15 0.045
Cost (RMB), median (IQR) 2,271 (1,635, 3,404) 1,531 (1,016, 2,335) 1,948 (1,232, 2,875) 0.006

Abbreviations: IQR, interquartile rate; RMB, RenMinBi (Chinese Yuan).

Table 5 Additional medication for symptom relief and limitation of activity during the treatment

Additional 
comparison

Time Conventional 
nebulization N (%)

Smart 
nebulization N (%)

Total N (%) P-value

Additional During 1st week 1 (2.86) 1 (3.33) 2 (3.08) 1.000
medication During 4th week 2 (5.71) 0 (0.00) 2 (3.08) 0.495
for symptom relief During 8th week 1 (2.86) 1 (3.33) 2 (3.08) 1.000

During 12th week 5 (14.29) 2 (6.67) 7 (10.77) 0.437
Activity During 1st week 0 (0.00) 3 (10.00) 3 (4.62) 0.093
limitation During 4th week 0 (0.00) 1 (3.33) 1 (1.54) 0.462

During 8th week 0 (0.00) 1 (3.33) 1 (1.54) 0.462
During 12th week 1 (2.86) 1 (3.33) 2 (3.08) 1.000
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treated with conventional nebulization. However, there were 

no differences between the groups in frequency and severity 

of recurrent wheezing or frequency of hospitalization during 

the 12-week treatment period. These findings suggested that 

clinical application of smart nebulizers in asthmatic children 

remains to be further improved, including inhaling methods,29 

and to be further investigated in larger populations.

While smart devices with electronic monitoring are 

considered as “gold standard” in measuring adherence to 

or compliance with a therapy, smart electronic devices are 

not without problems. Smart devices can fail to record or 

download data due to a variety of reasons such as battery 

failure.23,30 It has been reported that 20% (380 out of 2,360) 

of failure in data download from smart monitoring devices 

occurred due to malfunction of monitor or battery.30 In the 

current study, however, the smart nebulizers functioned well 

throughout the study period, although occasional failure in 

connection to smart phone App or low battery occurred.

Conclusion
Taken together, the current study compared the outcomes of 

conventional nebulizer and smart nebulizer in the manage-

ment of asthmatic children under the age of 5 years. Children 

treated with smart nebulizer had not only a higher rate of 

adherence to ICS, but also a significantly lower symptomatic 

score, a significantly lower frequency of emergency visits and 

respiratory infection, reduced usage of antibiotics or systemic 

steroid, and lower cost for additional treatment compared 

with children treated with conventional nebulizer. These 

findings suggested that smart nebulizers are superior to the 

conventional nebulizers in controlling asthmatic symptoms 

by increasing adherence to ICS therapy.
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