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ABSTRACT

Wheezing is one of the characteristic symptoms of asthma, but all preschool children with
wheezing are not diagnosed with asthma. Preschool children are not cooperative enough

to participate in spirometry and invasive tests. Thus, there is no conventional method to
diagnose asthma in preschool children. We reviewed studies on non-invasive biomarkers
for assessing asthma in preschool children. Specimens that can be easily obtained by non-
invasive methods are blood, exhaled breath and urine. Eosinophils, eosinophil cationic
protein and eosinophil-derived neurotoxin (EDN) in blood are helpful in evaluating
eosinophilic inflammation of the airways. Exhaled breath contains nitric oxide, volatile
organic compounds, various cytokines and mediators as analytical components. Fraction
of exhaled nitric oxide has been used to assess the degree of eosinophil inflammation and
has been standardized in school-age children and adults, but not yet in preschool children.
Exhaled breath condensate (EBC) pH and various cytokines/mediators that are detected in
EBC seem to be promising biomarkers for assessing asthma, but need more standardization
and validation. There are several biomarkers useful for assessing asthma, but none are ideal.
Some biomarkers need standardized methods of obtaining samples from uncooperative
preschool children for clinical use and require sufficient validation. Recently, another
activated eosinophil marker, serum EDN, has shown promising results as a biomarker for
recurrent wheezing and asthma in preschool children.
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INTRODUCTION

Asthma is a common, chronic inflammatory disease characterized by a history of respiratory
symptoms such as wheezing, chronic cough, chest tightness and shortness of breath, and by
various degrees of airflow obstruction. Asthma in adults and children over the age of 6 years
is diagnosed by a history of asthma symptoms and by reversible airway obstruction revealed
by spirometry. However, confirming asthma in preschool children is more challenging
because wheezing (the main symptom of asthma) is a very common condition experienced 0
by about half of children under 6 years of age,' and preschool children are not cooperative g
enough to undergo spirometry. Thus, some countries®* provided guidelines for asthma
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diagnosis in preschool children, and Global Initiative for Asthma (GINA) guidelines suggest
methods for predicting asthma. It is important to note that no globally accepted reliable
methods to confirm pediatric asthma are currently available.*

The onset of asthma symptoms is possible at all ages, but usually occurs in childhood, with
most asthmatics manifesting at preschool age.’ In addition, airway remodeling can occur

in preschoolers,® and early use of inhaled corticosteroids (ICS) may improve lung function’
and prevent acute exacerbations of asthma.® Therefore, early prediction and management of
asthma is important.

The asthma predictive index (API) was first proposed in 2000 and was based on Tucson birth
cohort data.’ The API consists of 2 major criteria (parental history of a physician-diagnosed
asthma and physician-diagnosed atopic dermatitis in the child) and 3 minor criteria
(physician-diagnosed allergic rhinitis, wheezing apart from colds and eosinophilia). The
presence of 1 major criterion or 2 minor criteria is associated with asthma. Although the API
has been used clinically, it has a relatively low positive predictive value.’ In addition to the
API, a number of asthma predicting models have been proposed over the past 20 years. Some
models have high positive predictive values, while others have high negative predictive values,
but none have both.™

Therefore, the biomarkers that can accurately diagnose and monitor asthma have been
widely studied, and some have been included in clinical practice. The most commonly used
biomarker media in preschool children are the blood, exhaled breath and urine.’** This
review describes the biomarkers that can be used to assess asthma and monitor asthma
control in preschool children.

BLOOD

Eosinophils

“Eosinophilic inflammation” is a well-known characteristic feature of asthma. Sputum
eosinophilic inflammation is associated with pulmonary function and persistent airflow
limitation in asthmatic children' as wekk as airway remodeling in preschoolers with
recurrent wheezing."” Although the sputum eosinophil count is a widely-used biomarker
for asthma diagnosis and management in adults and older children, sputum collection in
preschool children is difficult. Wagener et al.'® suggested that the blood eosinophil counts
were highly correlated with eosinophilic inflammation of the airways and were highly
accurate in diagnosing eosinophilic inflammation of the sputum. In preschoolers, blood
eosinophil count was closely correlated with bronchoalveolar lavage fluid (BALF) eosinophil
count, but 68% of preschoolers did not produce a proper sputum specimen.”

Blood eosinophil counts correlate with the degree of airway inflammation and asthmatic
activity. Nadif et al.® found that blood eosinophilia (2250/mm?) was related to frequent
asthma attacks and nocturnal symptoms. Elevated blood eosinophil counts in infants

with wheezing correlated with persistent wheezing at the school age.”? Just et al.* followed
up 219 infants with recurrent wheezing until they were 6 years old and found that 27%

of them had persistent wheezing at 6 years of age, and the most important risk factor for
persistent wheezing was blood eosinophilia (2470/mm®). They suggested that the absence
of eosinophilia could predict future remission of wheezing. Karakoc et al.> measured blood
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eosinophils at 6 months, 6 years and 11 years in children included in the Tucson birth cohort
and found that asthma was related to longitudinal blood eosinophil status and that this
relationship was independent of atopy.?

Eosinophil cationic protein (ECP)

Eosinophil cationic protein is one of the 4 primary cationic proteins secreted by activated
eosinophils, with the other 3 being major basic protein (MBP), eosinophil peroxidase (EPO)
and eosinophil-derived neurotoxin (EDN).? Of these proteins, ECP is the most widely
studied clinical marker for eosinophil activity. ECP has been measured in plasma, serum,
BALF, sputum, saliva, nasal lavage, nasal secretions, tears, urine and skin, with serum and
sputum being well-established mediums of measurement.* Blood ECP is elevated in various
diseases; therefore, it is not useful as a diagnostic biomarker for asthma. However, it has
been found helpful in assessing airway inflammation, asthma severity and compliance with
anti-inflammatory treatment.* Prehn et al.” used serum ECP level in deciding the time to tail
down anti-inflammatory therapy in asthmatic children followed-up over a period of 1 year.
This strategy reduced emergency department visits or rescue medicine use during the study.

However, clinical use of ECP is associated with several limitations. First, several factors, such
as age, smoking, circadian rhythm, and seasonal variation can affect ECP levels.* Secondly,
the blood must be collected under strictly controlled and standardized conditions. Thirdly,
serum ECP measurement does not offer advantages compared to blood eosinophil count
measurement.”

EDN

EDN is 67% homologous to ECP. Similar to ECP, EDN is secreted only by eosinophils.

Since MBP and ECP have high isoelectronic points, they are highly charged in the blood

and stick to cell membranes or tube walls. This makes accurate measurement of their
concentration in the blood difficult. In contrast, EDN has an isoelectronic point of 8.3, which
is close to neutrality; therefore, accurate blood concentration measurement is possible.?
When 3 different amounts of purified EDN were added to several different sera and EDN
concentrations were measured, the percentage of measured/added EDN concentrations
ranged from 90% to 109%.% Sedgwick et al.”® showed that the intracellular EDN level is
increased in patients with asthma, while the ECP level is not.

The first study to measure blood EDN levels included pediatric patients with asthma
undergoing therapy with a fluticasone inhaler for 3 months.?” The blood EDN level was
measured before and after treatment, and 1 month after the end of treatment. Blood EDN level
did not show a significant correlation with pulmonary function, but decreased after fluticasone
treatment and increased 1 month after cessation of fluticasone treatment.” A study in adults
reported a significant increase in blood EDN level in asymptomatic patients with asthma

as soon as symptoms developed.®® Another study in adults reported a significant negative
correlation between serum EDN levels and pulmonary function in patients with asthma.*

Serum EDN levels were measured in pediatric patients with atopic asthma or nonatopic
asthma, and in normal controls. EDN levels increased only in patients with atopic asthma,
and correlated with asthma severity.?> Another study in children measured serum EDN and
ECP levels in asthmatic patients during acute and asymptomatic periods of asthma and
compared obtained results with those measured in controls. Serum EDN levels decreased
in asymptomatic patients compared to those in acute phase, and serum ECP levels tended
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to decrease in some patients, but increased in others. Both serum EDN and ECP levels were
higher in asthmatic patients than in controls. Additionally, when asthmatic children were
classified into mild, moderate and severe subgroups based on asthma severity, EDN levels
were significantly different among the three groups, but ECP levels and eosinophil counts
were not (Figure).® In another study that measured serum EDN levels in young children with
asthma and controls, the cutoff value for asthma diagnosis was 44.2 ng/mL, sensitivity was
81.3%, specificity was 87.1%, positive predictive value was 90.7%, and negative predictive
value was 75.0% (Table).”

We reported a previous study performed on infants admitted with respiratory syncytial virus
bronchiolitis and treated with montelukast or placebo for 3 months and followed-up for 1
year. In the montelukast treatment group, serum EDN levels and the incidence of wheezing
decreased.” In addition, serum EDN levels at 3 months (end of treatment) correlated
significantly with the total number of wheezing episodes at 12 months in the montelukast
group (r=0.531, P < 0.001) and in the placebo group (r= 0.720, P < 0.0001).>*
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Figure. (A) Serum levels of EDN, (B) ECP, and (C) TECs, subgrouped according to asthma severity. Adapted from
reference 33 with permission from “J Asthma”.
EDN, eosinophil derived neurotoxin; ECP, eosinophil cationic protein; TEC, total eosinophil count; NS, not significant.
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Table. Accuracy of serum EDN as a diagnostic tool for asthma in children

Asthma group™ (n = 48) Control group (n = 31) Total (n =79)
Positive™ 39 4 43
Negative” 9 27 36
Total 48 31 79

Sensitivity: 39/(39 + 9) = 81.3%, specificity: 27/(27 + 4) = 87.1%, positive predictive value: 39/(39 + 4) = 90.7%, and
negative predictive value: 27/(27 + 9) = 75.0%.

EDN, eosinophil-derived neurotoxin.

*Test results: K® EDN ELISA Kit. Adapted from reference 27 with permission from “Allergol Int”.

Recently, we have reported another study on preschool children sensitized to house dust
mite, with recurrent wheezing and serum EDN levels > 53 ng/mL. This study cohort was
divided into 2 groups: one group was treated with budesonide inhalation and the other group
was treated with montelukast for 3 months. The number of asthma control days increased
similarly in both groups, while repeatedly measured serum EDN levels were significantly
reduced only in the montelukast-treated group.®

In conclusion, serum EDN levels require further investigation as an asthma diagnostic tool,
but can be used as a biomarker for treatment and monitoring of asthma.

Periostin

Periostin is expressed in periosteum and osteocytes, and elevated during growth. Its levels
can also increase in other inflammatory diseases or tumors.* Several pediatric studies
reported no differences in serum periostin concentrations between allergic patients and
controls.” Conversely, one study did find that children with asthma had higher serum
periostin levels than controls (76.0 [65.0-91.8] vs. 71.0 [57.5-80.0] ng/mL; P=0.017].

However, the importance of this finding in terms of diagnostics is controversial, given that
the ranges in each group overlapped considerably.®®

EXHALED BREATH

Exhaled breath contains various components. Depending on the collection method, it
can be classified into 3 domains: fraction of exhaled nitric oxide (FeNO), volatile organic
compounds (VOCs), and exhaled breath concentrate (EBC).

FeNO

Nitric oxide is one of the intrinsic regulators that not only plays a role in normal
physiological processes such as vasodilation, bronchodilation, and neurotransmission, but
is also important in acute and chronic inflammation due to increased production during
inflammation.* Measurement of FeNO is a easy, safe, simple and noninvasive method to
evaluate type 2 or allergic airway inflammation. It is the most extensively studied asthma
biomarker and FeNO use in routine asthma management is increasing.

Recently, clinical applications of FeNO in asthmatic children have been well documented.*
FeNO measurement is recommended for detecting eosinophilic airway inflammation,
determining the likelihood of steroid responsiveness, monitoring the degree of inflammation
in patients already diagnosed with asthma and evaluating anti-inflammatory treatment
adherence in poorly controlled patient.*
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FeNO measurement in preschool children and infants is not as well standardized as in older
children, and a variety of measurement techniques have been developed.* Several cross-
sectional studies reported increased FeNO levels in preschool-aged patients with probable
asthma.*>* Debley et al.** measured FeNO and pulmonary function using the raised-volume
rapid thoracic compression technique in children with a mean age of15.8 months and

reevaluated the lung function test 6 months later. FeNO levels were significantly higher

in bronchodilator responsive patients. In addition, high FeNO levels were significantly
positively correlated with systemic steroid use due to wheezing and negatively correlated with
lung function reduction after 6 months.*

Van der Heijden et al.® reported a mean value of FeNO measured by an offline method in
preschool children aged 1-5 years of 7.1 ppb (2.8-11.5 ppb), and found no difference in age,
height or weight, which are known as confounders.

Singer et al.*® reported that the probability of asthma diagnosis in school age increased when
FeNO level was high in infancy and that the odds ratio of asthma occurrence increased by 2.44
for every 5 ppb of FeNO measured during infancy.* Another study suggested that FeNO in 3- to
5-year-old preschoolers could distinguish between non-wheezers and wheezers on the basis of
6 ppb and between recurrent wheezers and non-recurrent wheezers on the basis of 10 ppb.#

In conclusion, FeNO measurement should be used to assess the degree of eosinophil
inflammation rather than to diagnose asthma. In preschool children, this method is not yet
standardized, and more research is needed.

VOCs

Exhaled breath contains thousands of VOCs that are the results of physiologic or pathologic
processes in the human body.* Thus, VOC analysis in the exhaled breath can be useful for
assessing the condition of the body, especially the lungs, as it can detect disease-specific
VOCs and is suitable for research purposes. Electronic noses can be used to identify patterns
of various VOCs mixtures called “breathprints” and to analyze exhaled air in order to
differentiate different disease phenotypes. Electronic noses allow direct measurement, and
are fast, portable, suitable and inexpensive for clinical practice.*

Although few studies have been conducted in children, several of them have shown differences
between VOCs in pediatric patients with asthma and normal controls.*® Robroeks et al.>!
investigated whether asthma exacerbations in children could be predicted by exhaled VOC
profiles. A total of 40 children with asthma were observed for 1 year, and FeNO, VOCs profiles
in exhaled breath, lung function test, and symptoms were determined every 2 months.
Combining 6 different exhaled VOCs could predict asthma exacerbation (correct classification
96%, sensitivity 100% and specificity 93%), while FeNO and lung function did not predict
asthma exacerbation.” Smolinska et al.> investigated exhaled VOCs in 252 children aged 2-6
years from the “Asthma DEtection and Monitoring (ADEM) ” cohort. The authors selected 17
VOCs that discriminated asthmatic children from transient wheezers. The correct prediction
rate was 80%. They showed that a VOCs profile could discriminate among asthmatic,
transient wheezing and healthy children.>>> In addition, they investigated whether EBC,
VOCs, inflammatory gene expression and lung function could predict asthma development

in preschool wheezers. They followed-up 202 preschool recurrent wheezers (aged 2-4 years)
until 6 years of age. They concluded that adding information on VOCs and inflammatory gene
expression to the API could improve the accuracy of asthma diagnosis in preschoolers.>
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EBC

EBC is obtained by cooling and condensing exhaled breath through contact with a cold
condenser.” It contains water vapor and volatile and non-volatile components from airway
lining fluid. Recommendations for standardization of sampling, analyzing and reporting
of data were published in 2017 by the European Respiratory Society Task Force team.>

Several types of molecules, such as hydrogen ion, molecules related to oxidative stress and
eicosanoids, were included.

EBC pH reflects airway acidification. Many studies have shown that EBC pH was lower

in children with asthma than in controls, while some studies found no difference.*® In a
study, although no significant overall differences in EBC pH were found between asthmatic
children and controls, a significantly lower pH was detected in asthmatic children with forced
expiratory volume in 1 second < 80% of predicted (P=0.03).”” Another studies showed that
low EBC pH was associated with asthma exacerbations.* These results suggest that lower
EBC pH may be a useful biomarker for severe or uncontrolled asthma.

The role of NO products in asthmatic airway inflammation is well known. Aldehydes and
lipid hydroperoxides are derived from the oxygenation of membrane phospholipids and
polyunsaturated fatty acids.

Eicosanoids are heterogeneous metabolites of arachidonic acid involved in asthmatic
inflammation. Several studies showed no significant differences in prostaglandins levels,
except for 8-isoprostane, between asthmatic children and controls.*® Leukotriene B4 (LTB4)
is a potent neutrophil chemoattractant. Several studies showed that LTB4 was elevated® in
asthmatic children, regardless of atopy.*® The cysteinyl-leukotriens (cys-LTs) (LTC4, LTD4
and LTE4) are powerful bronchoconstrictors and proinflammatory mediators. EBC cys-LTs
levels were elevated in asthmatic children, and were associated with asthma severity and
exacerbations.>

Cytokines of the Th2 pathway have been evaluated as biomarkers in EBC. Interleukin (IL)-4,
IL-5 and interferon (IFN)-y were elevated in asthmatic children compared to controls.

Only a few studies evaluated EBC in pre-school children.® One study evaluated LTB4,

LTE4, 8-isoprostane and nitrite/nitrate levels in the EBC of healthy preschool children

and preschool children with wheezing, and showed increased LTB4, LTE4 and nitrite

levels in children with wheezing episodes, but no difference in 8-isoprostant and nitrate
concentrations.® A prospective study investigated whether inflammatory markers in EBC
and pre- and post-bronchodilator interrupter resistance assessed at preschool age were
associated with wheezing phenotypes at school age, and demonstrated that 5-year-old
children with persistent wheezing already had elevated exhaled inflammatory markers by
preschool age.®® Another prospective study evaluated changes in EBC biomarkers (pH, IL-1a,
IL-2, IL-4, IL-5, IL-10, IFN-y, SICAM and CCL-11) before and after ICS treatment for 8 weeks
in preschool children aged 2-4 years, and the presence of asthma was evaluated at 6 years of
age. They concluded that EBC biomarkers could not predict asthma diagnosis.® A study that
evaluated whether cytokines in EBC could predict an ICS response in preschool wheezers
showed that EBC cytokines failed to predict ICS response.® Another study showed that the
feasibility of collecting EBC varied depending on sampling methods in pre-school children.®
In conclusion, although EBC is a promising method for non-invasive evaluation of airway
inflammation, more research and standardization in pre-school children are needed.
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URINE ANALYSIS

Urine is an attractive test medium for pre-school children because it can be easily obtained,
regardless of age. EDN and LTB4 are the most extensively studied urine biomarkers for
asthma, and research using “-omics” has recently been increasing.

In a recent meta-analysis, Klonoff-Cohen and Polavarapu® evaluated urine EDN as a
diagnostic tool for asthma in children. The standardized mean difference (SMD) between
acute asthmatics and healthy controls was 1.94 (confidence interval [CI], 1.67-2.22), and the
SMD between asymptomatic asthmatics and controls was 1.58 (CI, 1.271.88). They suggested
the following urine EDN cutoff values for asthmatics and healthy children: 134-140 pg/mmol
creatinine (Cr) for acute asthmatics; 65-75 pg/mmol Cr for acute asthmatics after treatment;
and 5661 pg/mmol Cr for healthy controls. However, they also acknowledged several study
limitations. First, they could not evaluate the sensitivity and specificity. Secondly, the studies
included in the meta-analysis used different diagnostic and severity criteria. Thirdly, EDN-
measuring methods and equipment were different. Finally, measurements were not made
repeatedly after treatment as several studies were cross-sectional. Thus, it is too early to apply
the proposed EDN cutoff points in clinical practice.

Two birth cohort studies evaluated whether urinary LTE4 measurements predicted asthma
development.®’*® One reported that elevated urinary LTE4 levels at 2 years of age were
associated with higher risk of developing asthma by the age 3 years.®” The other reported
that LTE4 levels at the age of 1 month were not associated with the development of asthma
at 6 years of age.®® Therefore, urinary LTE4 is not yet considered as a biomarker for asthma
diagnosis or prediction.

Recently, several studies reported on metabolomic analysis for asthma diagnosis,* prediction
of asthma development,® and prediction of response to corticosteroid treatment.” A cross-
sectional study reported that nuclear magnetic resonance spectroscopy-derived metabolite
profiles of urine differentiated children with stable asthma from children with unstable
asthma or controls with 94% accuracy.” Carraro et al. ** recruited preschool children with
recurrent wheezing and followed them for 3 years and analyzed urine samples by ultra-
performance liquid chromatography mass spectrometry and identified metabolic variables to
discriminate early-onset asthma from transient wheezing (area under curve = 0.98).

These results suggest that metabolomic analysis can be a useful method for finding urine
biomarker or combinations of urine metabolites for asthma diagnosis.

CONCLUSION

Many biomarkers for the diagnossis and monitoring asthma have been studied — some are
already being used in clinical settings, while others require further studies.

FeNO has been the most extensively studied and used in clinical practice, but no standardized
method for measuring it in preschool children is currently available. Urinary EDN and LTE4
levels have been widely studied as candidates for asthma biomarkers. However, their clinical
use is subject to several limitations.
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Blood ECP has been attracting much attention as a method of diagnosing eosinophilic

inflammation, but it is not superior to blood eosinophil counts. Some biomarkers need
standardized methods of obtaining samples from uncooperative preschool children for
clinical use and require sufficient

Recently, another activated eosinophil marker, serum EDN, has shown promising results as a
biomarker for recurrent wheezing and asthma in preschool children.
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