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Abstract
Background

Childhood asthma is a heterogeneous disease. The relationship of total serum IgE and peripheral blood
eosinophil with childhood asthma are controversial. To determine whether total serum IgE and peripheral
blood eosinophil are associated with long-term lung function, asthma severity and asthma control in
children.

Methods

We conducted a longitudinal retrospective study in 383 childhood asthma patients with total serum IgE
and peripheral blood eosinophil obtained at baseline. Peak expiratory �ow (PEF) variability, predicted PEF
percentage, asthma severity, asthma control test (ACT) score, and asthma control from each follow-up
visit were recorded as phenotype outcomes. We correlated serum IgE and blood eosinophil with
phenotype outcomes using generalized estimating equations. Additionally, we compared expression of
microRNA in peripheral blood cells from nonallergic versus allergic patients.

Results

Total serum IgE was positively associated with asthma severity (OR = 1.0014, P = 0.0071). Peripheral
blood eosinophil was positively related to PEF variability (OR = 1.0052, P = 0.0002). Association of
inhaled corticosteroids (ICS) dose with phenotype outcomes were not signi�cant. Compared with allergic
patients, children with nonallergic asthma had higher asthma severity. We identi�ed six interaction
pathways speci�c to IgE from eight top differentially expressed microRNAs.

Conclusions

Beside asthma control, total serum IgE is predictive of long-term asthma severity and peripheral blood
eosinophil is closely related to PEF variability. We suggest that total serum IgE might be involved in
modulating disease severity of both allergic and nonallergic asthma while peripheral blood eosinophilia
re�ects the status of longitudinal lung function.

Introduction
Childhood asthma is a heterogeneous disease with multiple factors, complex pathophysiologic
mechanisms, and diverse clinical and molecular phenotypes (1). The major focus of asthma
investigations is on the underlying immunoglobulin E (IgE)-mediated in�ammatory mechanisms. The
total serum IgE tends to be higher in adults and children with allergic diseases compared to nonallergic
individuals. Marsh et al. calculated that the optimal total serum IgE levels for discriminating between
allergic and nonallergic adults was 100 IU/mL; however, this cut-off misclassi�ed approximately 20% of
each group (2).
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Th2-high asthma is characterized by exaggerated airway hyperresponsiveness, high total serum IgE, and
peripheral blood eosinophilia (3). Total serum IgE is related to the severity of atopy in allergic diseases
(4). In children, however, there are con�icting results regarding the relationship of asthma severity with
total serum IgE. Some works show that the total serum IgE determines atopy but not its severity (5),
whereas others report a positive correlation between total serum IgE and asthma severity in children
under 16 years of age (6–13). IgE might play a role in modulating asthma severity.

Serial measurements of the peripheral blood eosinophil count correlate with asthma severity, and can be
used for monitoring changes therein (14–16). Blood eosinophilia is also observed in pediatric asthma
and is related to disease severity (17). However, it has also been reported that the blood eosinophil count
is not correlated with the airway eosinophil count in children with severe asthma (18). Few studies of the
association of asthma severity with peripheral blood eosinophils have involved pediatric patients.

Studies attempting to identify childhood asthma phenotypes are hampered by the fact that most studies
characterized patients at a single time point (19). Furthermore, it is not clear whether controller therapy
has been optimized based on guidelines and that compliance with treatment has been carefully assessed
(12). Furthermore, the majority of children with persistent asthma exhibit abnormal pulmonary function
only during acute exacerbations. Children can have severe exacerbations despite limited symptoms and
normal lung function before the event and medications may be discontinued (9). Characterization of
asthma severity and/or asthma control in pediatric patients should consider these observations.

In this study, we used the predicted peak expiratory �ow (PEF) percentage and PEF variability for lung
function evaluation of pediatric patients. Also, we used the asthma severity, asthma control test (ACT)
score, and asthma control as markers of childhood asthma phenotype. We attempted to determine
whether total serum IgE and peripheral blood eosinophil affect the lung function, degree of asthma
severity and level of asthma control. Finally, we measured the patterns of change (trends) in the
childhood asthma phenotype during a long-term follow-up.

Methods
Improvement plan for health care bene�ts of asthma (National Health Insurance, Taiwan)

In September 2004, National Taiwan University Hospital joined this program. The program introduces
incentives to improve the quality of asthma care, encourages hospitals to engage in patient-centered
complete asthma care, improves compliance with guidelines, strengthens follow-up visits and health-
education services for asthmatic patients, and ensures the provision of complete and continuous care.

Inclusion criteria

The enrolled patients were diagnosed with asthma (ICD-9-CM 493 or ICD-10-CM J44-J45) within 90 days
before enrollment by the same physician and had completed at least two outpatient visits to that
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physician. The patients were willing to comply with asthma care regulations and with follow-up contacts
by our asthma case managers.

End of enrollment

1. Completion of self-care and self-evaluation (disease resolved).

2. Refusal by the patient of further contact by asthma case managers and/or follow-up by asthma
specialists.

3. Loss of contact and/or follow-up for > 90 days.

4. Change in place of residence.

5. Death.

�. Noncompliance with the program regulations for > 1 year.

7. Others (e.g., transfer to other care provider, change in diagnosis).

These patients continued to receive medications and treatments for their asthma as indicated by their
asthma specialist and guided by the Global Initiative for Asthma (GINA) (20). These patients were
required to receive care and follow-up from their physician for at least 3 months. The data were collected
at baseline (total serum IgE and blood eosinophil percentage) and clinical data were collected by asthma
case managers during interviews and follow-up visits.

These enrolled patients were provided comprehensive information on asthma care, including the
pathophysiology of asthma, how to diagnose asthma, asthma severity, environmental allergens and
control, management of acute attacks, long-term control of asthma, asthma relievers and controllers, and
the importance of monitoring PEF. We instructed the patients in the correct method of inhalation, the
timing of medications, and measurement of the peak PEF at home.

The following parameters were recorded at each outpatient visit: (1) tracking/visit date, (2) frequency of
daytime symptoms, (3) frequency of nighttime symptoms, (4) predicted PEF (best %) (5) PEF variability
(%), (6) asthma severity assessment, (7) ACT/cACT score (21), and (8) asthma control. The asthma
severity classi�cation, asthma control classi�cation, and PEF variability and predicted percentage were
de�ned according to the Guidelines for the Diagnosis and Management of Asthma (EPR-3)(22). Children
with uncontrolled asthma according to the GINA criteria are likely to be clinically different from those
included in studies using a c-ACT or ACT score of < 20 as a criterion to de�ne uncontrolled asthma (23).
Therefore, we used both the cACT/ACT score and the GINA criteria to evaluate the level of asthma control
in children.

Patients
From September 1, 2004 to December 31, 2018 we registered 1115 eligible children. Among them, 383
children with information on total serum IgE and peripheral blood eosinophil percentage (independent
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variables) were enrolled. Another 313 children with only peripheral blood eosinophil percentage
(independent variables) were also enrolled. PEF variability, predicted PEF (best percentage), asthma
severity, ACT score, and asthma control during the follow-up of these 692 patients were collected as
phenotype outcomes (dependent variables). Asthma and rhinitis were optimally managed by study
physicians according to the applicable guidelines.

Descriptive statistics were calculated for demographic and baseline characteristics. IgE values in excess
of 5000 IU/mL were assigned a value of 5000 IU/mL. The geometric mean (GM) and the arithmetic mean
(AM) were calculated to approximate the normal distribution for statistical inference and modeling.
Patients were classi�ed as allergic if their total serum IgE level was ³ 150 IU/mL and as nonallergic if their
total serum IgE level was < 150 IU/mL (7).

Sensitization
Thirty six allergen-speci�c IgE (sIgEs) were grouped into the following seven categories: dust mites
(house dust mite, farinae mite, pterony mite), danders/feathers (chicken feather, cat, dog), molds
(Alternaria, Aspergillus, Cladosporium, Penicillium), grasses/trees (Bermuda grass, Willow black,
Eucalyptus, Cedar Japan, mulberry mix, pigweed mix, ragweed mix, Timothy grass), foods (avocado, pork,
beef, milk, cheddar cheese, shrimp, crab, clam, cod, tuna, peanut, soybean, wheat, brewer yeast, egg yolk,
egg white), cockroach mix, and latex.

Peak expiratory �ow (PEF)
We measured PEF variability and predicted percentage according to the Guidelines for the Diagnosis and
Management of Asthma (EPR-3)(22). Individual peak �ow measurements are highly variable and the PEF
variability has greater predictive power for future exacerbations than individual PEF measurements (24).

Sequencing of miRNAs with RNA-seq
Peripheral blood samples were obtained from four nonallergic and �ve allergic asthmatic patients. Total
RNA was extracted from peripheral blood white blood cells using the miRNeasy Extraction Kit (Qiagen)
according to the manufacturer’s protocol. Sequencing was performed using high-quality RNA with RNA
integrity number (RIN) ≥ 7. A total of 1.2 µg of total RNA per sample was used as input material for the
small RNA library. Sequencing libraries were generated using the TruSeq Small RNA Library Prep Kit
(Illumina) following the manufacturer’s recommendations and index codes were added to attribute
sequences to the samples. Brie�y, 3'- and 5'-adapters were speci�cally ligated to the 3'- and 5'-ends of
small RNAs. Next, �rst-strand cDNA was synthesized using SuperScript II Reverse Transcriptase. PCR
ampli�cation was performed using 2´ PCR Master Mix and the PCR products were resolved in a
BluePippin 3% agarose gel. DNA fragments of 120–160 bp were recovered and dissolved in 15 μL of
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double-distilled water. Library quality was assessed using the Agilent Bioanalyzer 2100 system and DNA
High-Sensitivity Chips. The libraries were sequenced on the Illumina NextSeq 500 platform and 75-bp
single-end reads were generated. MiRNA expression levels were expressed as RPM (reads per million).
The heat map were generated by uploading the differential expressed miRNAs data to ClustVis
(https://biit.cs.ut.ee/clustvis/).

Ingenuity pathway analysis

miRNA expression pro�les were analyzed by ingenuity pathway analysis (IPA), using the features core
analysis and pathway explore. Finally, the direct interaction pathway and the node and target molecules
were overlaid with the differentially expressed miRNAs between allergic and nonallergic asthma to plot
the network diagram.

Statistical analysis
Generalized estimating equations (GEEs) are important in the analysis of correlated data (25). These data
sets can be generated in longitudinal studies, in which patients are measured at different points in time,
or from clustering, in which measurements are taken of patients who share a common characteristic. We
performed GEE analysis using the GENMOD and GEE procedures in SAS software. Missing data are
common in longitudinal studies and can be caused by dropouts or skipped visits. Both procedures
implement the standard GEE approach for longitudinal data; this approach is appropriate for complete
data or when data are missing completely at random.

We �rst analyzed the association between independent variables and dependent variables (phenotype
outcome). The independent variables were total serum IgE level (original value divided by 100), peripheral
blood eosinophil percentage, and inhaled corticosteroid (ICS) dosage (low, medium, and high). Low,
medium, and high daily doses of inhaled corticosteroids (ICS) of estimated comparability were de�ned by
GINA (20). The dependent variables were predicted PEF, PEF variability, ACT score, asthma severity, and
asthma control. All outcome variables were measured at different occasions (e.g., time points/visits), so
time was considered a covariate of the independent variables (total serum IgE level and blood eosinophil
percentage) to determine the time effect. That is, the numbers of time points/visits were conceptually
equivalent to disease duration. The interaction terms were total serum IgE * time and blood eosinophil *
time. We took the time factor into consideration and analyzed the association between independent
variables and dependent variables under the interaction between time and the independent variables.

Odds ratio and beta coe�cient
The odds ratio (OR) quanti�es the strength of the association between an outcome (dependent variable)
and a change (independent variable). An OR of < 1 indicates lower odds that an outcome is attributed to a
of change; and an OR of > 1 indicates higher odds that an outcome is attributed to a change.

https://biit.cs.ut.ee/clustvis/
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The beta coe�cient is the degree of change in the dependent variable for each unit of change in the
independent variable. The beta coe�cient can be negative or positive. If the beta coe�cient is not
statistically signi�cant, the independent variable is not signi�cantly predictive of the dependent variable
(outcome). If the beta coe�cient is positive, for each unit of increase in the independent variable, the
outcome will increase by the beta-coe�cient value. If the beta coe�cient is negative, for each unit
increase in the independent variable, the outcome variable will decrease by the beta-coe�cient value.

Longitudinal outcome pattern analysis
To evaluate the longitudinal trends of childhood asthma, we divided 383 patients into IgE < 150 IU/mL (n
= 118), IgE 150–550 IU/mL (n = 133), and IgE > 550 IU/mL (n = 132) groups. Among these three group of
patients, we selected patients with a follow-up duration of more than 5 years for pattern analysis. Locally
weighted scatterplot smoothing (LOWESS) in Prism version 8 (GraphPad Software) enabled �tting of a
curve without selecting a model (26). We plotted follow-up duration against asthma severity changing
with time for the patients received followed-up for more than 5 years.

Results

Patients’ characteristics and average phenotype outcomes
The demographic characteristics, average asthma severity, average asthma control level, sensitization
status, and comorbidities (AR and/or AD) of the 383 patients are listed in Table 1. In adults, it has been
reported that nonallergic asthma has a later age of onset than allergic asthma (27). However, the average
age at enrollment of nonallergic asthmatic children was signi�cantly younger than that of children with
allergic asthma. The most common asthma severity was intermittent to mild persistent severity (79.38%).
The most frequent level of asthma control was partially well controlled (55.65%). Most patients were
sensitized to mites (78.59%) and concurrently suffered from AR (53.0%).
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Table 1
Descriptive characteristics of 383 patients with childhood asthma.

  Total
subject

(n = 383)

Subjects of IgE <
150 IU/mL (n = 118)

Subjects of IgE ≥
150 IU/mL (n = 265)

Age at enrollment,

mean±SD (range)

6.204 ±
2.925

(1.42-
17.0)

5.329 ± 2.537

(1.42–14.13)∗

6.590 ± 3.006

(1.42-17.0)

F:M (ratio) 160:223
(0.72)

52:66 (0.79) 108:157 (0.69)

Average asthma severity†
(mean±SD )

1.866 ±
0.4581

1.899 ± 0.4661 1.851 ± 0.4547

severity types (n, %) 383 118 265

intermittent 18 (4.70) 6 (5.08) 12 (4.53)

> intermittent 150
(39.16)

39 (33.05) 111 (41.89)

mild persistent 154
(40.21)

50 (42.37) 104 (39.25)

> mild persistent 33 (8.62) 15 (12.71) 18 (6.79)

moderate persistent 27 (7.05) 8 (6.78) 19 (7.17)

> moderate persistent 1 (0.26) 0 (0) 1 (0.26)

Average asthma control‡
(mean±SD)

1.606 ±
0.3733

1.706 ± 0.4382 1.564 ± 0.3349

control types (n, %) 239 71 168

well controlled 30
(12.55)

8 (11.27) 22 (13.10)

< well controlled 133
(55.65)

35 (49.30) 98 (58.33)

* P < 0.05

† Asthma severity were classi�ed as: intermittent (1 point), mild persistent (2 point), moderate
persistent (3 point), and severe persistent (4 point).

‡ Asthma control were classi�ed as: well controlled (1 point), not well controlled (2 point) and very
poorly controlled (3 point).

§ AM: arithmetic mean; GM: geometric mean
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  Total
subject

(n = 383)

Subjects of IgE <
150 IU/mL (n = 118)

Subjects of IgE ≥
150 IU/mL (n = 265)

not well controlled 67
(28.03)

22 (30.99) 45 (26.79)

< not well controlled 4 (1.67) 3 (4.23) 1 (0.60)

very poorly controlled 5 (2.09) 3 (4.23) 2 (1.19)

Total serum IgE, AM±SD
(IU/mL) §

655.7 ±
912.9

64.72 ± 45.35 918.9 ± 989.6

Total serum IgE, GM±SD
(IU/mL) §

278.2 ±
4.447

45.77 ± 2.630 621.3 ± 2.314

Peripheral blood eosinophil,
mean±SD (%)

5.171 ±
4.242

3.365 ± 2.466 5.962 ± 4.603

Sensitization status (n, %)      

dust mites 301
(78.59%)

48 (40.68%) 253 (95.47%)

danders 72
(18.80%)

9 (7.63%) 63 (23.77%)

molds 17
(4.44%)

2 (1.69%) 15 (5.66%)

grass 15
(3.92%)

1 (0.85%) 14 (5.28%)

foods 150
(39.16%)

17 (14.41%) 133 (50.19%)

cockroach 89
(23.24%)

7 (5.93%) 82 (30.94%)

latex 1 (0.26%) 1 (0.85%) 0 (0%)

Comorbidity, No. (n, %)      

AR 203
(53.0%)

70 (59.32%) 133 (50.19%)

* P < 0.05

† Asthma severity were classi�ed as: intermittent (1 point), mild persistent (2 point), moderate
persistent (3 point), and severe persistent (4 point).

‡ Asthma control were classi�ed as: well controlled (1 point), not well controlled (2 point) and very
poorly controlled (3 point).

§ AM: arithmetic mean; GM: geometric mean
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  Total
subject

(n = 383)

Subjects of IgE <
150 IU/mL (n = 118)

Subjects of IgE ≥
150 IU/mL (n = 265)

AD 11
(2.87%)

3 (2.54%) 8 (3.02%)

AR + AD 116
(30.29%)

24 (20.34%) 92 (34.72%)

Nil (asthma only) 53
(13.84%)

21 (17.80%) 32 (12.07%)

* P < 0.05

† Asthma severity were classi�ed as: intermittent (1 point), mild persistent (2 point), moderate
persistent (3 point), and severe persistent (4 point).

‡ Asthma control were classi�ed as: well controlled (1 point), not well controlled (2 point) and very
poorly controlled (3 point).

§ AM: arithmetic mean; GM: geometric mean

Correlation between total serum IgE levels and peripheral blood eosinophil percentages

By Pearson correlation analysis, we found a signi�cantly moderate correlation between total serum IgE
level and peripheral blood eosinophil percentage (Fig. 1; Pearson’s r = 0.34725, P < 0.0001). This is in
agreement with Haughney et al., who reported a weak correlation between serum IgE level and blood
eosinophil percentage (correlation coe�cient = 0.276, P < 0.001) (28).

Associations of total serum IgE level and peripheral blood
eosinophil percentage with phenotype outcomes
A preliminary association analysis using the GEE method (supplemental Table 1) showed that, except for
ACT score, most phenotype outcomes were not signi�cantly related to serum total IgE level or blood
eosinophil percentage. The ACT score was positively related to total serum IgE in a univariate analysis
(OR = 1.0373; P = 0.0035) and in a multivariate analysis after controlling for peripheral blood eosinophil
percentage (OR = 1.0438; P = 0.0014). The ACT score was positively associated with the peripheral blood
eosinophil percentage only in a univariate analysis (OR = 1.0081; P < 0.0001). Arango et al. reported that
the ACT score is negatively correlated with the absolute eosinophil count (29). Here, the ACT score was
negatively associated with the blood eosinophil percentage in a multivariate analysis (OR = 0.9749; P = 
0.4170). Rosario et al. reported that eosinophil count is not correlated to asthma severity, in consistent
with our �ndings (30).

Taking the time (disease duration) effect into account (Table II), the blood eosinophil percentage was
negatively associated with PEF variability (OR = 0.9119, P = 0.0011). When the interactions between time
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effects and peripheral blood eosinophil percentage (Table 2; eosinophil ∗ time) were considered, the risk
of higher PEF variability increased 1.0052-fold (P = 0.0002). Therefore, during follow-up, the higher the
blood eosinophil percentage, the higher the PEF variability (risk effect). Indeed, the peripheral blood
eosinophil count is reportedly signi�cantly positively correlated with PEV variability in childhood asthma
(31).
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Table 2
The association (ORs and beta coe�cient) of total serum IgE level and blood eosinophil

percentage with phenotype outcomes under taking the time (disease duration) effect
into account.

Outcome/variables OR (95%CI) P-value

Predicted PEF percentage    

IgE 0.9933 (0.97,1.02) 0.6285

IgE * Time 1.0006 (0.99,1.00) 0.5400

peripheral blood Eosinophil percentage 0.9961 (0.95,1.05) 0.8845

peripheral blood Eosinophil percentage * Time 0.9993 (0.99,1.00) 0.6967

Time 0.9945 (0.98,1.01) 0.5798

PEF variability    

IgE 1.0016 (0.97,1.03) 0.9092

IgE * Time 0.9997 (0.99,1.00) 0.6659

peripheral blood Eosinophil percentage 0.9119 (0.86,0.96) 0.0011

peripheral blood Eosinophil percentage * Time 1.0052 (1.00,1.01) 0.0002

Time 1.0030 (0.98,1.02) 0.7740

Asthma severity    

IgE 0.9872 (0.97,1.00) 0.0693

IgE * Time 1.0014 (1.00,1.01) 0.0071

peripheral blood Eosinophil percentage 0.9774 (0.94,1.01) 0.2059

peripheral blood Eosinophil percentage * Time 1.0012 (0.99,1.01) 0.3553

Time 0.9975 (0.98,1.02) 0.7804

Asthma control    

IgE 0.9909 (0.97,1.02) 0.4688

IgE * Time 1.0009 (1.00,1.01) 0.0124

peripheral blood Eosinophil percentage 1.0758 (1.03,1.13) 0.0019

peripheral blood Eosinophil percentage * Time 0.9968 (0.99,0.99) 0.0068

Time 0.9930 (0.98,1.01) 0.2709

ACT beta coe�cient P-value

*: interaction between independent variable and time
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Outcome/variables OR (95%CI) P-value

IgE 0.0045 (-0.03,0.04) 0.8299

IgE * Time 0.0026 (0.0008,0.004) 0.0048

peripheral blood Eosinophil percentage 0.0301 (-0.056,0.116) 0.4909

peripheral blood Eosinophil percentage * Time -0.0049 (-0.009,-0.0002) 0.0493

Time 0.017 (-0.011,0.045) 0.2230

*: interaction between independent variable and time

The blood eosinophil percentage was positively associated with asthma control (Table 2, OR = 1.0758, P 
= 0.0019). Asthma control is typically predictive of the risk of future exacerbations. A high blood
eosinophil count was an independent risk factor for asthma exacerbations (32). There is a direct
relationship between eosinophil count and the frequency of asthma exacerbations (that is, poor asthma
control) (33). When the time effects and its interactions with peripheral blood eosinophil percentage
(eosinophil ∗ time) were considered, the risk of poor asthma control increased 0.9968-fold (P = 0.0068).
Therefore, during follow-up, the higher the blood eosinophil percentage, the better the asthma control
(protective effect). Recently, a high baseline blood eosinophil count is reportedly associated with better
asthma control (34), which is in agree with our �ndings.

The association of asthma severity and asthma control with total serum IgE level was not signi�cant.
When the time effects and their interactions with total serum IgE level were considered (Table 2; IgE ∗
time), the risk of higher asthma severity and poorer asthma control increased 1.0014- and 1.0009-fold,
respectively. There is reported to be an inverse association between serum total IgE and asthma control
(10, 12). We suggest that the interaction between total serum IgE level and follow-up duration is predictive
of long-term asthma severity and asthma control.

When the time effects and their interactions with total serum IgE (IgE ∗ time) were considered; for each
unit increase in the total serum IgE level, the ACT score increased by 0.0026 unit (P = 0.0048). Therefore,
during the follow-up, IgE level had a protective effect on the ACT score. When the time effects and their
interactions with blood eosinophil percentage (eosinophils ∗ time) were considered, for each unit
increase in blood eosinophil percentage, the ACT score decreased by 0.0049 unit (P = 0.0493). Therefore,
during follow-up, the higher the blood eosinophil percentage, the lower the ACT score (risk effect). The
ACT score is reported to be negatively correlated with the absolute eosinophil count (29).

Because both blood eosinophil percentage and their interaction with disease course (time) were related to
asthma control, ACT, and PEF variability, we analyzed the validation cohort and veri�ed the correlation of
the blood eosinophil percentage and their interaction with disease course (time) with the �ve phenotype
outcomes. The validation cohort comprised another 313 patients with eosinophil percentage data but
without serum total IgE data. Their characteristics are compared to those of the 383 patients of the
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development cohort in supplemental Table 2. Although the patients in the validation cohort had a slightly
lower asthma severity than those in the development cohort, there was no signi�cant difference in
asthma control and ACT score between the two groups. Among the patients in the validation cohort, the
blood eosinophil percentage and their interaction with disease course (time) were signi�cantly associated
with asthma control, ACT score, and PEF variability (supplemental Table 3), the same as in the
development cohort.

Association of ICS dosage with phenotype outcomes
We evaluated the effect of controller treatment (ICS) on the outcome phenotype (Table 3). The predicted
PEF (best percentage) was negatively associated with medium- and high-dose ICS (OR = 0.6061 and
0.4609, respectively [protective effect]). The effect of increasing ICS dose (medium vs high) on the
predicted PEF (standard percentage) was signi�cant. Therefore, an increased ICS dose (step-up) is
bene�cial for predicted PEF (standard percentage). However, the PEF variability was positively associated
with medium- and high-dose ICS (OR 1.4522 and 2.8937, respectively [risk effect]). An increased ICS dose
(medium vs high) was signi�cantly associated with greater PEF variability. According to GINA, after
starting ICS, the personal best PEF is reached on average within 2 weeks. The average PEF continues to
increase, and the PEF variability to decrease, for about 3 months (20). However, our clinical practice is to
measure the PEF before the visit. The physician determines the ICS dose according the measured PEF at
the outpatient clinic. In this retrospective analysis, the predicted PEF was negatively correlated with the
ICS dose and the PEF variability was positively correlated with the ICS dose. In reality, the physician
increases the ICS dose when the predicted PEF value decreases or when the PEF variability increases, and
vice versa.
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Table 3
The association (ORs and beta coe�cient) of inhaled corticosteroid dosage with phenotype

outcomes under taking the time (disease duration) effect into account.
Phenotype Outcomes Univariate Multivariate †

  OR (95% CI) ‡ P-value OR (95% CI) ‡ P-value

Predicted PEF percentage

High dose ICS 0.4609

(0.2723, 0.7801)

0.0039 0.6399

(0.2519, 1.6252)

0.3479

Medium dose ICS 0.6061

(0.4405, 0.8340)

0.0021 0.7069

(0.4571, 1.0931)

0.1189

High dose ICS ∗ Time n.a. n.a. 0.9809

(0.9451, 1.0180)

0.3078

Medium dose ICS ∗ Time n.a. n.a. 0.9902

(0.9684, 1.0126)

0.3896

Time n.a. n.a. 0.9937

(0.9799, 1.0077)

0.3753

PEF variability

High dose ICS 2.8937

(1.5326, 5.4635)

0.0011 4.0392

(1.4533, 11.2265)

0.0074

Medium dose ICS 1.4522

(1.0524, 2.0037)

0.0231 1.4595

(0.8880, 2.3987)

0.1358

High dose ICS ∗ Time n.a. n.a. 0.9762

(0.9443, 1.0092)

0.1551

Medium dose ICS ∗ Time n.a. n.a. 0.9962

(0.9649, 1.0284)

0.8140

Time n.a. n.a. 1.0153

(1.0010, 1.0298)

0.0355

*: interaction between independent variable and time

†Adjust for time effect.

‡Baseline: Low dose ICS
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Phenotype Outcomes Univariate Multivariate †

Asthma severity

High dose ICS 0.5452

(0.3187, 0.9325)

0.0267 0.7518

(0.2762, 2.0465)

0.5766

Medium dose ICS 0.6069

(0.4637, 0.7945)

0.0003 0.7614

(0.4838, 1.1982)

0.2386

High dose ICS ∗ Time n.a. n.a. 0.9724

(0.9348, 1.0116)

0.1650

Medium dose ICS ∗ Time n.a. n.a. 0.9786

(0.9463, 1.0120)

0.2075

Time n.a. n.a. 1.0164

(0.9991, 1.0340)

0.0635

Asthma control

High dose ICS 0.7847

(0.4396, 1.4004)

0.4119 1.3774

(0.5350, 3.5464)

0.5069

Medium dose ICS 0.8376

(0.6193, 1.1327)

0.2498 1.0294

(0.6939, 1.5272)

0.8855

High dose ICS ∗ Time n.a. n.a. 0.9702

(0.9299, 1.0123)

0.1628

Medium dose ICS ∗ Time n.a. n.a. 0.9897

(0.9671, 1.0128)

0.3792

Time n.a. n.a. 0.9776

(0.9627, 0.9928)

0.0040

ACT

  beta coe�cient P-value beta coe�cient P-value

*: interaction between independent variable and time

†Adjust for time effect.

‡Baseline: Low dose ICS
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Phenotype Outcomes Univariate Multivariate †

High dose ICS -1.1558

(-3.1342, 0.8227)

0.2497 -0.4282

(-3.5536, 2.6973)

0.7867

Medium dose ICS -0.9044

(-1.7814, -0.02754)

0.0433 -0.8995

(-2.2547, 0.4558)

0.1913

High dose ICS ∗ Time n.a. n.a. -0.04412

(-0.1840, 0.09572)

0.5361

Medium dose ICS ∗ Time n.a. n.a. -0.00377

(-0.06826, 0.06072)

0.9087

Time n.a. n.a. 0.02298

(-0.03017, 0.07613)

0.3966

*: interaction between independent variable and time

†Adjust for time effect.

‡Baseline: Low dose ICS

Asthma severity was negatively associated with medium- and high-dose ICS (OR 0.6069 and 0.5452,
respectively [protective effect]). The effect of an increased ICS dose on asthma severity was signi�cant.
Therefore, an increased ICS dose (medium vs high) is bene�cial for reducing asthma severity. However,
the effect of an increased ICS dose on improving asthma control was not signi�cant (P > 0.05). By
analyzing the ACT score, for each unit of increase in medium-dose ICS, the ACT score decreased by
0.9044 unit (P = 0.0433). Therefore, medium-dose ICS showed a negative linear association with the ACT
score (risk effect). The effect of an increased ICS dose on decreasing the ACT score was not signi�cant
(P > 0.05).

When the time effects and their interactions with ICS dose were considered, the PEF variability was
positively associated with high-dose ICS and follow-up duration (OR = 4.0392 and 1.0153, respectively),
re�ecting the reactive measure by visiting physician to increased ICS dose when encountering the higher
PEF variability. For all phenotype outcomes, the interaction between disease course (time) and ICS dose
was not signi�cant. Interestingly, asthma control was negatively associated with follow-up duration (OR 
= 0.9776; P = 0.0040), indicating that follow-up (disease course) was a protective factor for asthma
control under ICS treatment.

Associations of total serum IgE level and peripheral blood
eosinophil percentage with sensitization
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We used allergen sensitization status and comorbidities as outcomes and analyzed their associations
with total serum IgE level and/or blood eosinophil percentage (supplemental Table 4). Because the
allergen sensitization status was determined by measuring the allergen-speci�c IgE concentration, the
reactions to all allergens were positively correlated with total serum IgE. In univariate analyses, the blood
eosinophil percentage was associated with mite and dander/feather sensitization. The total serum IgE
level but not the blood eosinophil percentage was associated with AR and/or AD.

Comparison of childhood asthma according to total serum
IgE level (allergic vs nonallergic)
In our development cohort, there were 118 (30.81%) children with nonallergic asthma (Table 1);
nonallergic asthma reportedly occurs in 10–33% of individuals with asthma (27).

The proportion of nonallergic asthmatic patients with mild intermittent severity was similar to or smaller
than that of the other two groups. However, the proportion of nonallergic asthmatic patients with mild
persistent or moderate persistent severity was signi�cantly larger or similar to that of the other two
groups (two-way ANOVA P = 0.0012) (Fig. 2). The proportion of nonallergic asthmatics with well-
controlled level was equal to or slightly smaller than that of the other two groups. However, the proportion
of nonallergic asthmatics with not well controlled and/or poorly controlled level was signi�cantly larger
than that of the other two groups (two-way ANOVA P = 0.0042) (Fig. 3a). The average ACT score did not
differ signi�cantly among the three groups, irrespective of whether the patients had nonallergic or allergic
asthma (Fig. 3b).

Allergic asthmatic patients had a higher frequency of a positive sensitization response than nonallergic
asthmatic patients for all allergen classes. Interestingly, using a total serum IgE level of < 150 IU/mL as
the cut-off for atopy, some nonallergic asthmatic patients had few allergen sensitization (supplemental
Fig. 1). The proportion of asthma only or asthma plus AR was higher in nonallergic patients; however,
most allergic asthmatic patients had AD and/or AR plus AD (supplemental Fig. 2).

Pattern of asthma severity changing with time according to
total serum IgE level
A majority of patients assigned to a speci�c asthma phenotype exhibit that same phenotype over a 10-
year period (54–88%) (35). Among our long-term follow-up patients, those with a total IgE of 150–
550 IU/mL (32 patients with 951 visits) and > 550 IU/mL (33 patients with 1154 visits) showed a stable
pattern of asthma severity over the 10-year follow-up and showed annual improvement (Fig. 4). However,
among patients with a total IgE of < 150 IU/mL (32 patients with 1095 visits), the average asthma
severity was higher and intermittent attacks (increased severity) persisted. Similarly, Illi et al. reported that
nonallergic patients showed more persistent wheezing symptoms than allergic patients after tracking for
> 5 years (36). Adults with nonallergic asthma have a less favorable prognosis than those with allergic
asthma in terms of persistence of symptoms (37).
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MicroRNA
The heat map were generated by uploading the differential expressed miRNAs data between allergic and
nonallergic asthma (supplement table V) to ClustVis (https://biit.cs.ut.ee/clustvis/). The expression levels
of 135 miRNAs differed signi�cantly between the two patient groups. Unsupervised hierarchical
clustering of miRNA expression data revealed the formation of two major groups segregated based on
the patients’ disease status (Fig. 5a). These differentially expressed miRNAs could be classi�ed into three
pattern groups based on the differences in their expression between patients with allergic and nonallergic
asthma. The expression levels of eight miRNAs were signi�cantly decreased in allergic compared to
nonallergic patients and that of one miRNA was signi�cantly increased in allergic patients (q-value (38) ~ 
0.0; Fig. 5b and supplemental Table 5), echoing the recent report of Weidner et al. (39). The expression
level of miR-122-5p was signi�cantly increased in patients with asthma (40). MiR-146a is reportedly
upregulated in asthmatic children (41). The plasma level of miR-199a-5p is increased in neutrophilic
asthma and is negatively correlated with pulmonary function (42). Bartel et al. reported the involvement
of miR-144 in allergic airway in�ammation (43). We identi�ed 6 potential direct interaction pathways
speci�c to IgE regulation for the top 8 differentially expressed miRNAs using ingenuity pathway analysis
(IPA)(Fig. 5c).

Discussion
The identi�cation of childhood asthma phenotype (asthma severity/asthma control) is important
because: (i) the natural course of pediatric asthma is not fully characterized, (ii) the evaluation of asthma
in children can be complicated by the di�culty in performing objective lung-function measurements, (iii)
the lack of de�nitive biomarkers, (iv) it is unclear whether early intervention can alter the clinical course
and phenotype outcome, and (v) longitudinal data are lacking (44). In this long-term follow-up study,
childhood asthma exhibited at least two distinct phenotypes. First, the allergic type (total serum IgE of > 
150 IU/mL), in which the severity decreases gradually over 5–10 years. Second, the nonallergic type (total
serum IgE of < 150 IU/mL), in which the asthma severity is persistent and accompanied by paroxysmal
deterioration. Such patients may experience relapses even after 5–10 years.

The role of IgE is suggested by the fact that in allergic asthmatic patients the total serum and allergen-
speci�c IgE levels are increased (45). In this study, some nonallergic asthmatic patients had allergen
sensitization. Nonallergic asthma may also be distinguished from its allergic counterpart by the later age
of onset and greater severity (46). However, the nonallergic asthmatic children in this study were
signi�cantly younger than those with allergic asthma, implying the existence of at least two age-related
pathways. The mechanisms by which IgE signaling triggers the development and exacerbation of
nonallergic asthma are unclear (46). We showed that compared to nonallergic patients, the expression
levels of miR-100-5p, miR-144-5p, miR-146a-5p, miR-150-5p, miR-151a-5p, miR-199a-3p, and miR-374b-5p
were signi�cantly decreased in allergic asthma and that of miR-122-5p was signi�cantly increased in
allergic patients. Our data suggest that the lack of atopy (nonallergic) plays a potential role in modulating
the effect of a variety of factors on the expression of asthma phenotype (27) and that some factors are



Page 20/30

involved in the different reactivity to IgE between allergic and nonallergic asthma (46). According to
Siroux et al., allergic children had a signi�cantly milder asthma compared to nonallergic children (mean
severity score 1.1 vs. 1.9, respectively) (5). Adult patients with severe asthma had less atopy (47).
However, total serum IgE is rarely measured in the diagnosis of human allergic disease. The high upper
limits of normal and broad overlap between IgE concentrations in allergic and nonallergic people limit the
diagnostic value of total serum IgE measurements for allergic disease. With the licensing of anti-IgE
therapy for the treatment of IgE-dependent asthma, there has been a minor resurgence in the clinical
measurement of total serum IgE (48). The value of total serum IgE measurement suggests a predictive
role for IgE in modulating asthma severity.

The GINA guidelines and multiple large-scale clinical trials have helped to guide current evidence-based
treatments (20). The current stepwise therapeutic approach is designed to maximize the overall level of
asthma control and medication compliance. There is the following consensus on the natural history of
asthma. In general, symptoms can begin at any age, although the type of asthma that predominates in
those with onset as children, teenagers, and adults may differ. Over time, the symptoms of asthma can
remit in any patient, especially in children (49). Alternatively, the symptoms and the �nding of air�ow
obstruction can persist or even worsen progressively in some patients. Taking into account the fact that
all of the patients in this study had received guideline-based management, and the differences in age at
disease onset, we compared the pattern of asthma severity change during a 5–15-year follow-up period.
This natural history measurement is similar to the real-world situation. The �nding of a strong
association between ICS use at baseline and more severe asthma 9 years later suggests that the ability
of treatment to modify asthma severity is limited (50). Randomized placebo-controlled trials have not
found that ICS treatment during the preschool years alters the natural history of asthma (51, 52). Notably,
the clinical pattern of greater asthma severity in the di�cult-to-control group occurred despite sustained
use of the highest step levels of guideline-based asthma controllers over the course of the year (12). From
our data that the association of ICS dose with all �ve phenotype outcomes during long-term follow-up
were not signi�cant, we suggest that guideline-based and manager-guided asthma care do not alter the
long-term disease course or phenotype outcomes of childhood asthma. It is possible that total serum IgE
level and blood eosinophil percentage have a considerable in�uence on the disease course and
phenotype outcome of asthma.

As recommended by EPR-3, PEF is a valuable, easily available measurement, well suited for monitoring
trends in asthma control over time in children age 4 years and older, but less useful in diagnosing asthma
or classifying its severity (22). Indeed, FEV1 does not correlate well with the magnitude of asthma
symptoms in children (53). We here considered PEF as an alternative objective lung function
measurement for children with asthma. We showed that the peripheral blood eosinophil percentage and
its interactions with time in�uenced both PEF variability and asthma control. In this study, both predicted
PEF percentage and PEF variability were not associated with serum total IgE or its interactions with time.
In children with atopic asthma sensitized to house-dust mite, the serum IgE level re�ects that of markers
of allergic in�ammation but not pulmonary volume or the degree of air�ow limitation (54). A baseline
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high blood eosinophil count is reportedly associated with better asthma control (34). The mean PEF is
signi�cantly and negatively correlated with the blood eosinophil count (55). Increases in the sputum
eosinophil count are correlated with decreases in morning PEF and loss of asthma control (16). There is a
correlation between the blood eosinophil count and those in the lower airway (sputum, BAL, lungs tissue)
(56). We suggest that serum IgE is involved in the allergic and nonallergic in�ammatory cascade, but
blood eosinophilia is a consequence of systemic in�ammation and re�ects pulmonary function or the
degree of air�ow limitation (45, 54).

Conclusions
We suggest that total serum IgE level is predictive of long-term asthma severity and asthma control. We
demonstrated the blood eosinophil percentage were associated with long-term asthma control, ACT
score, and PEF variability. For all phenotype outcomes, we showed that follow-up duration was a
protective factor for asthma control under ICS treatment. Allergic asthma showed a stable pattern of
asthma severity over the 10-year follow-up while in nonallergic patients, the average asthma severity was
higher and intermittent attacks (increased severity) persisted. The expression of certain miRNAs were
signi�cantly different in allergic asthma compared to nonallergic patients. We suggest that total serum
IgE might be involved in modulating disease severity of both allergic and nonallergic asthma while
peripheral blood eosinophilia re�ects the status of longitudinal lung function.

Abbreviations
PEF: peak expiratory �ow; ACT:asthma control test; GEEs:generalized estimating equations; GINA:Global
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Figure 1

Correlation between total serum IgE level and peripheral blood eosinophil percentage. Pearson’s r =
0.34725, P < 0.0001.
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Figure 2

Comparison of asthma severity between total subjects (n=383), nonallergic asthma (n = 118) and allergic
asthma groups (n=265). Asthma severity were classi�ed as: intermittent, mild persistent, moderate
persistent, and severe persistent.
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Figure 3

(a) Comparison of asthma control (a) and ACT score (b) between total subjects (n=383), nonallergic
asthma (n = 118) and allergic asthma groups (n=265). Asthma control were classi�ed as: well controlled
(1 point), not well controlled (2 point) and very poorly controlled (3 point).



Page 30/30

Figure 4

Analysis of the association between follow-up duration and the asthma severity performed by applying a
Locally Weighted Scatterplot Smoother (LOWESS) to the patients with serum total IgE < 150 IU/mL (a;
green color, n=32), IgE 150-550 mL (b; blue color, n=32) and IgE> 550 mL (c; red color, n=33) and all
subjects (d; merged, n=97) by drawing a line through the central tendency of the asthma severity
changing with time. All the individual data points representing asthma severity at each follow-up visit
from each subject were connected with line and shown on left �gure of (a), (b), (c). The �tted line is a
LOWESS smoother (right �gure).

Figure 5

miRNA expression in both allergic and nonallergic asthmatic subjects. (a) Heatmap showing expression
of 135 miRNAs in 5 allergic and 4 nonallergic asthmatic subjects after 2-way unsupervised hierarchical
clustering. (b) Differential expression levels of 8 miRNAs between allergic and nonallergic asthmatic
patients. (c) IgE regulation pathways implied by target mRNA molecules of differentially expressed
miRNAs between allergic and nonallergic asthma predicted by ingenuity pathway analysis (IPA). The 6
direct interaction pathway networks are presented here. Red indicates increased expression relative to
nonallergic asthma, and green indicates predicted decreased expression.
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