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Breathomics involves the use of non-invasive methods for diagnosing asthma by analyzing exhaled breath.
While significant progress has been made in applying this approach to adult asthma, extending its
application to pediatric asthma is crucial due to the increasing concern in this population. This review
delineates five potential clinical applications: asthma diagnosis, differential diagnosis of asthma, assessment
of asthma control levels, prediction of asthma exacerbation, and asthma phenotyping. Additionally, it
highlights the moderate to reasonable predictive accuracy of exhaled breath volatile organic compounds
(VOCs) breathomics in childhood asthma. However, it acknowledges that this field is still in its nascent
stage of development, with particularly limited data available for Asian populations. Moreover, the
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identification of VOC biomarkers in pediatric asthma patients remains inconclusive, with varying reports.
Therefore, large-scale data collection and standardization are imperative. Refinement and methodological
improvements are necessary before integrating breathomics into clinical practice. This article provides clear
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directions for future research to optimize the clinical applicability of breathomics in evaluating asthma in
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1. Introduction

Asthma has emerged as the predominant chronic respiratory
ailment, exhibiting a rising prevalence over recent decades
among both pediatric and adolescent populations. As of 2019,
262 million people suffered from asthma worldwide, with an
overall prevalence of 9.1% in children and 11.0% in
adolescents." The prevalence of asthma among Chinese
children aged 0-14 years is increasing at a rate of 50% per
decade, and more than 7.5% of children diagnosed with asthma
exhibit severe symptoms.”> Asthma imposes a significant
burden, quantified by disability-adjusted life years (DALYs), and
reaches one of its peak magnitudes within the demographic of
10 to 14-year-old children, thereby emphasizing its profound
influence on the quality of life experienced by this age group.
The escalating prevalence and concomitant medical
expenditures linked with pediatric asthma have culminated in
its classification as a pronounced public health concern.’> Many
patients exhibit lifelong symptoms and require treatment
throughout their lives.* Not surprisingly, this results in a
significant economic burden to the families, and eventually for
the nation® (Fig. 1).
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The main pathophysiological features of asthma are chronic
respiratory inflammation, respiratory hyper-responsiveness and
recurrent reversible airflow obstruction.® The underlying
pathogenic mechanisms have not yet been fully elucidated.
However, these mechanisms are known to be highly
heterogeneous. The causal factors include genetic susceptibility,
nutritional factors, and environmental factors, such as exposure
to infections and tobacco smoke.” The interplay between the
host and the environment gives rise to distinct clinical
phenotypes among the affected individuals.® This includes
differences in (i) the type of respiratory inflammation
(eosinophilic, neutrophilic, multicellular), (ii) wheezing patterns
(early, transient, persistent, late), (iii) degrees of the cough reflex
and mucus hypersecretion,” and (iv) different responses to
treatment.'® For this highly heterogeneous disease, precision
medicine would require personalized diagnosis and tailored
treatment.'" For example, a clear comprehension of a patient's
molecular phenotypes and endophenotype, quantification of
asthma severity, and stratification of asthma subtypes will
facilitate more effective diagnosis and evaluation. Additionally,
it will aid in the development of targeted therapies tailored to
specific asthma subtypes, thereby enhancing treatment
guidance. Regrettably, the diagnosis of asthma continues to rely
on clinical assessment, recollection of data, identification of
airflow constriction, and assessment of bronchial reactivity
through pulmonary function tests. Although respiratory
inflammation is a key feature of the disease, it does not
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Fig. 1 Global asthma control across age groups: children, adolescents, and adults. Asthma is susceptible to numerous triggers, including pet hair,
dust mites, air pollution, and pollen particles. Regrettably, adherence to treatment guidelines leaves roughly half of individuals with asthma
experiencing poorly controlled symptoms. Alarmingly, one in five children and adolescents grapple with uncontrolled symptoms, imposing
unwarranted suffering on patients and their families, and placing an avoidable burden on healthcare systems.

establish a direct correlation with clinical data or pulmonary
function tests.” Hence, these approaches cannot offer a means
to assess a true response to treatment. In addition, asthma
diagnosis in preschool children is particularly problematic
because there are no tools to distinguish true asthma from
asthma-like symptoms at a young age, let alone predict good or
bad treatment outcomes.

To optimize the diagnosis and treatment of asthma,
biomarkers that directly detect respiratory inflammation are
needed to reflect the different pathological mechanisms of the
inflammatory processes. These approaches can guide clinical
treatment, determine prognosis, and successfully distinguish
different phenotypes> (Fig. 2). Established invasive “gold
standard” techniques for assessing respiratory inflammation and
remodeling encompass bronchoalveolar lavage (BAL) and
bronchoscopic mucosal biopsy."* However, non-invasive methods
like induced sputum and exhaled breath temperature (EBT) are
encumbered by limitations, including substantial cost, time-
intensive procedures, deficiency in sensitivity and specificity, and
an inability to effectively distinguish phenotypes.">' These
challenges impede their widespread adoption as inflammation
detection methods." Furthermore, the assessment of respiratory
inflammation in preschool children with asthma is more difficult
because it requires non-invasive, low-demand operations to
obtain samples. Thus, the optimal inflammatory biomarker
should possess attributes of easy accessibility, simplicity, rapidity,
accuracy, and reproducibility. Moreover, the envisioned result
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should encompass heightened clinical applicability and cost-
effectiveness spanning diagnostic, prognostic, monitoring, and
treatment guidance spheres.

Over the past decades, progress in molecular technology has
spurred the emergence of “omics” research, which entails the
high-throughput analysis of biological information across various
levels."® The amalgamation of histological data with clinical
features and laboratory parameters facilitates a more profound
exploration of disease mechanisms, permits the delineation of
disease phenotypes, and facilitates the optimal selection of
treatment modalities.'® Two typical examples are to explore the
association of volatile organic compounds (VOCs) in exhaled
breath or non-volatile compounds in exhaled breath condensate
(EBC) with target pathophysiological processes for elucidating the
heterogeneity of chronic respiratory diseases and monitoring
treatment efficacy, which is known as breathomics. Breathomics
is a specific branch of metabolomics that quantifies unstable,
semi and non-volatile molecules in exhaled breath samples."”
Diagnosis of diseases by the amount of compounds in the
exhaled breath is a reliable and non-invasive method. Especially
for the assessment of asthma in preschool children, breathomics
can provide a non-invasive, low-demand operation plan, which is
of great significance for predicting the effectiveness of treatment.
Such breathomics could be a key step towards disease
stratification and personalized medicine.'®

The composition of EBC reflects that of the respiratory
lining fluid, facilitating noninvasive studies of inflammatory

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Asthma biomarkers for diagnosis, phenotyping, and efficacy. The provided image offers an overview of established asthma biomarkers in
clinical practice as well as promising biomarkers currently under development. Clinically available biomarkers currently include bronchoalveolar
lavage (BAL), endobronchial biopsy and fractional exhaled nitric oxide (FeNO), the first two of which have proven value in clinical practice, while
FeNO is disputed. Several biomarkers under development are still at the research level. The pink areas represent proven clinical value, the purple
areas represent controversial clinical value, and the brown areas represent the current level of research. ECP, eosinophil cationic protein; IgE,
immunoglobulin E; uLTE4, urinary leukotriene E4. Figure adapted from ref. 14, Dove Medical Press.

processes in respiration."® EBC collection entails cooling

exhaled air through contact with a cold surface or condenser,
yielding a diluted fluid primarily composed of water.
Consequently, the analysis of EBC necessitates highly
sensitive methodologies to accurately assess solute species."’
Numerous biomarkers indicative of respiratory inflammation
and oxidative stress have been identified and quantified in
the EBC of pediatric asthma patients.>*>® Despite the
promise of EBC biomarkers as a noninvasive means of
assessing asthma, their clinical utility is impeded primarily
by the absence of a standardized and rigorous protocol
governing collection, preservation, and analysis. Therefore,
this review offers a concise introduction to VOCs breathomics
and its analytical tools. Meanwhile, the application of VOCs
in pediatric asthma is discussed and concludes with an
analysis of current trends and the challenges it encounters.

2. Fundamentals of breathomics

Exhaled human breath primarily comprises water vapor,
nitrogen (N,), oxygen (O,), carbon dioxide (CO,), nitric oxide
(NO), ammonium, and rare gases.>* Furthermore, it contains

© 2024 The Author(s). Published by the Royal Society of Chemistry

thousands of VOCs present in exceedingly low concentrations.**
VOCs, which are generated through physiological and
pathological processes in humans, predominantly consist of
hydrocarbons, such as ethanol, acetone, isoprene, and
benzene.*® The origins of VOCs can be categorized into two
groups: compounds acquired from the environment through
inhalation (exogenous VOCs) and compounds synthesized by
the host or internal microorganisms through biological
metabolism (endogenous VOCs). The majority of respiratory
investigations primarily concentrate on endogenous VOCs. For
instance, acetone exhibits a strong association with
ketoacidosis, while hydrocarbons are closely linked to the
endogenous process of lipid peroxidation.® Furthermore, cyclic
compounds, including aromatic = compounds, cyclic
hydrocarbons, and furans, have demonstrated significant utility
in differentiating lung cancer from other diseases in various
studies. The quantification of exogenous VOCs present in the
environment represents a potent diagnostic approach. For
example, the assessment of the body's metabolism of limonene,
commonly found in air fresheners and plants, can offer insights
into liver function.”” Similarly, the detection of labeled urea in
exhaled breath serves as an indicator of H. pylori infection.*®

Sens. Diagn., 2024, 3, 933-945 | 935
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However, it is essential to note that exposure to exogenous
chemicals such as benzene, commonly found in cigarettes, may
lead to false-positive results.

Respiratory VOCs are derived from not only the upper and
lower respiratory but compounds transferred from other parts
of the body to the lungs through the circulatory system at
capillary beds near the alveoli.”* Because of the close contact
with the respiratory tract, specific differences in exhaled breath
VOC hold potential significance in appraising pulmonary
conditions like asthma. Furthermore, they play a pivotal role in
advancing the creation of diagnostic instruments, a subject of
global scholarly interest. To effectively diagnose and monitor
complex and diverse ailments like asthma, it is essential to
utilize a composite set of multiple VOCs rather than relying on
a single VOC as the disease biomarkers. This amalgamation of
VOCs can be conceptualized as a distinctive “molecular
fingerprint” of breath.’®> By extracting comprehensive
information from composite multidimensional biological
samples and employing pattern recognition algorithms and
artificial intelligence, it becomes feasible to accurately capture
nonlinear relationships both in health and disease states. This
approach further enables the derivation of numerical
probabilities indicating the presence or absence of specific
clinical conditions.”® Ultimately each patient's respiratory
characteristics can be identified to optimize treatment, which is
the value of “breathomics”. Employing advanced analytical
chemistry techniques such as gas chromatography and mass
spectrometry, combining with cross-reactive sensor arrays like
electronic noses (eNoses), enables highly sensitive detection of
VOCs. These tools can be harnessed for precise clinical
diagnosis.®® For pediatrics, breathomics is an attractive
approach because it enables the safe, easy, and noninvasive
collection and analysis of gaseous VOC molecules acquired in
exhaled breath. Such noninvasive methods could be developed
for determining the phenotype associated with asthma.*
Breathomics holds promising application potential due to its
flexibility and user-friendly nature.

3. Available technologies in
breathomics

Exhaled breath analysis can be broadly divided into two
mainstream methodologies based on analytical techniques
and sensor technologies.”

3.1 Chemical analysis methods

Mass spectrometry (MS), frequently integrated with separation
methodologies such as gas chromatography (GC), is employed
to discern biomarker compounds linked to distinct disease
states and  their = accompanying  pathophysiological
mechanisms.** Mass spectrometers utilize a mass analyzer to
ascertain the mass, elemental composition, or chemical
structure of an analyte. In a standard procedure, the analyte
undergoes initial ionization. Subsequently, owing to variations
in mass-to-charge ratio (m/z), the mass analyzer separates the
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charged particles within an electromagnetic field. These
partitioned particles are then recorded by a detector and
converted into a mass spectrogram. The mass spectral data is
subsequently compared to a spectral library to extract detailed
information about the analyte.*® The commonly used methods
include gas chromatography-mass spectrometer (GC-MS), two-
dimensional gas chromatography-mass spectrometry (GC x GC-
MS, gas chromatography-flame ionization detection (GC-FID))
etc.”®* GC-MS stands as the foremost approach for VOC
analysis, offering elevated sensitivity and selectivity.*® Moreover,
GC-MS excels in discerning the molecular identities of distinct
components, rendering it well-suited for unearthing disease-
specific biomarkers in scientific investigations. Nonetheless, it
lacks the capability for realtime breath measurements.*
Furthermore, GC-MS does not provide access to real-time
(online) data, necessitates proficient technicians and costly
equipment, and imposes constraints on its utilization within
clinical testing contexts.*

3.2 Gas sensor technology in breathomics

Cross-reactive sensor technologies employed for intricate
mixture pattern recognition encompass diverse methods like
gas sensors (electronic noses, eNose), colorimetric sensor
arrays, and optoelectronic sensors. These techniques utilize
specialized sensors founded upon optical, chemical, or
electronic attributes to scrutinize VOCs within exhaled
breath.>® Among them, gas sensors have been widely studied
for their advantages such as portability, rapid detection,
suitability for clinical practice, and affordability."” In the
standard procedure, participants were instructed to wear a
nose-clip and breathe normally, while EBC samples were
collected in a pre-cooled condenser system and subsequently
transferred to a glass analysis tube. Following a 2-minute
heating interval within a dry bath set to 37 °C to enhance gas
phase concentration, the analysis tube was connected to the
eNose via needle insertion, establishing direct contact with the
gaseous EBC. A computer interface was employed to capture
the electrical signal data generated by the eNose, facilitating
comprehensive respiratory chart analysis.*® The testing
procedure was conducted within a laminar flow hood to
maintain the integrity and precision of the experimental
environment (Fig. 3). Optimization of algorithms enables fast
and intelligent pattern recognition of complex components of
endogenous exhaled breath for probabilistic prediction related
to health and disease.’’ In recent times, numerous studies
have showcased the clinical utility of these instruments in
the context of respiratory diseases.**** Nevertheless, the
advancement of breathomics remains within the realm of
ongoing research, and establishing breathomics as a clinically
pertinent approach necessitates a comprehensive sequence of
actions, including the standardization of procedures,
longitudinal studies, exploration of inflammatory sub-
phenotypes, external validation, and field testing involving
children with asthma.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic comparison of the working principle of the human nose and electronic nose (eNose). The eNose is designed to mimic the
olfactory-sensitive human system. The detection of gas molecules in the human nose is accomplished through specialized receptors in the nasal
cavity. These receptors interact with gas molecules, generating an electrochemical potential that is subsequently transmitted to the brain center
via nerve axons. After learning and training, the human brain can recognize and memorize different odors. Figure adapted from ref. 44, Springer

Nature.

4. Breathomics in pediatric asthma
diagnosis

Utilizing variable sampling methods and comprehensive
chemical analysis techniques, coupled with appropriate data
processing and analysis, provides powerful and user-friendly
tools for distinguishing between asthmatic and healthy
children. Breathomics offers insights into metabolic activity,
with VOCs serving as the molecular fingerprint of
breathomics. This facilitates the correlation of clinical
condition phenotypes and endotypes. An optimal breath test
designed for diagnosing and monitoring pediatric asthma
ought to possess attributes of compactness, rapidity,
reliability, and clinical convenience. Potential clinical goals
include asthma prediction, diagnosis, acute exacerbation
prediction, phenotype prediction, and treatment response
prediction. Only if breath testing meets one of these goals
and contributes to the understanding of breathing problems
will breathomics develop into a valuable diagnostic tool for
the clinical management of pediatric asthma.

In the past decade, limited studies have reported VOCs in
exhaled breath from children with wheezing or asthma.'”
Overall, the collection of exhaled breath from children is
deemed acceptable and feasible. The most commonly
adopted sampling procedure involves instructing subjects to

© 2024 The Author(s). Published by the Royal Society of Chemistry

inhale, hold their breath for 5 seconds, and then exhale fully
into a Tedlar bag (as recommended) until the bag is filled.
Subsequently, the VOCs in the bag are transferred to a Tenax
tube using a peristaltic pump. Molecular recognition or gas
sensing techniques (as outlined in section 3) are then utilized to
obtain omics data. Hence, breathomics is ideal for monitoring
respiratory inflammation in asthma since it is non-invasive and
can be repeated frequently, even in preschool children.
Depending on the clinical objectives, studies have been
categorized into various directions. Table 1 presents a summary
of the research on breathomics in pediatric asthma.

4.1 Distinguishing asthma in children

Differences between the VOCs of children with asthma and
normal controls are highly sensitive and specific. Dallinga
et al.™ reported a classification in distinguishing asthmatic and
healthy children based on eight gas components measured by
GC-MS with an accuracy of 92%. Caldeira et al.***® performed
two studies that identified 88% and 96% of patients using 6
and 28 VOCs in GC-MS, respectively. This allows distinguishing
children with asthma from healthy controls with high accuracy.
Gahleitner et al.*® reported classification with 100% accuracy
involving 11 children with asthmatic and 12 healthy control
children. However, these studies with the same clinical

Sens. Diagn., 2024, 3, 933-945 | 937
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Table 1 Summary of the research about breathomics in pediatric asthma
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Research directions
in breathomics

Authors (year)

Sample size

Methodology

VOCs Ref.

Distinguish asthma
in children

Discriminate children
with asthma from early-
life-transitory wheezing

J. W. Dallinga
(2010)

M. Caldeira
(2011)

M. Caldeira
(2012)

F. Gahleitner,
C. Guallar-Hoyas
(2013)

A. Smolinska
(2014)

E. M. Klaassen
(2015)

938 | Sens. Diagn., 2024, 3, 933-945

Children with asthma
(n=63)

Healthy controls
(n=57)

Children with asthma
(n=35)

Healthy controls
(n=15)

Children with asthma
(n=132)

Healthy controls
(n=27)

Children with asthma

(n=11)
Healthy controls
(n=12)

Children with transient
wheezers

(n=202)
Healthy controls
(n=50)

Children with asthma
(n=76)

Children with transient
wheezers

(n=122)

GC-TOFMS*

GC x GC-qMS?

GC x GC-TOFMS*

GC-MS?

GC-TOFMS

GC-TOFMS

(Branched) hydrocarbon 45
(C13st, C11H24)

Unsaturated hydrocarbon

(C15Ha6)

Carbon disulphide (CS,)
1-Penten-2-on

Butanoic acid
3-(1-Methylethyl)-benzene

Benzoic acid

p-Xylene

2-Methyl-1,3-butadiene 46
2,4-Dimethyloctane

Dodecane

Tetradecane

3-Ethyl-3-methylheptane
3,9-Dimethylundecane

pentadecane

2,3,7-Trimethylundecane

3,6-Dimethyl decane

Hexadecane

Undecane

Tridecane

2-Methyltridecane

Decane

2,3-Dimethyl decane
2,3,6-Trimethyldodecane
2-Methylpentadecane
3,3-Dimethylheptane

Acetone

Nonanal

Benzaldehyde

Decane 47
Tetradecane

Nonane

Dodecane
2,2,4,6,6-pentamethylheptane
3,6-Dimethyldecane
1-(Methylsulfonyl)-propane 48
1,4-Dichlorobenzene

Dioctanol
1-Isopropyl-3-methylbenzene
Ethylbenzene
3-Isopropyl-1-methylcyclohexene
Octadecane

1,7-Dimethylnaphthalene

Acetone 49

Octane

Biphenyl
1-Methyl-4-(1-methylethenyl)
cyclohexene
2-Vinyl-naphthalene
2-Methylpentane
2,4-Dimethylpentane
2,3,6-Trimethyloctane
2,6,10-Trimethyldodecane
2,4-Dimethylheptane
2-Undecenal
2-Methylhexane
2,2,4-Trimethylheptane
Acetone 50
Octane

2-Methylhexane

2,3,6-Trimethyloctane
2,6,10-Trimethyldodecane

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (continued)
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Research directions

6,10-Dimethyl-5,
9-undecadien-2-one
2-Methylfuran
3-Methylfuran

in breathomics Authors (year) Sample size Methodology VOCs Ref.
2,4-Dimethylpentane
2.4-Dimethylheptane
2-Undecenal
2-Methylpentane
M. P. Van Der Asymptomatic children Cyranose 320 Six main components 42
Schee (2015) (n =97, of which rhinovirus ~ eNose
positive n = 26, rhinovirus
negative = 71)
Wheezy children
(n = 81, of which rhinovirus
positive n = 37, rhinovirus
negative = 44)
Discriminate uncontrolled  S. J. Vijverberg Long-term uncontrolled Cyranose 320 — 43
children from well- 2013) asthma
controlled children (n=33) eNose
with asthma Long-term controlled
asthma
(n=33)
D. Van Vliet Children with asthma GC-TOFMS Sulphurdioxide 51
(2016) dimethylsulfone
(n=96) Butanoic acid
3-Methylfuran
2-Methylfuran
2,4-Hexadiene
1,2-Dimethylcyclohexane
Tetrachloroethylene
m-Cymene (isopropyltoluene)
Propylcyclohexane
C,0H;6 unknown monoterpene
Branched Ci4H3o
M. A. Bannier Children with asthma GC-TOFMS Undecane 52
(2022) (n=189) Butanal
Octanol
Undecane
Butanal
Octanol
Acetic acid (ester)
Methylated pentane
Two terpenes
Seven alkanes
Four branched chain alkanes
Predict the development C. M. Robroeks Children with asthma GC-TOFMS p-Xylene 53
and worsening of asthma (2013) (n = 40) 3-Methylpentane
2-Ethyl-4-methyl-1-pentanol
1-Phenyl-1-butene
4,6,9-Nonadecatriene
D. Van Vliet Children with asthma GC-TOFMS 1,2-Dimethylcyclohexane 54
(2017) (n=96) 2-Ethylhexanal
Octanal
Nonanal

% GC-TOFMS, gas chromatography-time of flight mass spectrometry. ” GC x GC-qMS, two-dimensional gas chromatography with quadrupole mass
spectrometry. © GC x GC-TOFMS, two-dimensional gas chromatography-time of flight mass spectrometry. ¢ GC-MS, gas chromatography-mass spectrometer.

objectives reported different VOCs. Table 1 presents recent
examples of VOCs used to distinguish between asthmatic and

populations
analytical

and/or

chemistry  methodologies

constrained
across

standardization of
different

non-asthmatic children. Only a few VOCs were repeated 1-2
times, such as dodecane and tetradecane.***” The poor
reproducibility might stem from real disparities among

© 2024 The Author(s). Published by the Royal Society of Chemistry

laboratories. Furthermore, variance may be expected due to the
differences in external validation, and different breath
collection and analysis techniques.**™®
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4.2 Separating asthmatic children from transitory wheezing

Transient wheezing and asthma share clinically similar
symptoms, leading to overtreatment of children with transient
wheezing and undertreatment of children with asthma.
Smolinska et al.* followed up 252 children between 2-6 years
of age, who were at risk of asthma in a 6-year study “Asthma
Detection and Monitoring” (ADEM). They studied the predictive
value of VOCs in exhaled breath in the development stage of the
disease and concluded that a set of 17 VOCs could distinguish
children with preschool asthma from transient wheezers with a
predictive accuracy of 80%. Respiratory inflaimmation is a
potential pathological state of asthma. E. M. Klaassen et al
included the expression genes of respiratory inflammation and
inflammatory markers in exhaled breath into the asthma
prediction index (API), which improved the accuracy of asthma
diagnosis in preschool children.”® Evaluation of model
performance is quantified by the area under the receiver
operating curve (AUC).>

In breathomics, there is a growing interest in breath
analysis through the use of eNose. An eNose®® is an array of
multiple gas sensors that interact with several VOCs
simultaneously in a competitive manner, generating unique
breathprints through changes in the resistance of the sensors
to create an algorithm designed to discriminate between
mixtures of VOCs. Such an eNose can provide inexpensive, in
situ, and immediate discrimination of disease processes.
Various types of eNose devices are employed for distinct
pulmonary diseases and can be categorized broadly into four
classes: electro-acoustic sensors, field-effect transistor (FET)
sensors, electrochemical sensors, and chemiresistive
sensors.>” Sometimes the choice of the eNose depends on the
samples, for example, the BIONOTE,”® Cyranose 320,”° PEN3,
or Tor Vergata eNose® can collect and store samples on site
for later analysis. In some occasions, easy portability is more
important. Among eNoses, the SpiroNose stands alone as the
sole device endowed with the capability to account for
ambient air disruptions through the integration of external
Sensors.

M. P. Van Der Schee et al® assessed whether acute
preschool wheezing was associated with a unique VOC
characteristic in the Early Unbiased Risk Assessment of Pediatric
Asthma (EUROPA). The breathomic characteristics in 178
wheezing and non-wheezing children were investigated by using
an eNose. Compared with non-asthmatic children, the VOC
profiles of rhinovirus-infected wheezing (AUC 0.77, 95% CI
0.07) and non-rhinovirus-infected wheezing (AUC 0.81, 95% CI
0.05) were different. Even after recovery, different breathomic
characteristics can distinguish rhinovirus-infected wheezing.
Given the linkage between rhinovirus-induced wheezing and an
elevated risk of later school-age asthma diagnosis, these
discoveries potentially indicate the feasibility of monitoring
subtle asthma-related lung inflammation through respiratory
analysis. This, in turn, enables the early detection of nascent
asthma symptoms. Table 1 provides a summary of the findings
in this area.
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4.3 Identifying asthma control levels in children

Vijverberg et al.** measured exhaled breath in children enrolled

in the ongoing pharmacy-based “Pharmacogenetics of Asthma
medication in Children: Medication with Anti-inflammatory effects”
(PACMAN) study by eNose. Respiratory analysis was shown to
successfully differentiate long-term controlled asthma from
uncontrolled asthma (accuracy: 87.5%, AUC: 0.97, 95% CI: 0.89-
1.00). The team also separated out currently controlled from
uncontrolled asthma (accuracy: 75.8, AUC: 0.71, 95% CI: 0.52-
0.90). A 1-year longitudinal observational study involving 96
asthma children was undertaken by Van Vliet et al.>* Within
this study, assessments were conducted every 2 months to
evaluate asthma control, lung function, fraction of exhaled
nitric oxide (FeNO), VOCs, as well as cytokines and chemokines,
a collection of 15 exhaled VOCs could discriminate between
subgroups of children with persistently controlled and
uncontrolled asthma during all clinical visits (with an area
under the ROC curve of 86%). An 8-week crossover trial
involving 89 children, conducted by M. A. Bannier et al.,’
aimed to explore the impact of Inhaled CVOC-sorticosteroids
(ICS) on exhaled VOCs among preschool wheezing children.
Notably, a collection of 20 VOCs exhibited the capacity to
differentiate between ICS responders and non-responders both
before and after treatment, achieving a sensitivity of 73% and a
specificity of 67% (with an area under the ROC curve of 0.72).
Among these top 5 discriminating VOCs, predominantly alkanes
demonstrated  significant  discriminatory = power.  The
aforementioned findings demonstrate the capacity of VOCs to
discriminate between uncontrolled pediatric asthma and well-
controlled pediatric asthma.

4.4 Tracking asthma development

Given the adverse impact of exacerbations on the quality of life
for children with asthma, the potential clinical value lies in the
ability of exhaled breath VOCs to forecast exacerbation
occurrences in this group. Robroeks et al>® observed 40
asthmatic children for one year, measured the distribution of
FeNO and VOCs in exhaled breath, and conducted pulmonary
function tests every 2 months. At the one-year mark, 16 children
experienced exacerbations, aligning with the projections made
by a model incorporating 6 VOCs, achieving 96% accurate
classification, 100% sensitivity, and 93% specificity. Conversely,
FeNO levels and lung function testing were unable to anticipate
asthma exacerbations. By matching mass spectrometry maps to
a spectral library, five compounds were identified among six
groups. In a one-year prospective observational study of 96
children in a larger population, Van Vliet et al.>* demonstrated
that seven VOCs in exhaled breath predicted asthma
exacerbations within 14 days (sensitivity 88%, specificity 75%)
and 21 days (sensitivity 63%) after sampling. Six compounds
among seven VOCs were identified. Despite both studies
identifying predictive VOCs for asthma exacerbation, the
specific compounds differed, reflecting a recurrent challenge in
pediatric asthma breathomics. When assimilating findings into
a clinical context, comprehensive investigations necessitate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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large subject cohorts, environmental impact assessment on
breath samples, implementation of reproducible and
transparent data pre-processing workflows, and rigorous data
analysis protocols.®’ The identification of VOCs as potential
disease biomarkers necessitates comprehensive data analysis
for the development of predictive models using clinical data.
However, many of the results reported in the existing literature
have not been validated in an independent data pool to check
the interpretability and generalizability of the models.****

4.5 Uncovering asthma phenotypes through breathomics

Asthma is highly heterogeneous with different pathogenesis,
and different patients reflect various disease phenotypes. The
imperative to achieve precision therapy is to identify the
different phenotypes of asthma and discover diagnostic
biomarkers to characterize the phenotypes. It would be
valuable to obtain information about the inflammatory
phenotypes of pediatric asthma through breath VOC analysis.
Children with asthma could be offered targeted therapy, and
their progress could be tracked through breathomics. This
could improve the quality of life of the children while also
reducing overall healthcare costs. Research conducted in
adults has revealed associations between VOCs and
differentials in inflammatory cell counts.®**® Employing
analysis of covariance (ANCOVA), the study identified
acetonitrile and bicyclooctan-1-ol, 4-methyl as significantly
linked to heightened sputum eosinophilia.®*

However, there is very limited data on children, as
obtaining induced sputum in children is more invasive than
bronchoscopy.®” Sputum analysis is technically complex, and
there is significant variability in routine clinical,’> so the
research in this field is blank.

5. Clinical applications and challenges
of breathomics in pediatric asthma
5.1 Strengths/limitations

Breathomics, as a branch of metabolomics, is being developed
in various fields for early prediction and non-invasive
monitoring of diseases."”” To date, studies of breathomics in
pediatric asthma are limited, providing moderate to reasonable
predictive accuracy in children, while identifying VOC
biomarkers in pediatric asthma is inconclusive, with
discrepancies in reporting and experimental shortcomings (e.g.,
separating low abundance compounds from noise) often
resulting in irreproducible results.®® Determining whether non-
replicated results signify spurious findings or reflect study-to-
study heterogeneity defies assessment solely through the lens of
clinical application as the ultimate objective. This challenge
underscores the importance of considering a multitude of
factors. A pivotal consideration is the establishment of
specificity: biomarkers should exhibit specificity towards
distinct asthma phenotypes, rather than depicting a generalized
profile of a biological system in a perturbed physiological state.
Numerous asthma-related metabolites, especially those linked
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to amino acid and choline metabolism, demonstrate
connections with various chronic conditions, encompassing
multiple malignancies.®® Take for instance, hydrocarbons like
ethane and pentane, which result from the oxidative processes
of cellular lipid constituents.”® In cases where lipid component
metabolism derails, these hydrocarbons emerge, and their
presence has been correlated with various respiratory
obstructive disorders attributed to inflammation. Such
conditions encompass asthma, chronic obstructive pulmonary
disease (COPD), obstructive sleep apnea, and acute respiratory
distress syndrome (ARDS).”" Although the above discussion
does not negate their possible involvement in the pathogenesis
of asthma, they have indeed been questioned as independent
biomarkers of their utility.

The second key consideration is the standardization of
sample sampling procedures and data pre-processing. It is
worth noting that during the sampling process,
environmental factors affect the sampling results to varying
degrees. It is known that the Tedlar bag will release phenol
and N,N-dimethylacetamide, and show changes in VOC levels
over time.”” The water vapor in breath, on the one hand, will
condense in the inner wall of the air bag to form a water
film, and that in turn dissolves some of the VOCs affecting
their detection rate. On the other hand, the uncondensed
water vapor will occupy the adsorption site of the sampling
tube, affecting the qualitative and quantitative results of
VOCs.”” Human exhaled breath is divided into two parts, a
part of dead space gas (not involved in gas exchange in the
alveoli) and a part of alveolar gas from the lower respiratory,
and it has been demonstrated that the contribution of dead
space air to the overall total breath does not cause sensitivity
problems for VOCs measured by gas chromatography time-of-
flight mass spectrometry (GC-TOF-MS).”*> Whether to
incorporate this breath component hinges on the specific
disease under investigation. To elucidate the origin of VOCs,
it is advisable to undertake a comparative assessment of the
two approaches. Data pre-processing commonly presents
challenges, including dealing with substantial
volumes of raw data, notably in non-targeted analysis. Other
hurdles involve mitigating background noise, addressing
variances in VOC retention times and mass spectra across
samples, and managing instances where VOCs overlap due to
similar retention times.”* Consequently, ongoing refinement
and methodological enhancements are prerequisite
prerequisites before the integration of breathomics into
clinical practice can be envisioned. A recent milestone in this
domain was achieved with the release of a technical standard
for exhaled biomarkers of lung disease by the ERS (European
Respiratory Society) team.”” These standards include
sampling methods, conditioning VOC samples, breathing
pattern, subject/patient status, identification of VOC and
their concentrations, pattern recognition of VOCs,
calibration, processing, statistical analysis, internal validation
and external validation, and so on.””> Future respiratory
studies should follow these recommendations to ensure high
quality respiratory studies.

several
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5.2 Future implications

Indeed, omics technologies have earnestly strived to infiltrate
clinical domains, offering vast potential benefits. Cost
remains a pivotal consideration, spanning the realms of
mechanistic study development, analytical technique
refinement, and the employment of high-throughput
methodologies for biomarker screening.”® Surprisingly,
despite the substantial initial investments, omics, with a
particular focus on breathomics, bear the potential to usher
in more cost-effective healthcare solutions. In regions where
access to skilled clinicians is constrained or in the context of
early asthma prevention and management, portable devices
like eNose play a pivotal role in alleviating the healthcare
system's burden in extending care to a wider community. A
prevalent research avenue involves the identification of
asthma biomarker gases through chemical methodologies
grounded in molecular recognition, often referred to as
molecular fingerprinting. Subsequently, specialized gas
sensors responsive to distinct VOCs are developed, and eNose
devices are tailored with diagnostic algorithms designed
specifically for asthma and its sub-phenotypes.”” In the realm
of detection and diagnosis, pinpointing individual VOCs is
not essential. What holds significance is the comprehensive
VOC spectrum recorded by the eNose, which furnishes
adequate accuracy founded upon probabilistic indications.
Moreover, anticipations regarding treatment responses can
be made through composite biomarkers, such as the
respiratory fingerprint. Subsequently, eNose uploads singular
measurements to the cloud, thereby constructing a
personalized database that can be further augmented upon
the confirmation of a diagnosis.

Significantly, there has been a notable upsurge in the count
of pharmacogenomics, epigenomics, and metabolomics studies
encompassing ethnically diverse minority groups like African
Americans and Hispanics/Latinos, particularly in recent times
as opposed to the past. Nevertheless, studies focused on Asian
populations continue to be scarce.”® To realize the vision of
precision medicine, the research community must intensify
endeavors to foster international collaborations that emphasize
racial and ethnic inclusivity. In fact, cross-ethnic studies have
contributed to the advancement of histological technologies,
expanding the breadth and accuracy of studies by comparing
different ethnic populations to obtain targeted treatment
options. Also, high-throughput technologies are expected to
expand our understanding of the molecular mechanisms
underpinning the pathophysiology of asthma and may help in
the selection of targeted therapeutic strategies. Notably, rapid
advancements in bioinformatics have unlocked the potential for
simultaneous exploration across various histological layers.”*
Numerous studies have unveiled correlations among diverse
histological markers, including epigenomics, transcriptomics,
breathomics, and asthma.*® A highly promising step forward
would involve merging breathomics data with clinical inputs to
create personalized risk prediction models. However,
integrating multi-omics and clinical data requires large-scale
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databases, powerful computational capabilities, and close
collaboration between clinicians and bioinformaticists with
expertise in asthma.

Biobank serves as a specialized repository for biological
samples, including the long-term storage of collected samples
alongside clinical, epidemiological, and research data. In the
realm of breathomics, a biobank provides comprehensive
information about each breath sample, ensuring that sample
data is meticulously processed, primarily analyzed, and fully
preserved. This facilitates researchers in developing new
scientific collaborations and enables access to the data and
samples for sharing with the broader scientific community.®!
Implementing a biobank in a research center could provide a
solution to the standardization and validation problems
described above. Biobanks can improve the reproducibility of
research by developing and validating robust protocols to
collect, store, distribute, and organize samples and data.*
Thus, biobanks shoulder the responsibility of managing data-
intensive research and function as gatekeepers within the realm
of integrated biological exploration.

6. Conclusion

The objective of the healthcare system is to diagnose diseases
using cost-effective, straightforward, and
dependable techniques. Breathomics, as a non-invasive
diagnostic tool, can significantly assist physicians in early
screening, improving diagnostic accuracy, and preventing
diseases in children with asthma. This review provides an
overview of the fundamentals of breathomics, the various
techniques at disposal, methods for data collection and
analysis, as well as the applications and challenges specific
to children asthma. The emphasis placed on breathomics
techniques in this review lays a crucial groundwork for future
research in the realm of childhood asthma, both in terms of
disease understanding and clinical applications.

non-invasive,
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