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Objective: To follow up on the changes in pulmonary function phenotypes in children with asthma in the first year after diagnosis, and explore the risk factors of poor control in children with good treatment compliance.



Methods: Children who were diagnosed with asthma in the Respiratory Department of Shanghai Children's Medical Center from January 1, 2019 to December 31, 2020 and were re-examined every 3 months after diagnosis for 1 year were continuously included, regardless of gender. We collected the clinical data, analyzed clinical characteristics of the different pulmonary function phenotypes at baseline and explored risk factors of poor asthma control after 1 year of standardized treatment.



Results: A total of 142 children with asthma were included in this study, including 54 (38.0%) with normal pulmonary function phenotype (NPF), 75 (52.8%) with ventilation dysfunction phenotype (VD), and 13 (9.2%) with small airway dysfunction phenotype (SAD) in the baseline. Among them, there were statistically significant differences in all spirometry parameters, age, and course of disease before diagnosis (P < 0.05), and a negative correlation between age (r2 = −0.33, P < 0.001), course of disease before diagnosis (r2 = −0.23, P = 0.006) and FEV1/FVC. After 1-year follow-up, large airway function parameters and small airway function parameters were increased, fractional exhaled nitric oxide (FeNO) was decreased, the proportion of NPF was increased, the proportion of VD was decreased (P < 0.05), while there was no significant difference in the proportion of SAD. After 1 year of standardized treatment, 21 patients (14.8%) still had partly controlled or uncontrolled asthma. Our results showed that the more asthma attacks occurred within 1 year (OR = 6.249, 95% CI, 1.711–22.818, P = 0.006), the more times SAD presented at baseline and Assessment 1–4 (OR = 3.092, 95% CI, 1.222–7.825, P = 0.017), the higher the possibility of incomplete control of asthma.



Conclusion: About 15% of the children with good treatment compliance were still not completely controlled after 1 year of treatment, which is closely associated with persistent small airway dysfunction.
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Introduction

Bronchial asthma is the most common chronic respiratory disease in childhood and characterized by chronic airway inflammation. In recent years, its prevalence has increased significantly in both Asian and Western countries. The prevalence of asthma among children aged 0–14 in China has increased from 1.97% (2000) to 3.02% (2010) (1). Alarmingly, the prevalence of asthma among children in Shanghai even increased to 14.6% in 2019 (2). Despite advances in standardized treatment for asthma in children, about 20% of children with asthma remain uncontrolled (3). This phenomenon is not only related to poor compliance and improper use of drugs (3), but also closely related to persistent airway inflammation and airway remodeling (4). Even if airway inflammation in asthma is present throughout the bronchial tree, central airways have long been recognized as the major site of airflow limitation (5). For the past few years, much evidences have shown that small airways also play a key role in the pathogenesis of asthma (6, 7).

Small airways are defined as those with an internal diameter of less than 2 mm, which extend from the eighth generation airways to the periphery of the bronchial tree (6). Physiologically, central airway resistance accounts for 85% of total airway resistance in adults (8). In the bronchial tree, there was no significant decrease in small airway diameter, but branch multiplication, exponential increase in total cross-sectional area, and a significant decrease in airway resistance (9). Therefore, small airway dysfunction (SAD) can only be identified when it became severe and extensive, and were previously called “quiet zone” (10). Children have narrower bronchi than adults, so small airway resistance is far greater than adults, even up to 50% of total airway resistance, especially in asthmatic children (11). In addition, the relationship between SAD, clinical symptoms, and control situation in children with asthma has recently become a research hotspot. Studies have shown that SAD is closely related to frequent nocturnal symptoms (12), exercise limitations (13), airway hyperreactivity (14), acute asthma attacks, and poor control (15) in children with asthma. Unlocking the “quiet zone” is urgent.

Assessment is a key component of asthma management, and its importance has been emphasized in both Global Initiative for Asthma (GINA) and the National Asthma Education and Prevention Program (NAEPP) guidelines. Clinical symptom review and pulmonary function are the most important assessment methods in asthma follow-up. Compared with clinical asthmatic manifestation assessments, pulmonary function is more objective and certain. However, most children with asthma have normal or nearly normal forced expiratory volume in 1 s (FEV1), which is poorly correlated with disease control (4). We should try to mine more information from pulmonary function. Pulmonary function phenotypes classified by spirometry parameters may be a feasible way. In the current study, we used our data set to achieve three aims: (i) to analyze the clinical characteristics of different pulmonary function phenotypes at baseline, (ii) to follow up on the changes in pulmonary function phenotypes in children with asthma in the first year after diagnosis, (iii) to explore the risk factors of poor control in children with good treatment compliance, especially the significance of SAD.



Materials and methods


Subjects

Children diagnosed with asthma in the Respiratory Department of Shanghai Children's Medical Center from January 1, 2019 to December 31, 2020 were enrolled in this study. Asthma was diagnosed following GINA criteria (16). The inclusion criteria were as follows: (i) age >4 years old, can complete spirometry examination, regardless of gender; (ii) were diagnosed with asthma for the first time, and had no history of long-term inhaled corticosteroids (ICSs) treatment; (iii) regularly reviewed in outpatient service every 3 months in the first year after diagnosis, with good compliance, without self-adjustment of medication dose or medication discontinuation; (iv) the caregiver of the child had certain Chinese reading and writing ability, could cooperate to complete the data collection. The exclusion criteria were as follows: (i) the child lost to follow-up within 1 year after diagnosis of asthma, self-adjusted medication dose or stopped medication; (ii) in addition to regular asthma medications, the child received additional treatment, such as specific immunotherapy, biological agents or traditional Chinese medicine treatment; (iii) the child had thoracic airway malformation, respiratory, cardiovascular, rheumatic system diseases and other basic diseases that may affect the results of spirometry.



Study design

This was a real-world retrospective observational study. The demographics and clinical characteristics of all patients, and the results of their spirometry and fractional exhaled nitric oxide (FeNO) were recorded at baseline. Pulmonary function phenotypes were determined according to their spirometry parameters, and classified into normal pulmonary function phenotype (NPF), ventilation dysfunction phenotype (VD), small airway dysfunction phenotype (SAD). NPF was defined as all parameters of forced vital capacity (FVC) pred, FEV1 pred and FEV1/FVC measuring ≥80%, and any two parameters of forced expiratory flow at 50% of forced vital capacity (FEF50%) pred, forced expiratory flow at 75% of forced vital capacity (FEF75%) pred, and forced expiratory flow between 25%–75% of vital capacity (FEF25–75%) pred ≥65%. VD was defined as at least one parameter in FVC pred, FEV1 pred, and FEV1/FVC measuring <80%, regardless of FEF50% pred, FEF75% pred, FEF25–75% pred. SAD was defined as all parameters of FVC pred, FEV1 pred and FEV1/FVC measuring ≥80%, and any two parameters of FEF50% pred, FEF75% pred, and FEF25–75% pred <65%.

All children were assessed at 3, 6, 9, and 12 months after diagnosis. Clinical symptoms, spirometry, FeNO, and asthma medication use were assessed in all of them. After 1 year of follow-up and treatment, GINA criteria were used to assess the level of asthma control (16). According to GINA criteria, asthma control level was classified into three degrees: controlled, partly controlled and uncontrolled. Children 6 to 14 years of age were in the asthma control group if they had daytime symptoms ≤2 times per week (≤1 time in children <6 years), no night awakenings due to asthma, use of reliever medications ≤2 times per week (≤1 time in children <6 years), and no limitation of activity due to asthma in the previous 4 weeks. The rest were in the partly/no controlled group. The study profile is shown in Figure 1.
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FIGURE 1
Flow diagram for the study design. NPF, normal pulmonary function phenotype; VD, ventilation dysfunction phenotype; SAD, small airway dysfunction phenotype.




Data collection

The clinical information of children with asthma were collected from the electronic medical record system, including their birthday, sex, height, weight, date of diagnosis, history of wheezing, allergic rhinitis, atopic dermatitis, family history of allergic diseases, serum total immunoglobulin E (TIgE), and peripheral blood Eos count. The results of their spirometry and FeNO were recorded in baseline and Assessment 1–4 and these spirometry parameters were selected, including FVC% pred, FEV1% pred, FEV1/FVC, FEF50% pred, FEF75% pred, and FEF25–75% pred. During the 1-year follow-up after diagnosis, the frequency of asthma exacerbations and respiratory infections, the use of asthma control and emergency medication were recorded in the electronic medical records by senior respiratory physicians.



Statistical analysis

Statistical analyses were conducted using SPSS V. 26.0 (IBM SPSS Statistics, USA). Kolmogorov-Smirnov-test was used to examine the normality of the data distribution. Measurement data consistent with the normal distribution were expressed as Mean ± SD and two independent sample t-tests and ANOVA were used to compare the two groups and the three groups, respectively. The measurement data that did not conform to the normal distribution were represented by the median (interquartile range) [M (IQR)], and the Wilcoxon test and Kruskal–Wallis test were used for comparison between the two groups and the three groups, respectively. Enumeration data were expressed as the number of cases (percentage) [n (%)], and the chi-square test or Fisher's Exact Test was used for inter-group comparison. Spirometry parameters and FeNO were compared at baseline and after 1 year of follow-up using the two related-samples t-tests and Wilcoxon test, respectively. The changes in spirometry parameters with time were analyzed by repeated measures analysis of variance. After 1 year of follow-up, univariate and multivariate logistic regression were carried out on the risk factors that might lead to poor asthma control in children. Two-sided P < 0.05 indicated statistical significance.




Results


Demographics and baseline features

A total of 142 children (for 43.3% of children with asthma identified) with asthma were included in this study. Among them, 101 (71.1%) children were male, and the average age of all individuals was 6.23 (3.10) years. Based on the spirometry results at baseline, 54 children (38.0%) presented with NPF, 75 (52.8%) presented with VD, and 13 (9.2%) presented with SAD. Comparisons of demographics, clinical characterizations, and spirometry parameters between the three phenotypes are shown in Tables 1, 2. Among the three groups in baseline, there were significant differences in age (P < 0.001), height (P < 0.001), weight (P < 0.001), course of disease before diagnosis (P = 0.042) and all spirometry parameters (P < 0.001). In addition, the average age of VD group was older than that of NPF (adj. P < 0.001) and SAD (adj. P = 0.014) (Figure 2A), and the course of disease before diagnosis in VD group was longer than that of NPF (adj. P = 0.047) (Figure 2C). Tamhane's T2 multiple comparison test showed that spirometry parameters (including FVC% pred, FEV1% pred, FEV1/FVC, FEF50% pred, FEF75% pred and FEF25–75% pred) in the NPF group were higher than those in VD and SAD, and the differences were statistically significant (P < 0.05). Moreover, there was a negative correlation between age (r2 = −0.33, P < 0.001), course of disease before diagnosis (r2 = −0.23, P = 0.006) and FEV1/FVC in all individuals (Figures 2B,D). However, no significant differences were found among the three groups in gender, allergy rhinitis, atopic dermatitis, family history of allergy, age of first wheezing episode, number of wheezes before diagnosis, serum TIgE, blood Eos count, and FeNO (P > 0.05).


[image: Figure 2]
FIGURE 2
Group comparison of age of diagnosis (A) and course of disease (C) among the three phenotypes in baseline. Linear correlation analysis between FEV1/FVC and age of diagnosis (B) and course of disease (D). NPF, normal pulmonary function phenotype; VD, ventilation dysfunction phenotype; SAD, small airway dysfunction phenotype; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s. Bars indicate the median ± IQR. Group comparison among the three phenotypes: ***P < 0.001; **P < 0.01; *P < 0.05.



TABLE 1 Demographics and baseline clinical characterization.
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TABLE 2 Baseline spirometry parameters among the three pulmonary function phenotypes.
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Follow-up of spirometry parameters after antiasthmatic treatment

During the 1-year standardized treatment of asthma, the changes in large and small airway function parameters with time are shown in Table 3 and Figure 3. Analysis of variance of repeated measures data showed that there were statistically significant differences in large airway function parameters (FVC%, FEV1%, FEV1/FVC) (Figure 3A) and small airway function parameters (FEF50%, FEF75%, FEF25–75%) (Figure 3B) between baseline and Assessments 1–4 (P < 0.05), while there were no differences in the above indicators between Assessments 1–4. After 1 year of treatment, for all children, FVC% (mean value from 101.98% to 106.53%, P < 0.001) (Figure 4A), FEV1% (mean value from 95.96% to 105.40%, P < 0.001) (Figure 4B), FEV1/FVC (mean value from 80.01% to 83.93%, P < 0.001) (Figure 4C), FEF75% (mean value from 54.52% to 69.05%, P < 0.001) (Figure 4D), FEF50% (mean value from 68.44% to 86.60%, P < 0.001) (Figure 4E), and FEF25–75% (mean value from 65.50% to 83.32%, P < 0.001) (Figure 4F) increased significantly, while FeNO level decreased significantly (median from 20.5 to 14.0, P < 0.001) (Figure 4A). Furthermore, as for the pulmonary function phenotypes, the proportion of NPF (38.0 vs. 66.2%, P < 0.05) increased significantly and the proportion of VD (52.8 vs. 27.5%, P < 0.05) decreased significantly after treatment, while the proportion of SAD (9.2% vs. 6.3%, P > 0.05) had no significant difference before and after treatment (Figure 4B).


[image: Figure 3]
FIGURE 3
Large (A: FVC%, FEV1, FEV1/FVC) and small (B: FEF75%, FEF50%, FEF25–75%) airway function parameters over time. FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s, FEF75%, forced expiratory flow at 75% of forced vital capacity; FEF50%, forced expiratory flow at 50% of forced vital capacity; FEF25–75%, forced expiratory flow between 25% and 75% of vital capacity. Bars indicate the mean ± 95% CI. The dashed line represents the normal values (A: 80%, B: 65%).
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FIGURE 4
Comparison of large (A: FVC%, B: FEV1, C: FEV1/FVC) and small (D: FEF75%, E: FEF50%, F: FEF25–75%) airway function parameters, FeNO (A) and the number of children with different phenotypes (B) before and after treatment. FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second, FEF75%, forced expiratory flow at 75% of forced vital capacity; FEF50%, forced expiratory flow at 50% of forced vital capacity; FEF25–75%, forced expiratory flow between 25% and 75% of vital capacity; FeNO, fractional exhaled nitric oxide. Bars indicate the mean ± 95% CI.



TABLE 3 Spirometry parameters over time.
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Prognosis after 1 year of antiasthmatic treatment

All children received standardized asthma treatment for 1 year without self-adjusting medication dose or medication discontinuation. One year later, 121 (85.2%) children achieved asthma control, while 21 (14.8%) remained partly or no controlled. The relevant risk factors for different control conditions were analyzed from the clinical and pulmonary physiological characteristics (Table 4). Compared to children with controlled asthma, the partly/no controlled individuals had lower baseline BMI percentiles (which was analyzed due to the large age range) (P = 0.032), more episodes of wheezes before diagnosis (P = 0.019), more times of asthma exacerbations during treatment (P < 0.001), and longer duration of emergency medication use (P < 0.001). However, there were no significant differences in the history of allergic diseases, family history of allergy, serum TIgE, blood Eos count, FeNO, selection and dosage of therapeutic medications between the two groups (P > 0.05).


TABLE 4 Risk factors for different control conditions in children with asthma: from clinical and pulmonary physiologic characteristics.

[image: Table 4]

In addition, more attention should be paid to different pulmonary function phenotypes of the above two groups. Children in the controlled group and the partly/no controlled group showed different proportions of pulmonary function phenotypes in Assessment 4, and the main difference was that the proportion of SAD (4.1% vs. 19.0%, P < 0.05) was significantly higher in the latter group. Counting the number of months of VD and SAD presented at baseline and Assessment 1–4, the partly/no controlled group had more times of SAD within 1 year (P < 0.001) than the controlled group, while VD did not differ significantly (P = 0.306). However, the specific values of spirometry parameters were not statistically different between the two groups at both baseline and Assessment 1–4 (P > 0.05).

The multivariate logistic regression model included the variables with statistical differences in the above univariate analysis (Figure 5). Our results showed that the more asthma attacks occurred within 1 year (OR = 6.249, 95% CI, 1.711–22.818, P = 0.006), the more times SAD presented at baseline and Assessment 1–4 (OR = 3.092, 95% CI, 1.222–7.825, P = 0.017), the higher the possibility of incomplete control of asthma after 1 year of treatment, the difference was statistically significant.


[image: Figure 5]
FIGURE 5
Odds ratios for risk factors for poor asthma control after 1 year of anti-asthmatic treatment. BMI, body mass index; SAD, small airway dysfunction phenotype.





Discussion

In this study, we found lung function impairment in children with asthma who had not yet started treatment was mainly related to their age and wheezing duration. The older the age and the longer the wheezing duration, the more severe the lung function impairment. After one year of anti-asthmatic treatment, lung function and airway inflammation were significantly improved compared to baseline, but SAD persisted, which might be closely related to poor asthma control.

There is no unified standard for the definition and diagnosis of SAD in children. In this study, the diagnosis of SAD was as follows: all parameters of FVC pred, FEV1 pred and FEV1/FVC measuring ≥80%, and any two parameters of FEF50% pred, FEF75% pred, and FEF25–75% pred <65%. This is based on the definition of SAD in the “Expert consensus on the assessment and treatment of Small airway dysfunction in Childhood Asthma” [Respiratory Group, Pediatric Branch of Shanghai Medical Association, 2021]. Consistent with the result of current study, previous literatures using spirometry to define SAD has shown that the prevalence of SAD in asthma ranges from about 50% to 60% in adults (17) and 20% to 50% in children (6). Our study showed that the prevalence of SAD was not as high (about 10%), and this difference was related to different criteria for diagnosing SAD. For instance, SAD was defined only by FEF25–75% pred <60% (18) or 65% (19) in some studies, and other studies, FEF25–75% pred less than 1 times (15) or 1.64 (20) SD was used as the cut-off value to definite SAD. Many previous studies have ignored the effect of large airways on small airways. The reduction of small airway parameters is not equivalent to small airway dysfunction. When the airflow in the large airway is limited, the small airway will inevitably be affected and appear to decline. However, this condition should not be defined as SAD, but as VD.

Although spirometry is the most common way to assess SAD in children, in recent years, more methods have been applied in clinical practice, such as impulse oscillometry (IOS), imaging, etc. The IOS is a rapid, noninvasive, reproducible lung function test that measures airway resistance (R) and reactance (X) using forced oscillation techniques. The measurement of IOS is performed during normal breathing, with only passive cooperation, and is suitable for children unable to complete spirometry (21). Previous studies have shown that R5–20 is an effective indicator of measuring SAD (9, 22). In addition, with the development of high-resolution computed tomography (HRCT) and airway reconstruction techniques, it has become possible to evaluate small airway images. However, the resolution of HRCT is not high enough and it is difficult to directly image small airways (23). Furthermore, these methods have limited application and research in children, and their effectiveness needs to be further verified in the future.

Persistent inflammation in the small peripheral airways has recently emerged as an important contributor to poor asthma control in children with asthma (24). Our study also validated this using a 1-year follow-up of children with asthma. Our study showed that persistent SAD was a risk factor for poor asthma control. At regular follow-up visits separated by 3 months, each increase in the number of SAD was associated with a threefold increased likelihood of poor asthma control. Small airway function is closely related to asthma control in both adults (25) and children, as has been reported in the previous literatures. Rao et al. (15) performed spirometry in 744 asthmatic children aged 10 to 18 years and reviewed previous clinical information. The results showed that the number of asthma exacerbations and oral glucocorticoids were significantly increased in children with SAD. Shi et al. (26) found that school-age children with mild-to-moderate controlled asthma were at high risk for loss of control at the 8–12-week follow-up visit if there was evidence of SAD at baseline, as measured by IOS. Therefore, in clinical work, we should deepen the understanding of SAD to improve the level of asthma control in children.

Despite the availability of effective therapies, a substantial proportion of asthmatics remain poorly controlled in real life. SAD should be considered as a new target for the evaluation and treatment of asthma, especially in children with normal FEV1. In future studies, diagnostic criteria for SAD should be compared to determine the “gold standard”, and RCT studies should be carried out to develop drugs and inhalation devices that can treat small airway diseases. The “Quiet zone” is bound to be unlocked in the near future.

There were also some limitations to the current study. Firstly, to simply identify SAD in clinical work, this study defined SAD only by spirometry parameters (FEF50%, FEF75%, FEF25–75%). However, these are all functional indicators, which mismatch with the actual situation of children with asthma to a certain extent. In future studies, we should further combine IOS and/or imaging examinations to confirm SAD. In addition, the previous observational study of Pisi et al. (27) showed that FEF25–75% had a high consistency with R5–20 in adult patients with asthma, which still needs to be verified by further studies in children. Additionally, this study was a single-center retrospective case-control study involving 142 children with asthma from Shanghai, China, who were followed up for one year. Although there are some breakthroughs compared with previous cross-sectional studies, the relationship between SAD and prognosis comes from inference. Future prospective cohort studies are needed to validate the results of our study.



Conclusion

After 1 year of standardized anti-asthmatic treatment, SAD still existed in some children, and about 15% of them were still not completely controlled, which may be closely associated with persistent SAD. In conclusion, in childhood asthmatics with a nearly normal FEV1, persistent SAD should be considered as a potentially important pulmonary function phenotype, that can be used as a marker to judge the level of asthma control both in the clinical and research settings. Future studies should expand the sample size and extend the longitudinal follow-up time to further verify the significance of SAD in managing childhood asthma.
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