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The diagnosis of asthma is currently based on clinical history, physical examination

the diagnosis or to discriminate between different types of asthma. This consensus
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of future asthma in preschool children with reasonable accuracy” and “Tools to mea-

sure volatile organic compounds (VOCs) in exhaled breath.”

1 | INTRODUCTION

The European Commission launched the European Innovative Partner-
ships (EIPs) in the FP7 program as a way of shortening the process
from the initiation of research to the marketing of the findings, when-
ever possible, in all kinds of fields. According to the EU Commission,
“EIPs act across the whole research and innovation chain, bringing
together all relevant actors at EU, national and regional levels to: (1)
step up research and development efforts; (2) coordinate investments
in demonstration and pilots; (3) anticipate and fast-track any necessary
regulation and standards; and (4) mobilize ‘demand’ in particular
through better coordinated public procurement to ensure that any
breakthroughs are quickly brought to market.” In accord with this phi-
losophy, Asthma UK applied for an EIP for asthma and constituted the
European Asthma Research Innovative Partnership (EARIP) with the
aim of producing a European roadmap to quickly, effectively and drasti-
cally reduce asthma morbidity and mortality, and to look for the even-
tual prevention and cure of asthma.

Led by Asthma UK, EARIP gathered a considerable number of
stakeholders from health professionals, patient associations and
pharmaceutical companies. The project was divided into different
work packages, including one on diagnostic tools. In the present con-
sensus statement, we present the asthma diagnostic tools on which
stakeholders agreed warranted the future investment.

The group, with external consultation, agreed on a list of relevant
topics (Table 1), which constitute the different topics of the system-
atic review presented wherein. Working group members performed
literature searches based on expertise and knowledge in this area
(Table S1). The framework shown in Table 2 was applied to each
topic in order to perform a short and focused review, providing up-
to-date, in-depth information on each topic, to provide the base for
consensus prioritization and ranking.

A first general literature search was carried out between January
2015 and March 2015. After a first report was written and the Del-
phi exercise was ended up, a new search to update the review was
made between September 2016 and March 2017.

2 | STRUCTURED REVIEW

2.1 | Introduction

With no single genetic or environmental cause, asthma is difficult to
define. The diagnosis of asthma is a clinical one and should be based
on the history of characteristic symptom patterns and evidence of
variable airflow limitation; however, symptoms do not correlate very

TABLE 1 List of topics agreed to be covered by the structured
review
Diagnostic markers
Inflammation markers and cells
Blood
Eosinophils
Periostin
Exhaled breath
Exhaled nitric oxide
Volatile organic compounds
Markers in breath condensate
Markers in sputum and bronchoalveolar lavage
Systems biology
Lung function tests
Spirometry
Body plethysmography
Impulse oscillometry and forced oscillation technique
Interrupter technique
Infant lung function testing
Inert gas washout
Bronchodilation
Bronchial challenge tests

Asthma prediction

TABLE 2 Framework applied for each of the topics in the
structured review
What is the current status of the specific diagnostic tool?
Please describe very briefly the literature search strategy
Is it a useful tool to diagnose/follow up asthma?

Should it be part—currently and in the near future—of the
diagnosis/follow-up of asthma in every case and age?

Is it suitable for point of care detections?

Will it enable self-evaluation and follow-up of patients?
What the future would be with respect to the specific tool?

Do you expect further advances here? If so, which ones?

If you expect several advances, please state the one most important
in your opinion

well with other hallmarks of asthma such as variable airway obstruc-
tion, airway hyperresponsiveness and chronic inflammation; it is

unclear how all these features relate to each other. It is unknown if
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and how these features should be used in the diagnosis and moni-
toring of asthma.

Several diagnostic tests exist the sensitivity and specificity of
which are not as high as would be desired, and thus, diagnosis can
be considered a mosaic of many pieces including tests of lung func-
tion, tests for inflammatory markers and patterns of characteristic
symptoms and signs in a clinical history. A further problem is the
lack of standardization of existing diagnostic tests and in particular
their applicability or even usability in young children.

As we become more knowledgeable about the different asthma
phenotypes, there is a desperate need for new diagnostic tools to
prevent over-, under-diagnosis and over-, under-treatment of

patients to reduce asthma morbidity and mortality.

2.2 | Inflammatory markers and cells

221 | Blood

Eosinophilic inflammation is a hallmark in the vast majority of
schoolchildren with asthma. Blood for measuring eosinophils and
markers of eosinophilic inflammation is easy to obtain and may there-
fore be suitable for diagnosis and monitoring of asthma in children
and adolescents. A differential cell count will give numbers for eosino-
philic granulocytes. Eosinophil cationic protein (ECP) is a molecule that
is released from activated eosinophils. Periostin is a protein secreted
by airway epithelial cells and lung fibroblasts in response to IL-4/IL-
13, which are key mediators of Th2-driven asthmatic inflammation.
Some further possible biomarkers of Th2-mediated asthma are
currently being investigated: YKL-40, osteopontin, eosinophil-derived
neurotoxin and some metabolites (choline, arginine, acetone, pro-
tectin D1); however, existing data need to be validated and their

usefulness for clinical practice remains to be elucidated.

Eosinophils and eosinophil cationic protein

Eosinophils can be easily measured in peripheral blood, but may be
of use only when asthma is eosinophilic, which is not necessarily the
case, especially in adult patients. Blood eosinophils >4% increase the
probability that recurrent wheeze in combination with other risk fac-
tors in a child is asthma.2 Although being significant, the correlation
between blood and sputum eosinophils is far from perfect.® Setting
the abnormal threshold of blood and sputum eosinophils at 400/uL
and 3%, respectively, a discrepancy was found in 32% in a large
asthma cohort, the group with high sputum eosinophils but normal
blood eosinophil count representing 25% of the patients.*

Even though studies have confirmed the association of ECP with
allergic asthma, ECP determination does not appear to be a valuable
diagnostic marker of asthma, as changes in serum ECP concentra-
tions can also be found in other atopic diseases such as allergic rhini-
tis, and even in conditions not related to allergic inflammation such
as bacterial sinusitis.> Determination of ECP concentration has been
discussed for assessing the severity of asthma, particularly in chil-
dren, but it has not evolved as a helpful marker of inflammation in

clinical practice.

In summary, blood eosinophils may play a role in the diagnosis of
eosinophilic asthma and have a value in risk-assessment and
response to treatment. In addition, as the correlation between air-
way eosinophilia and blood eosinophilia is low, the differential role
in subendotypes will have to be better defined. There does not seem
to be an advantage for measuring ECP compared to the absolute

eosinophil count.

Periostin

Periostin appeared to be a good systemic biomarker of Th2-driven
or eosinophil airway inflammation in adults.® However, expectations
about the usefulness of periostin to diagnose asthma have not been
fulfilled as it is increased during growth and can be also be elevated

in many inflammatory processes.”

2.2.2 | Exhaled breath

Fractional exhaled nitric oxide (FeNO) in asthma diagnosis and
monitoring

Asthma diagnosis Exhaled nitric oxide is a user-friendly biomarker,
which has become increasingly popular among clinicians. While first
measured online by chemoluminescence with the fixed machine, it
can now be measured with a portable electrochemistry system. As
FeNO value is flow sensitive, it is important to standardize the flow
rate at which the measure is performed. It has become accepted
that FeNO is best measured at a flow rate of 50 mL/s.?

Early studies found that patients with asthma displayed raised
level of FeNO in their exhaled breath compared to healthy subjects.
Treatment with ICS results in a dramatic reduction in the level of
FeNO.? Current smoking also causes a sharp reduction in measured
values.’® Median values of FeNO in large asthma cohort studies
were found to range between 25 and 35 ppb.t%!! Several studies
have investigated the use of FeNO to make an asthma diagnosis. A
threshold value of 20 ppb combined to symptom was proposed as a
tool for asthma diagnosis that was superior to the measurement of
the fluctuations of peak expiratory flow rate in mild-to-moderate
asthmatics. This threshold was probably too low and more recent
studies in patients with symptoms of asthma and normal baseline
FEV1 value, or no significant bronchodilation has shown that FeNO
threshold of 34 ppb (at the flow rate of 50 mL/s) yielded the best
compromise for an asthma diagnosis with a high positive predictive
value but a low negative predictive value.'?

While it was initially thought that elevated FeNO was a key mar-
ker of asthma in general, it later appeared that FeNO was mainly
reflecting the presence of eosinophilic airway inflammation.2° There-
fore, elevated FeNO is assumed to reflect an eosinophilic asthma
phenotype, which account for approximately 50% of all asthmatics
seen in clinical practice although higher in children.**3* The thresh-
old values that predict eosinophilic inflammation vary according to
the dose of ICS, the smoking status and atopy.'® Combining FeNO
and peripheral eosinophil counts seems to be a better approach than
just using FeNO values.'> However, it should be always be kept in

mind that asthma cannot be ruled out when symptoms are
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compatible with the condition despite low values of FeNO, as

asthma is not necessarily eosinophilic.*¢”

Asthma monitoring FeNO has been proposed as a biomarker that
may help the clinician to manage asthma.'®'? FeNO values above
33 ppb in one study?® and above 47 ppb in another?! were found
to predict a good clinical response to ICS in patients with chronic
respiratory symptoms. This is in line with the observation that only
eosinophilic asthma convincingly responds to inhaled corticoids and
add to the importance of asthma phenotyping in clinics.??

The utility of using FeENO to adjust the dose of ICS to reduce
exacerbations in asthmatics already receiving treatment has been
investigated in several studies with controversial results.2>2* In this
setting, FeNO seems to perform less well that sputum eosinophils.
However, thresholds to adjust the dose of ICS may not have been
chosen adequately in some of those trials.?®

Accuracy of FeNO measurement is firmly established, and it is
recognized that elevated value reflects an eosinophilic phenotype
and predicts good response to ICS.*® There is a need to study the
cost-effectiveness of FeNO as a tool for asthma diagnosis and
choice of treatment in a large-scale cohort study.

Volatile organic compounds
Assessing VOCS using electrosensor (eNose) and, even better, quali-
fying and measuring them using mass spectrometry has great poten-
tial but to date has only been done in a limited series in research
settings.?® This has been done to distinguish asthmatic lungs from
those normal ones, but no study has been yet published which has
assessed the measurements of VOCs to monitor asthma treatment,
although one study used VOCs to predict exacerbations in children
with reasonable accuracy.?’

Further exploring the value of VOCS to assist phenotyping
asthma and predicting major clinical outcomes such as exacerbations

and response to treatment would be of great interest.

Markers in breath condensate

Exhaled breath condensate (EBC) enables the study of the pathologi-
cal processes undergoing in the lung.?® As EBC is a non-invasive
technique, it can be easily applied even in children too young to be
able to perform other tests. In EBC, several molecules have been
studied that may have a role as biomarkers in asthma.

Many studies have investigated the role of eicosanoids in asthma.
The presence of these mediators in EBC has been documented using
both immunoassays and reference analytical techniques. Increased
levels of LTB4, a potent inflammatory mediator, have been demon-
strated in steroid naive children?? and adults®® with asthma. Likewise,
increased levels of cysteinyl leukotrienes, which are powerful bron-
cho-constrictors and pro-inflammatory mediators, have been reported
in both children and adults, with the highest concentrations found in
subjects with severe asthma, despite ongoing ICS therapy.312

Beside leukotrienes, which are 5-lipoxygenase metabolites,
increased levels of other inflammatory metabolites of the 15-lipoxy-
genase pathway such as eoxins, have been reported in asthmatic
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children.®® Interestingly, the simultaneous assessment of a set of
metabolites of arachidonic acid led to the identification of a profile of
eicosanoids (including prostaglandins and leukotrienes) capable of dis-
criminating asthmatic and healthy children with high accuracy.3*

Several markers of oxidative stress have also been studied in
EBC, pointing to an increased oxidative burst in asthmatic airways.
8-isoprostane and hydrogen peroxide (H,O,) are the oxidative stress
biomarkers better studied in EBC. 8-isoprostane is a product of
arachidonic acid peroxidation. High levels of this mediator have been
found in asthma, and, in particular, in subjects with problematic
asthma, suggesting that oxidative stress may play a role in the
pathogenesis of this asthma phenotype.31:3%3¢

H,0, belongs to reactive oxygen species (ROS) deriving from the
dismutation of superoxide anions. A meta-analysis conducted on 8
studies analysing the role of EBC H,O, in asthma demonstrated that
this biomarker is increased in adults with asthma, shows a trend
towards a correlation with the degree of asthma severity and control,
and it seems sensitive to corticosteroid treatment.>” Similar results
were found in children.3® These features suggest a possible role of this
biomarker in the follow-up of asthmatic patients. Noteworthy, the
measurement of oxidative stress biomarkers in EBC may help in the
identification of asthmatic subjects with higher oxidative stress, who
may likely benefit from the development of novel anti-oxidant treat-
ments.

Exhaled breath condensate pH is a robust marker, with a good
reproducibility.3*%° Reduced EBC pH has been reported in both
adults and children with asthma.** In particular, a significant reduc-
tion in PH of the airways has been reported during acute asthma
exacerbations.®**24% Nonetheless, in the epidemiological setting,
EBC pH could not discriminate between asthmatic and healthy sub-
jects.* In a large cohort of subjects with severe and non-severe
asthma, EBC pH turned out to be on the whole normal, but there
was a subgroup of asthmatic subjects with very low EBC pH
(<6.5).* EBC pH may be a useful biomarker in the characterization
of a specific asthma subphenotype.

Increased levels of adenosine have been found in the EBC of
asthmatic children and adults.*® Using multiplex immunoassay tech-
nology, increased levels of cytokines, chemokines and soluble adhe-
sion molecules have been reported in children with asthma and also
in preschool children found to have persistent wheezing at 5 years
of age.*”*° Eventually, increased levels of the inflammatory and
oxidative stress mediator ADMA (asymmetric dimethylarginine) have
been showed in EBC from asthmatic children.>®

The EBC technology has a significant potential for asthma diag-
nosis and monitoring, but the technique needs to be better stan-
dardized if we want to move it from research to clinical practice.
Investments are urgently needed to achieve a full standardization of
the methodologies used for sample collection and analysis.

2.2.3 | Sputum and bronchoalveolar lavage

Ideally, any material obtained directly from the lower airways of
asthmatic patients could be very useful diagnostic biomarker. A large
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number of studies have been conducted over the last decades to
evaluate the diagnostic utility of sputum and bronchoalveolar lavage
(BAL). Sputum samples collection is not always a simple procedure,

especially in children and BAL is an invasive technique.’*>?

Sputum
Studies on sputum look mainly at the potential informative role of
sputum as a material with airway inflammatory biomarkers. Most
studies have focused on asthma severity assessment and provision
of more efficient biomarker-guided treatment.>35>

The technique of induced sputum that allows to collect airway
secretion after inhalation of saline is valuable in approximately 80%
of the patients and has been key in the emergence of the concept
of inflammatory phenotype.>® Sputum eosinophil count, neutrophils
and several soluble mediators—most recently periostin—have been

d.>* They are considered as the only non-invasive measure

examine
of airway inflammation that has a clearly proven utility in clinical
practice in adults.>® Recent studies have further highlighted the role
of sputum eosinophils in poor asthma control. A retrospective study
on a large asthma cohort has shown that patients combining sputum
eosinophil >3% and blood eosinophil counts >400/uL have poor
asthma control and are prone to exacerbate.* In a prospective study
conducted in severe asthmatics uncontrolled despite high dose of
ICS and LABA, the repeated presence of eosinophils in the sputum
was associated with increased of excacerbations.®” Furthermore, in a
large retrospective cohort of asthmatics, it has been shown that both
fluctuation in FEV1 and fluctuation in sputum in sputum eosinophils
independently correlated with change n ACQ6.°® Sputum induction
can be effectively performed in adults, but there might be difficulty
in collecting sufficient sputum in children under 8 years.>'>® Fur-
thermore, one study in children using sputum eosinophils for moni-
toring asthma was negative.>®

More studies are needed to clarify the biomarker (or combination
of biomarkers) that could be most valuable in practice as a tool in

precision medicine.

Bronchoalveolar lavage
BAL is a major tool in the diagnostic procedure for a number of pul-
monary diseases, including asthma. It can provide useful information
about the pattern of airway inflammation in terms of total cellularity,
differential cell profile and several inflammatory mediators.>%%°
However, the information available is fragmentary, as most of the
studies look at either refractory asthma or certain biomarkers from
patients in whom bronchoscopy could be justified and suffer from
lack of specificity.>”%? Subsequently, these studies are affected by
methodological difficulties and selection bias, with patients having
the sufficiently severe disease to justify an invasive sampling proce-
dure. Data interpretation arising from such studies needs special
caution. BAL has also been used for specific asthma phenotypes
identification.®?

Because of the invasive nature of fiberoptic bronchoscopy, BAL
could be used in certain patients only. It is still useful for difficult
asthma to detect other implicated causes of symptoms such as silent

aspiration or persistent bacterial infection or congenital abnormalities
(children).

224 | Systems biology

In the study of chronic complex diseases, such as asthma, beside the
assessment of individual biomarkers, it is of utmost importance to
study several mediators simultaneously, through a systems biology
approach. An overall profile can better mirror the complexity of
asthma, in the pathogenesis of which a large number of cell types
and molecular pathways contribute, interacting in complex net-
works.6263

The “-omic” technologies (genomics, proteomics and metabolo-
mics) are systems biology platforms. Being guided by no a priori
assumptions, they look into which components are associated with a
given pathological condition, shedding light on pathogenic pathways
and phenotypic characteristics with a hypothesis-generating
approach.®®

The “-omic” technologies, proteomics and metabolomics in partic-
ular, have been applied in the study of asthma. The proteomic analy-
sis of EBC proved that it is possible to identify profiles of
differentially expressed proteins, capable of discriminating asthmatic
children from healthy controls.®*

The metabolomics approach has been applied to several bioflu-
ids. In adults, the metabolomics analysis of serum® and exhaled
breath condensate®® samples demonstrated a clear separation
between asthmatic and healthy subjects. Moreover, the metabolo-
mics analysis of urine samples showed that during an acute exacer-
bation, a profound alteration of the metabolic profile occurs, with a
significant role of the metabolites indicative of oxidative stress.®”

In children, metabolomic analysis of both urine and EBC samples
proved capable of clearly discriminating between healthy and asth-
matic children.®®® Metabolomics has been also applied in the char-
acterization of different asthma phenotypes, and a separate
metabolic profile has been demonstrated in children with severe
asthma by applying the metabolomics approach either to plasma’® or
to EBC>C samples.

An “-omic” approach has been applied also to the study of vola-
tile organic compounds (VOCs) in exhaled breath. The VOCs profile
could discriminate asthmatic from healthy children.*® In addition, the
study of VOCs profile seems to have promising application for the
prediction of asthma exacerbation?” and for the early identification
of asthmatic children among preschool children with recurrent
wheezing.”!

The “-omic” technologies may have a key role in the develop-
ment of personalized medicine, potentially contributing to shift the
focus of medicine from the traditional symptom-oriented diagnosis
and treatment of diseases (reactive medicine) towards the so-called
P4 medicine, which concentrates on preserving health through the
prevention and early diagnosis of disease.”?

The “-omic” technologies, in fact, enabling the simultaneous
assessment of several mediators can lead to the discovery of early
diagnostic profiles and can shed light on new, sometimes
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unexpected, biomarkers that may be applied to monitor asthma and

to guide therapy.

2.3 | Lung function tests

2.3.1 | Cooperative patients

Spirometry

Asthma diagnosis should be based on both the presence of symp-
toms and objective demonstration of variable airflow obstruction.
However, there may be important barriers to performing lung func-
tion tests not only in primary care settings but also in secondary
care settings.”>’4 Some studies showed that spirometry has been
used in diagnosis in only 21%-25% of paediatric asthma patients in a
primary care setting.”>’® The correct use of spirometric measure-
ment is crucial for an accurate diagnosis.

This may result in both over-diagnosis and under-diagnosis of
asthma.”* One-third of adults individuals with physician-diagnosed
asthma may not have asthma when objectively assessed.”” Spirome-
try is an objective tool that may help to prevent misclassification of
asthma severity and inappropriate underuse or overuse of asthma
medication among paediatric asthma patients: nearly one-third of
patients had their treatment plans changed after clinicians viewed
their spirometry results.”®

Spirometry is normal in many patients with asthma at the time
of clinical presentation, and objective confirmation of variable airflow
obstruction may be challenging. Most adults in primary care have
mild asthma and well-preserved lung function. Airflow obstruction
defined as a ratio of FEV1/FVC < 70% was found only in 21% adult
patients diagnosed with asthma in a primary care setting”’, but this
proportion raises to 60% in severe adult asthmatics despite treat-
ment with high-dose ICS/LABA.2° Most asthmatic children also have
a normal spirometry, with 94.2% of 3626 children having a
FEV, > 80% predicted®® and only 10.5% of 3612 asthmatic children
having a FEV;/FVC < 80%.%2 In this study, FEV1/FVC < 80% had a
high sensitivity for asthma diagnosis (>90%) but low specificity
(<20%), being associated with asthma diagnosis in a patient with
concomitant allergic rhinitis but not in children without allergic
rhinitis.

A fixed limit FEV1/FVC ratio (<70% in adults) is often used to
identify airflow obstruction instead of the lower limit of normal
(<5th percentile).2% This fixed cut-off points have been shown to
cause much misidentification of airflow obstruction specially in
young adults, increasing the likelihood of under diagnosis of obstruc-
tion.®* The use of Z-scores in children is probably more appropriate.

A decreased FEF,s54_ 759 is indicative of small airway obstruction.
The utility of an isolated decrease in FEF,s59 759 in the setting of
otherwise normal spirometry is unclear, because values are more
variables than FEV,. Evidence suggests than a reduced FEF;59.759
correlates with bronchial hyperresponsiveness on bronchoprovoca-
tion testing.8>8¢
The utility and limitations of spirometry in asthma diagnosis are

well established. A wider use of this technique in primary care with
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the implementation of new algorithms will allow a better diagnostic
classification of both paediatrics and adult patients. However, there
is no single randomized control trial showing that guiding treatment

on FEV1 improves asthma outcomes.

Plethysmography and asthma diagnosis

Plethysmograhic measurement of lung volumes does not provide
much additional information for clinical decision-making in most
patients with asthma, and it is not recommended in current guide-
lines.

Lung hyperinflation is frequent in uncontrolled asthma, and a sig-
nificant proportion of both children and adult asthmatic patients
have elevated residual volume and abnormal RV/TLC ratio in the
presence of normal FEV,/FVC ratio and the absence of significant
bronchodilator response.f”#8 The clinical significance of these find-
ings in asthma needs further prospective studies. In adults, the role
of airway resistance (Raw) and specific airway conductance (SGAW)
as an aid to asthma diagnosis has been explored in a real-life study
and found to predict disease with a positive predictive value around
75% but a poor sensitivity.®?

Measurement of specific airway resistance (sRaw) using plethys-
mography could be useful. In epidemiological studies as early as
age 3 years, sRaw differs between children with a history of
wheezing and those without,”® and higher sRaw at age 3 years is
associated with subsequent persistence of wheezing.”! sRaw seems
to be also adequate to assess bronchodilator response in children.”?
However, in some studies, the use of sRaw in schoolchildren has
not been adequate to diagnose asthma, because of high variability
and huge overlap between healthy children and those with
asthma.52

In summary, the value of plethysmography in asthma diagnosis is
very limited, with sRaw having some role.

2.3.2 | Non-cooperative patients

Diagnosing asthma in preschool children is often challenging.”® The
demonstration of bronchial reversibility after administration of a
bronchodilator helps clinicians to establish the appropriate treatment.
Unfortunately, in this age group, spirometry is often not applicable
because results depend on effort and effective co-operation by
patients. Therefore, non-invasive lung function measurements requir-
ing only passive co-operation, while the patient is breathing at nor-
mal tidal volume, such as impulse oscillometry, the forced oscillation
technique, and interrupter technique, have been proposed.”*

Impulse oscillometry and forced oscillation technique

Impulse oscillometry (I0S) measures the resistance and resonance
capacitance of the lungs, both at small and large airway level, per-
forming measurements in a non-invasive, effort-independent manner
during spontaneous breathing. The most relevant outcomes of 10S
are R5, the resistance in small airways, R15 or higher, the resistance
in larger airways and the low frequency integrated impedance reac-
tance at R5.7%75 All these measurements can be compared to
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baseline following bronchodilator or longitudinally in patients with
chronic asthma that require regular treatment.”®

Impulse oscillometry could be a more sensitive method to evalu-
ate small airway than spirometry parameters such as FEF 25-75,
because, in contrast with spirometry that requires a deep inspiration,
forced oscillation technique (FOT) does not modify the airway
smooth muscle tone.”®

It has been shown that IOS provides effective measures of lung
dysfunction in 4-year-old children at high risk for persistent
asthma.?® This was confirmed and extended in another study evalu-
ating at this age range the effects of short- and long-acting bron-
chodilators.”” More recent studies demonstrated the efficacy of 10S
as an alternative to FEV1 in older asthmatic children.?®? Interest-
ingly, it has been shown that R5 but not FEV1 showed improvement
in patients with persistent asthma after inhaled steroid treatment.'®°

Forced oscillation technique holds the perspective of improving
the diagnosis of airway obstruction, quantifying the amount of air-
way reversibility and hyperactivity even in non-collaborative
patients.

Impulse oscillometry practice requires well-trained technicians
and physicians both for performing and evaluating the tests. Pitfalls
of IOS are airway leak and poor holding of the cheeks, as well as
tongue effect, cough, swallowing, shallow breaths and vocalization,
with a significant influence of the upper airway shunt in preschool
children.

Normal values of respiratory impedance (Zrs) for preschool chil-
dren have been obtained, as well as of respiratory resistance
(Rrs).1°1193 However, there is a lack of standardization in measuring

procedures and equipments.

The interrupter technique
The interrupter technique is able to detect changes in airway cali-
bre.*®* The principles of the interrupter technique are that, during a
sudden and rapid airflow interruption at the mouth, the alveolar and
mouth pressure will equilibrate. The interrupter resistance (Rint) is
defined as this pressure divided by the airflow measured immedi-
ately before interruption.®®

There are reference values for preschool children, which are diffi-
cult to compare being often obtained using different methods. The
technique is able to measure the magnitude of changes in airway
calibre after inhalation of a bronchodilator, but the cut-off value for
a decrease in Rint beyond which a response may be considered clini-
cally effective remains to be established.?*10+105

To make the technique more reproducible and uniform between
centres, a series of recommendations have been presented.”* How-
ever, many issues remain to be clarified, particularly to establish the
cut-off values beyond which a clinical response to bronchodilator
could be considered clinically relevant.

Lung function tests in infants and asthma

Cohort studies have shown that those infants who develop asthma
could have, prior to any respiratory illness, impaired lung function.
This premorbid condition has been described in different asthma

phenotypes.'°¢1% Considering infant lung function before the first
episode of wheeze and the subsequent development of atopy during
the first 6 years of life, 3 phenotypes have been described: transient
wheezers, who have low neonatal lung function, do not develop
atopy and maintain lung function during childhood, suggesting a
small or malacic airway'%; persistent wheezers, who have premorbid
normal or decreased lung function (according to the Tucson
cohort'® or the Copenhagen cohort'® studies, respectively), do
develop atopy, and lung function decreases during the first years of
life, suggesting airway remodelling very early in life; finally, late-
onset wheezers have normal neonatal lung function, although they
develop atopy their lung function is maintained.106-198

However, there are some limitations in those studies: most based

106,108,109,
’

their observations on very limited number of cases and

7 assessed 311 cases, all mothers had a history of

although onel®
doctor’s diagnosis of asthma after age 7. Moreover, the techniques
to assess lung function are different between studies (VmaxFRC,
FEV0.4 and FEVO.5). Furthermore, there is a significant overlap of
lung function values in infants between those with and without
future asthma and between different asthma phenotypes. On the
other hand, regression equations based on data from 429 healthy
infants aged 4-118 weeks have been published very recently.*°

It is essential to have adequate normal population-based refer-
ence values of infant lung function. Normal lung function values of
raised-volume-rapid-thoracic-compression technique, for instance,

111

are based on only 155 tests,” " and on top of that, it is mandatory

to correct the regression equations of normality if the most

extended equipment in Europe is used,**?

not to speak of different
ethnicities.

If decreased lung function very early in life, or even in utero,
plays any role in the development of asthma, we need to understand
how and why this decrease is produced in order to design strategies
to prevent it. Thus, it is important to study prenatal risk and protec-
tive factors (other than the known ones, such as prematurity and
tobacco smoke exposure) related to lower lung function very early in
life. And although we have some clues in infants born from high-risk
mothers,**® research should be extended to the whole population.
Inert gas washout for measurement of ventilation
inhomogeneity
The majority of lung function tests measure flow; airway resistance;
or lung volumes. While such measures are undeniably helpful, one of
the greatest contributions to impaired respiratory function in asthma
is the effectiveness of gas mixing or ventilation distribution. We
know that ventilation distribution has some degree of heterogeneity
in healthy individuals is more pronounced those with stable airways
disease; and that this situation can lead to catastrophic shifts—in
turn leading to hypoxaemia—during bronchoconstriction.1* There is
therefore increasing interest in the objective monitoring of ventila-
tion heterogeneity in both stable and unstable asthma, and the most
promising tools for this are inert gas washout tests.

These investigations rely upon measurement of exhaled inert gas
(either nitrogen or a previously inhaled gas such as sulphur
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hexafluoride) during multiple breath or single breath washout (MBW
or SBW). The former test usually employs tidal breathing and pro-
duces indices of overall ventilation heterogeneity such as the lung
clearance index (LCI), or mechanism dependent indices such as Scong
and S,in, Which broadly measure conducting airway generated
heterogeneity and more peripherally generated heterogeneity,
respectively.!*> SBW usually employs a raised volume inspiration
and expiration, and the phase lll slope of the expiration is analysed.
Performing SBW using multiple inert gases of differing molecular
weight and therefore diffusivity can provide additional information
as to where in the airway tree changes in airway calibre are likely to
be occurring. 114117

Calculation of the Scong and S, indices from MBW has demon-
strated that proximal conducting airways and more peripheral air-
ways generate heterogeneity in subjects with asthma, and that both
mechanisms are partly but not wholly reversed by bronchodila-

115,118,119

tor. Intriguingly, the degree of baseline heterogeneity

appears to predict the severity of airway hyperresponsiveness in

adults and children with asthma,?%-122

in a way that differs from
subjects with COPD.'?® One possible explanation is that baseline
heterogeneity is predictive of airway closure during bronchoconstric-
tion.11%12% Further studies have identified relationships between
heterogeneity and symptom control*?®; clinical stability*'®; and
response to inhaled corticosteroids.'?® The link between heterogene-
ity and inflammation, as measured by exhaled nitric oxide, is not
clear, like with most lung function tests.*?1122127 There are limited
data relating heterogeneity to asthma phenotype, although one
study in children with preschool wheeze has identified S.ong as an
excellent discriminator between the episodic viral wheeze and multi-

trigger wheeze phenotypes,*?®

although those phenotypes have not
been shown to be very stable over time.*?? It is noted that the
majority of studies utilizing MBW have employed the Scong and Sacin
indices. Global indices such as LCl are widely used in the study of
CF lung disease and in bronchopulmonary dysplasia, but how LCI
relates to Scong and Sacin in asthma is not well understood. 28130131
The SBW test is quicker and more straightforward to perform
and interpret than MBW, and some of the earliest studies investigat-
ing ventilation heterogeneity in asthma and COPD used this
method.?32134 These studies identified links between asthma diag-
nosis and severity and the Phase lll slope from SBW. More recent

135

studies have confirmed these findings™> and have utilized multiple

gases to localize presumed bronchoconstriction.}1¢:117:13¢

The field is new, and not yet well understood. However, the use
of MBW is in the process of transforming the monitoring and care
of early/mild CF lung disease, and the promising early data in sub-
jects with asthma should not be ignored. It is possible that inert gas
washout tests could prove to have advantages over more traditional
lung function tests in asthma monitoring, particularly given that ven-
tilation heterogeneity is known to be present at baseline, and to lead
to dramatic changes in ventilation distribution during bronchocon-
striction. An additional, crucial advantage is that most inert gas
washout measurements can be collected during tidal breathing and
can therefore be performed in infants; preschool children; and older
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subjects who are unable to co-operate with more traditional lung
function tests.

At present, the MBW technique is too complex and time-con-
suming to be employed in routine asthma monitoring but will con-
tinue to be researched to better understand asthma phenotyping
and physiology. In the longer term, the development of tidal breath-
ing SBW, possibly utilizing multiple inert gases, could become a valu-
able clinical tool. There is more than one approach to develop such
a test, but it is noted that a multiple gas method has already been
used to identify peripherally generated heterogeneity in children

with mild asthma symptoms and normal spirometry.1%¢

2.3.3 | Bronchodilation

The diagnosis of asthma should be based on the history of charac-
teristic symptom patterns and evidence of variable airflow limita-
tion.®® As the GINA guidelines point out, evidence of variable
airflow limitation should be documented from bronchodilator
reversibility testing or other tests. Hence, tests of airflow obstruction
and airway responsiveness (including reversibility testing) may pro-
vide support for the diagnosis of asthma in children and in adults. In
patients with normal or near-normal pre-treatment lung function,
reversibility testing with a bronchodilator is of limited value, as there
may be little room for measurable improvement.2> However, should
still be performed, in particular in children who may have supranor-
mal values. In contrast, in cases of established airflow obstruction
upon initial assessment, measuring the bronchodilator response to
B2-agonists appears helpful to demonstrate variability of airflow limi-
tation. A significant increase in airflow (as determined by FEV1 or
FVC or PEF, depending on the protocol employed) after administra-
tion of a bronchodilator indicates reversibility of airflow obstruction
and supports the diagnosis of asthma.®3%7

There is no consensus about the drug, dose or mode of adminis-
tering the bronchodilator in the lung function laboratory. Current
guidelines recommend inhalation of 100-400 pg (children) and 200-

8 As an alternative to mea-

400 pg (adults) salbutamol or equivalen
suring the immediate response to a bronchodilator in the lung func-
tion laboratory, it is also recommended by some guidelines to test
the response to 2-8 weeks of a therapeutic trial with inhaled corti-
costeroids (ICS). Also, there is no clear consensus about which
degree of lung function improvement constitutes significant
reversibility in subjects with airflow obstruction.'®” There is as yet
no consensus on how a bronchodilator response should be
expressed (percent of initial spirometric value, or percent of pre-
dicted value, or absolute change), and which variables should be
used (FEV1, FVC, PEF). These differences are due to the hetero-
geneity of study designs and results, and also due to different inter-
pretations of the outcomes of these studies that have been
conducted in the general population and in patient populations
(studies referenced by'®”). Also, the bronchodilator response tends
to increase with decreasing baseline FEV1.1*8 So, upon establish-
ment of a generally applicable guideline, decisions will always be
well-founded, but nonetheless, the definition of a universal cut-off
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level for a “positive” bronchodilator response will finally be arbitrary.
Increments of lung function parameters of <8% are likely to lie
within the range of measurement variability.X*7*%%14° The recent
2017 GINA guidelines indicate the following criteria for making the
diagnosis of asthma: for adults, an increase in FEV1 of >12% and
>200 mL from baseline, and for children, an increase in FEV1 > 12%
predicted. The ATS/ERS task force on standardization of lung func-
tion testing considers post-bronchodilator FEV1 or FVC > 12% and
200 mL compared with baseline as “significant” bronchodilation.**”

Even though international recommendations regarding reversibil-
ity testing do differ in various aspects, knowledge of the ATS/ERS
task force suggestions appears useful as this proposal has been set
up to help minimize differences within and between laboratories.
Beyond numerical criteria, it also appears useful in clinical practice to
judge and compare the shapes of the flow-volume curves before
and after bronchodilator inhalation.

A large worldwide study on the bronchodilator response in adult
healthy general populations recently reaffirmed the 12% criterion*!
which approximates the 95th percentile for the percentage change
in FEV1 after bronchodilator inhalation in general population studies
mainly consisting of adults.2? Still, the recommendations of the
ATS/ERS task force have very recently been a subject of animated
scientific debate.2*3%¢ |n any case, sensitivity and specificity of the
bronchodilator response for the diagnosis of asthma are limited. One
major problem in judging reversibility tests in the diagnosis of adult
asthma is the fact that there is also a significant bronchodilator
response in COPD.**’ Patients with asthma may tend to show a lar-
ger increase in flow and volume after inhalation of a bronchodilator
than COPD patients,**” and a > 400 mL improvement in FEV1 in
response to a bronchodilator is considered to strongly suggest
underlying asthma.8® However, the response to a bronchodilator has
never been shown to add to the differential diagnosis, and the Glo-
bal Initiative for Chronic Obstructive Lung Disease recommends that
the degree to which airflow is reversible should not be used as a cri-
terion in making the differential diagnosis between asthma and
COPD. 18

In children, diseases other than asthma may be associated with
significant bronchodilator responses, such as allergic rhinitis and
bronchopulmonary dysplasia.2*’ On the other hand, also in children,
an absent response to bronchodilators does not exclude asthma.2>®
If the bronchodilator test is positive, it has been shown in children
that this is predictive of a good response to 1CS.*? However, as
most children with asthma have baseline FEV1 within the normal
range,>2 the diagnostic value of bronchodilator responses during
stable disease may often be limited in this age group. Different cut-
off values have been proposed for the paediatric age group to
increase sensitivity and specificity of bronchodilator response tests.
The most recent of these studies on the validity of current criteria
of a significant bronchodilator response included a large cohort of
1041 children with mild-to-moderate asthma from the US Childhood
Asthma Management Program (CAMP) that were compared to 250
control subjects. Here, the conventional “adult” cut-off of 12%
improvement in absolute FEV1 was associated with a good

specificity for asthma diagnosis of 89.5%, but with a poor sensitivity
of 35.6%.1%% This poor sensitivity may be due to the fact that only a
minority of CAMP children had a baseline FEV1 of <80% predicted.
Even though a cut-off of 8% resulted in a better sensitivity (54.4%),
the authors do not recommend to choose a lower specific general
cut-off criterion, given the variability of this test in children.

To summarize, the bronchodilator response test is one of the
pieces in the mosaic of diagnosing asthma, along with a characteris-
tic pattern of symptoms and signs in clinical history, and maybe signs
of inflammation, such as increased FeNO. With baseline, lung func-
tion showing an obstructive pattern, serial monitoring, such as serial
peak flow readings, may be useful for demonstrating variation and
variability of airflow limitation. With normal baseline lung function,
the bronchodilator response test is less valuable, and other tests like
bronchoprovocation tests appear more expedient.

In children participating in the CAMP study, it has been shown
that a consistent bronchodilator response of >10% over 4 years pre-
dicted night-time awakenings, oral steroid bursts, hospital visits and
missed days of school.>* Accordingly, in long-term asthma manage-
ment, a positive bronchodilator response may indicate the need for
an intensification in asthma treatment, for example by adding a long-
acting bronchodilating agent to an ICS or increasing the ICS

dose 155,156

2.3.4 | Bronchial challenge tests

Fluctuation in airway calibre, a critical feature of asthma can be
demonstrated in several ways including significant bronchodilation to
B2-agonists and hyperresponsiveness towards direct stimulating
agents like methacholine and histamine. When significant reversibil-
ity to inhaled salbutamol is not demonstrated, bronchial challenge
with a direct agonist of smooth muscle is essential. The common
way to express the bronchial hyperresponsiveness is determine the
provocative concentration of the inhaled agent that causes a fall of
20% in FEV1 (PC20 FEV1).3>” Compared to measuring fluctuation of
peak flow, measuring blood eosinophil count or reversibility to
inhaled B2 agonist measuring PC20 methacholine was shown to
have the higher accuracy to make a correct diagnosis in mild-to-
moderate asthma.®® Methacholine or histamine bronchial respon-
siveness is mainly seen as a marker of airway wall remodelling or
intrinsic smooth muscle abnormality.?>® The role of eosinophilic
inflammation in bronchial hyperresponsiveness, though not absent, is
limited.14°

Indirect challenges such as mannitol or exercise challenge are
complementary to direct agent challenges and may reflect more
accurately the underlying airway inflammation.'? Direct challenge
tests are sensitive and better to exclude asthma, while indirect chal-
lenge tests are seen as more specific and better to confirm the
presence of the condition.é?

The level of bronchial hyperresponsiveness to indirect agents is
highly and rapidly sensitive to ICS treatment.é The effect of ICS on
responsiveness to histamine and methacholine is much less impres-

sive but sustained decrease over time was observed with continuous



GARCIA-MARCOS ET AL

TABLE 3 Summary of prediction tools from birth cohorts
API?

General characteristics
Children surveyed 1246
Age at assessment (y) 0-3
Age at prediction (y) 6-13
Outcome prevalence (%) 13.7

Parameters
Frequency of wheezing episodes
Wheezing without colds
Recurrent nasal symptoms
Diagnosis of eczema

Parental history of asthma

A W W W W WA

Blood eosinophilia

Sensitization to aeroallergens

Recurrent respiratory infections

Duration wheezing of episodes

Hospitalizations due to wheezing

Parental use of inhaled medication

Male gender

Medium/low parental education

Post-term delivery

Age >1y

Activity disturbance

Shortness of breath

Exercise-related wheeze/cough

Aeroallergen related wheeze/cough

Diagnostic performance

Cut-off point L° s°

Sensitivity 40 15

Specificity 80 96

PPV (%) 27 42

NPV (%) 88 86

Youden'’s index 0.20 0.11
®Nested case-control study.
bLoose and Stringent indexes at 11 y.
treatment.?® Some study suggests that looking at FVC rather than
FEV1 during a methacholine challenge may more informative on dis-
ease severity.’®® The slope dose-response curve to methacholine
was shown to correlate to ACQ in a population of unselected asth-
matic patients, the stronger the responsiveness the poorer the
asthma control.*

The utility to include bronchial hyperresponsiveness (BHR) as a
parameter to adjust asthma treatment has been less studied than
with FeNO. There is one study that showed that monitoring metha-
choline responsiveness using PC20M to adjust the dose of ICS
improved asthma control.*®> Although another study could not find
any difference in terms of asthma-free days, however, adjustment by
BHR produced a better outcome with respect to pre-bronchodilator
FEV1 in allergic asthmatic children.'¢¢
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Most of asthmatics are seen in the primary care setting. As
asthma diagnosis is difficult in primary care and often leads to over-

diagnosis¢7:168

and wrong treatment allocation, it is an urgent need
to find a convenient test for assessing bronchial hyperresponsiveness
that may be applicable for general practitioners, that is easy to learn
and administer and not too time-consuming. Mannitol challenge
might do it, but it has to be demonstrated in large-scale study in

general practice.'”

2.4 | Asthma prediction

Although some previous papers'’® looked for early markers for
future asthma, the first index built on a prospective cohort of new-

born children was the Asthma Predictive Index (API).2 Several
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TABLE 4 List of the 21 statements extracted from the review, ranked according to the mean score obtained in the two Delphi rounds

Statement Score
1. Prediction of future asthma in preschool children with reasonable accuracy 3.67
2. New biological markers of asthma (eg genomics, proteomics and metabolomics) as a tool for diagnosis and/or monitoring 3.54
3. New/improved tools to monitor lung function in the clinical setting 3.38
4. Assessing variability over time as a tool for diagnosis 3.33
5. FeNO as a tool in the diagnosis of asthma in patients older than 5 y of age 3.29
6. Refinement of symptom scores, for example Asthma Control Test 3.21
7. Tools to measure volatile organic compounds (VOCs) in exhaled breath condensate 3.17
8. Exhaled nitric oxide (FeNO) as a tool to guide the adjustment of inhaled corticosteroid dose in primary, secondary and tertiary care 3.13
9. Definition of standardized, normal values and cut-offs of lung functions tests at any age in EU populations for diagnosis and/or monitoring  3.13
10. Bronchodilation test as a tool for diagnosis and/or monitoring 3.04
11. Functional indexes other than FEV, (eg FVC, FRC, RV or RV/TLC) as a tool for diagnosis and/or monitoring 3.00
12. Serum periostin as a biomarker of allergic asthma as a tool for diagnosis and/or monitoring 2.92
13. Assessment of blood eosinophils as a tool for diagnosis and/or monitoring 2.88
14. Measurement of ventilation inhomogeneity (multiple breath washout) as a tool for diagnosis and/or monitoring 2.79
15. Bronchial challenge/hyperresponsiveness as a tool for diagnosis and/or monitoring 2.79
16. Tools to measure oxidative stress markers in exhaled breath condensate 2.75
17. Tools to measure non-volatile compounds, such as cytokines or chemokines, in exhaled breath condensate 2.67
18. The interrupter and forced oscillometry techniques as tools for diagnosis and/or monitoring in non-cooperative children 2.63
19. Plethysmography as a tool for diagnosis and/or monitoring 2.33
20. Measurement of blood eosinophil cationic protein as a tool for diagnosis and/or monitoring 2.25
21. Peak flow variability testing in routine practice as a tool for diagnosis and/or monitoring 2.08

indi

incl

cators were used to use a loose and a stringent index which

uded major and minor criteria. These indices were used to predict

asthma at the age 6, 8, 11 and 13 years. APl was modified to be

use

d as an inclusion criteria tool in the Prevention of Early Asthma

in Kids (PEAK) study as an expert opinion: one minor criterion (re-

current nasal symptoms) was substituted for two (sensitization to

aeroallergens and food allergy).t”*

age
Tab

The Isle of Wight score!”? predicted persistence of wheeze at
10 of children who wheezed at 1, 2 and 4 years of life (see

le 3 for specific items of the score, range 0-4). A cut-off point of

>3 was found to be the highest discriminative.

Another predictive score was developed from the data of a

nested case-control study of 449 children included in the Environ-
mental and Childhood Asthma birth cohort (ECA).*'”2 Children with

recurrent [>2 episodes of or >4 weeks (persistent)] doctor confirmed

TA

BLE 5 Three most important fields ranked for research

investment in tools for diagnosing and/or monitoring asthma (note
that lower score means more importance)

Statement Score
1. Prediction of future asthma in preschool children 1.63
with reasonable accuracy

2. New biological markers of asthma (eg genomics, proteomics  1.69
and metabolomics) as a tool for diagnosis and/or monitoring

3. Tools to measure volatile organic compounds (VOCs) in 2.69

exhaled breath condensate

bronchial obstruction by their second birthday were cases. The
authors built a severity score (0-12 points, see Table 3 for items in
the score) and used a cut-off of >5 to predict asthma at age 10.

The PIAMA (Prevention and Incidence of asthma and Mite
Allergy) score*”* was calculated from the findings of this birth cohort
by the age of 8 years. Several markers found in children who had
wheeze and/or cough at night without colds during the previous
12 months at ages 1 through 4 years were used to build a score (O-
55 points) in order to predict asthma at age 8 years. A cut-off value
of >20 was found to be the best in diagnostic performance.

The latest predictive model published is the one from the Leices-
tershire Respiratory Cohort Studies,”> which included children fol-
lowed from birth who had at least a healthcare visit between ages 1
and 3 years for respiratory problems plus wheeze and/or cough
without a cold and/or cough at night. The presence of wheeze plus
asthma medication during the previous 12 months was used as
asthma case definition at 6-8 years of age.

Although those prediction tools are easy to apply their diagnostic
power needs to be improved: the best Youden's index does not
reach even 0.5, and although the specificity value is quite accept-
able, the sensitivity one is quite low. Performance of APl and PIAMA
scores in subsequent (validation) studies did not improve, producing
relatively low rates of false positives (8%-67%) but quite high rates
of false negatives (29%-80%).174176-178

An additional limitation, which has not been fully addressed, is
the exact definition of the dependent (outcome) variable used to
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diagnose asthma at the age when the condition is intended to be
predicted. Different definitions may have important effects on the
predictive probabilities as provided by the predictive model.X”?
However, and based on the data in Table 3, there seem to be 2
different areas which might determine future asthma when present
in infants or preschool children: allergy and severity of wheezing
episodes.

Other attempts to build prediction indexes/scores to predict
asthma in adulthood from data in childhood have reached to similar
conclusions.*® Some authors have suggested that biological markers
might predict asthma. Among those biomarkers which might have
some usefulness are as follows: eosinophils, ECP, specific IgE, filag-
grin mutations, Th2 interleukins, FeNO, EBC characteristics and com-
position and, of course, genetics in the form of polygenic risk and
genetic risk scores.181-184

To use prediction indices as a generalized tool, their predictive
power needs to be improved. The current evidence suggests that a
tool based only on clinical data is limited in its predictive capacity;
and that adding one or several biomarkers could be helpful. Which
biomarker(s) is(are) more useful remains to be elucidated; and might
be a research priority.

There are probably 4 fields in which the new predicting tools
need to be improved: (1) Clarification of the dependent variable (out-
come definition); (2) Combination of clinical and biological markers;
(3) Application of more sophisticated and available statistical meth-
ods; and (4) Uniformity of the population for which the score is
developed.

The clarification of the outcome variable is closely related to a
better profiling of asthma phenotypes and their stability at certain
ages (adolescence and young adulthood). This clarification should not
be solely based on the clinical and biological marker classification,

but also on the response to the different available treatments.

3 | CONSENSUS EXERCISE

The exercise included two Delphi rounds previous to a summarizing
workshop in which the information obtained in the Delphi rounds
was shared and the 3 most important topics among those obtaining
a mean score of 3 or more in the Delphi rounds were chosen and

ranked.

3.1 | Delphi exercises (1st and 2nd rounds)

To reach an agreement on the most important diagnostic tools for
future research investment, a list of statements extracted from the
review, 21 statements (Table 4) describing the likelihood that further
investment in each technique would result in the development of
simple, accurate, inexpensive, non-invasive diagnostic tool/s were
extracted from the review.

The statements were circulated among 37 European asthma
experts including health professionals, researchers, people with
asthma and industry representatives who were asked to rank the

WILEY--

potential impact of research investment in each technique or tool
(score 1-5; 1 = very low, 5 = very high). The e-Delphi exercise was
conducted over 2 rounds: round one (August 2015) 25 responses
were collected. Round 2 (September 2015) respondents from round
1 were asked to review their responses, along with the average
score for each statement, and asked whether they would change
their ranking and given an opportunity to provide any comments; in
total, 16 responses were obtained from the 25 requests.

Statements with a mean score 3 or more were considered to
have acceptable consensus on their likely impact on the investment
on asthma diagnosis and/or monitoring. From the list of 21 state-
ments extracted from the review, 11 obtained a mean score 3 or
more (Table 4).

3.2 | Summarizing workshop

To better refine and contextualize the priorities produced from the
Delphi exercise, and to reach an agreement on those likely to have
the biggest impact on people with asthma, a workshop was orga-
nized during the 2015 European Respiratory Society meeting on
September 26th, 2015. Representatives from the working group,
healthcare professionals, researchers, people with asthma, patient
organization representatives and industry representatives, discussed
the results from the exercise. Attendees were asked to rank the top
3 diagnostic tools which should be considered as priorities in the
future. The 3 most impactful diagnostic and or monitoring tools were

ranked from highest to lowest, as shown in Table 5.

4 | CONCLUSIONS

Research on the prediction of asthma in preschool age with reason-
able accuracy and how to integrate the new biological markers in
the diagnosis and monitoring of asthma should be the two main
research areas towards which the economic effort should be
addressed. A third area of importance is the measurement of exhaled
volatile organic (VOCs) compounds. If Volatilome is contemplated as
a new biological marker, the importance of its measurement would

be probably enhanced.

CONFLICT OF INTERESTS

The authors declare no conflict of interest.

ORCID

L. Garcia-Marcos http://orcid.org/0000-0002-0925-3851

S. Carraro http://orcid.org/0000-0003-2284-1225

REFERENCES

1. Kim MA, Shin YS, Pham LD, et al. Adult asthma biomarkers. Curr
Opin Allergy Clin Immunol. 2014;14:49-54.


http://orcid.org/0000-0002-0925-3851
http://orcid.org/0000-0002-0925-3851
http://orcid.org/0000-0002-0925-3851
http://orcid.org/0000-0003-2284-1225
http://orcid.org/0000-0003-2284-1225
http://orcid.org/0000-0003-2284-1225

1 | WiLEY

2.

10.
11.

12.

13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24,

GARCIA-MARCOS ET AL

Castro-Rodriguez JA, Holberg CJ, Wright AL, et al. A clinical index
to define risk of asthma in young children with recurrent wheezing.
Am J Respir Crit Care Med. 2000;162:1403-1406.

. McGrath KW, Icitovic N, Boushey HA, et al. A large subgroup of

mild-to-moderate asthma is persistently noneosinophilic. Am J
Respir Crit Care Med. 2012;185:612-619.

. Schleich FN, Chevremont A, Paulus V, et al. Importance of con-

comitant local and systemic eosinophilia in uncontrolled asthma. Eur
Respir J. 2014;44:97-108.

. Topic RZ, Dodig S. Eosinophil cationic protein—current concepts and

controversies. Biochem Med (Zagreb). 2011;21:111-121.

. Jia G, Erickson RW, Choy DF, et al. Periostin is a systemic biomar-

ker of eosinophilic airway inflammation in asthmatic patients. J
Allergy Clin Immunol. 2012;130:647-654.

. ldolazzi L, Ridolo E, Fassio A, et al. Periostin: the bone and beyond.

Eur J Intern Med. 2017;38:12-16.

. Dweik RA, Boggs PB, Erzurum SC, et al. An official ATS clinical prac-

tice guideline: interpretation of exhaled nitric oxide levels (FENO) for
clinical applications. Am J Respir Crit Care Med. 2011;184:602-615.

. Taylor DR, Pijnenburg MW, Smith AD, et al. Exhaled nitric oxide

measurements: clinical Thorax.
2006;61:817-827.

Schleich FN, Seidel L, Sele J, et al. Exhaled nitric oxide thresholds
associated with a sputum eosinophil count >/=3% in a cohort of
unselected patients with asthma. Thorax. 2010;65:1039-1044.
Michils A, Baldassarre S, Van Muylem A. Exhaled nitric oxide and
asthma control: a longitudinal study in unselected patients. Eur
Respir J. 2008;31:539-546.

Schleich FN, Asandei R, Manise M, et al. Is FENO50 useful diagnos-
tic tool in suspected asthma? Int J Clin Pract. 2012;66:158-165.
Schleich FN, Manise M, Sele J, et al. Distribution of sputum cellular
phenotype in a large asthma cohort: predicting factors for eosino-
philic vs neutrophilic inflammation. BMC Pulm Med. 2013;13:11.
Green RH, Brightling CE, McKenna S, et al. Asthma exacerbations
and sputum eosinophil counts: a randomised controlled trial. Lancet.
2002;360:1715-1721.

Malinovschi A, Fonseca JA, Jacinto T, et al. Exhaled nitric oxide
levels and blood eosinophil counts independently associate with
wheeze and asthma events in National Health and Nutrition Exami-
nation Survey subjects. J Allergy Clin Immunol. 2013;132:821-827.
Harnan SE, Essat M, Gomersall T, et al. Exhaled nitric oxide in the
diagnosis of asthma in adults: a systematic review. Clin Exp Allergy.
2017;47:410-429.

Karrasch S, Linde K, Rucker G, et al. Accuracy of FENO for diag-
nosing asthma: a systematic review. Thorax. 2017;72:109-116.
Donohue JF, Jain N. Exhaled nitric oxide to predict corticosteroid
responsiveness and reduce asthma exacerbation rates. Respir Med.
2013;107:943-952.

Essat M, Harnan S, Gomersall T, et al. Fractional exhaled nitric
oxide for the management of asthma in adults: a systematic review.
Eur Respir J. 2016;47:751-768.

Cowan DC, Cowan JO, Palmay R, et al. Effects of steroid therapy
on inflammatory cell subtypes in asthma. Thorax. 2010;65:384-390.
Smith AD, Cowan JO, Brassett KP, et al. Exhaled nitric oxide: a pre-
dictor of steroid response. Am J Respir Crit Care Med.
2005;172:453-459.

Louis R, Schleich F, Barnes PJ. Corticosteroids: still at the frontline
in asthma treatment? Clin Chest Med. 2012;33:531-541.

Petsky HL, Kew KM, Chang AB. Exhaled nitric oxide levels to guide
treatment for children with asthma. Cochrane Database Syst Rev.
2016;11:CD011439.

Petsky HL, Kew KM, Turner C, et al. Exhaled nitric oxide levels to
guide treatment for adults with asthma. Cochrane Database Syst
Rev. 2016;9:CD011440.

application and interpretation.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Gibson PG. Using fractional exhaled nitric oxide to guide asthma
therapy: design and methodological issues for ASthma TReatment
ALgorithm studies. Clin Exp Allergy. 2009;39:478-490.

Fens N, van der Schee MP, Brinkman P, et al. Exhaled breath analy-
sis by electronic nose in airways disease. Established issues and key
questions. Clin Exp Allergy. 2013;43:705-715.

Robroeks CM, van Berkel JJ, Jobsis Q, et al. Exhaled volatile
organic compounds predict exacerbations of childhood asthma in a
1-year prospective study. Eur Respir J. 2013;42:98-106.

Horvath I, Hunt J, Barnes PJ, et al. Exhaled breath condensate:
methodological recommendations and unresolved questions. Eur
Respir J. 2005;26:523-548.

Montuschi P. LC/MS/MS analysis of leukotriene B4 and other eico-
sanoids in exhaled breath condensate for assessing lung inflamma-
tion. J Chromatogr B Analyt Technol Biomed Life Sci. 2009;877:1272-
1280.

Kostikas K, Gaga M, Papatheodorou G, et al. Leukotriene B4 in
exhaled breath condensate and sputum supernatant in patients
with COPD and asthma. Chest. 2005;127:1553-1559.

Samitas K, Chorianopoulos D, Vittorakis S, et al. Exhaled cysteinyl-
leukotrienes and 8-isoprostane in patients with asthma and their
relation to clinical severity. Respir Med. 2009;103:750-756.
Zanconato S, Carraro S, Corradi M, et al. Leukotrienes and 8-iso-
prostane in exhaled breath condensate of children with stable and
unstable asthma. J Allergy Clin Immunol. 2004;113:257-263.
Sachs-Olsen C, Sanak M, Lang AM, et al. Eoxins: a new inflamma-
tory pathway in childhood asthma. J Allergy Clin Immunol.
2010;126:859-867.

Glowacka E, Jedynak-Wasowicz U, Sanak M, et al. Exhaled eicosa-
noid profiles in children with atopic asthma and healthy controls.
Pediatr Pulmonol. 2013;48:324-335.

Montuschi P, Corradi M, Ciabattoni G, et al. Increased 8-isopros-
tane, a marker of oxidative stress, in exhaled condensate of asthma
patients. Am J Respir Crit Care Med. 1999;160:216-220.

Carraro S, Cogo PE, Isak |, et al. EIA and GC/MS analysis of 8-iso-
prostane in EBC of children with problematic asthma. Eur Respir J.
2010;35:1364-1369.

Teng Y, Sun P, Zhang J, et al. Hydrogen peroxide in exhaled breath
condensate in patients with asthma: a promising biomarker? Chest.
2011;140:108-116.

Jobsis Q, Raatgeep HC, Hermans PW, et al. Hydrogen peroxide in
exhaled air is increased in stable asthmatic children. Eur Respir J.
1997;10:519-521.

Vaughan J, Ngamtrakulpanit L, Pajewski TN, et al. Exhaled breath
condensate pH is a robust and reproducible assay of airway acidity.
Eur Respir J. 2003;22:889-894.

Accordino R, Visentin A, Bordin A, et al. Long-term repeatability of
exhaled breath condensate pH in asthma. Respir Med.
2008;102:377-381.

Carraro S, Folesani G, Corradi M, et al. Acid-base equilibrium in
exhaled breath condensate of allergic asthmatic children. Allergy.
2005;60:476-481.

Brunetti L, Francavilla R, Tesse R, et al. Exhaled breath condensate
pH measurement in children with asthma, allergic rhinitis and atopic
dermatitis. Pediatr Allergy Immunol. 2006;17:422-427.

Hunt JF, Fang K, Malik R, et al. Endogenous airway acidification.
Implications for asthma pathophysiology. Am J Respir Crit Care Med.
2000;161:694-699.

Nicolaou NC, Lowe LA, Murray CS, et al. Exhaled breath conden-
sate pH and childhood asthma: unselected birth cohort study. Am J
Respir Crit Care Med. 2006;174:254-259.

Liu L, Teague WG, Erzurum S, et al. Determinants of exhaled
breath condensate pH in a large population with asthma. Chest.
2011;139:328-336.



GARCIA-MARCOS ET AL

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Esther CR Jr, Boysen G, Olsen BM, et al. Mass spectrometric analy-
sis of biomarkers and dilution markers in exhaled breath conden-
sate reveals elevated purines in asthma and cystic fibrosis. Am J
Physiol Lung Cell Mol Physiol. 2009;296:L987-L993.

Robroeks CM, Rijkers GT, Jobsis Q, et al. Increased cytokines,
chemokines and soluble adhesion molecules in exhaled breath con-
densate of asthmatic children. Clin Exp Allergy. 2010;40:77-84.
Dallinga JW, Robroeks CM, van Berkel JJ, et al. Volatile organic
compounds in exhaled breath as a diagnostic tool for asthma in
children. Clin Exp Allergy. 2010;40:68-76.

van de Kant KD, Jansen MA, Klaassen EM, et al. Elevated inflam-
matory markers at preschool age precede persistent wheezing at
school age. Pediatr Allergy Immunol. 2012;23:259-264.

Carraro S, Giordano G, Reniero F, et al. Asthma severity in child-
hood and metabolomic profiling of breath condensate. Allergy.
2013;68:110-117.

Araujo L, Moreira A, Palmares C, et al. Induced sputum in children:
success determinants, safety, and cell profiles. J Investig Allergol Clin
Immunol. 2011;21:216-221.

Nussbaum E. Pediatric fiberoptic bronchoscopy: clinical experience
with 2,836 bronchoscopies. Pediatr Crit Care Med. 2002;3:171-176.
Fleming L, Tsartsali L, Wilson N, et al. Sputum inflammatory pheno-
types are not stable in children with asthma. Thorax. 2012;67:675-681.
Bobolea |, Barranco P, Del Pozo V, et al. Sputum periostin in
patients with different severe asthma phenotypes. Allergy.
2015;70:540-546.

Covar RA, Spahn JD, Martin RJ, et al. Safety and application of
induced sputum analysis in childhood asthma. J Allergy Clin Immu-
nol. 2004;114:575-582.

Bakakos P, Schleich F, Alchanatis M, et al. Induced sputum in asthma:
from bench to bedside. Curr Med Chem. 2011;18:1415-1422.

Walsh CJ, Zaihra T, Benedetti A, et al. Exacerbation risk in severe
asthma is stratified by inflammatory phenotype using longitudinal
measures of sputum eosinophils. Clin Exp Allergy. 2016;46:1291-
1302.

Demarche SF, Schleich FN, Paulus VA, et al. Asthma control and
sputum eosinophils: a longitudinal study in daily practice. J Allergy
Clin Immunol Pract. 2017;5:1335-1343.e5.

Lommatzsch SE, Martin RJ, Good JT Jr. Importance of fiberoptic
bronchoscopy in identifying asthma phenotypes to direct personal-
ized therapy. Curr Opin Pulm Med. 2013;19:42-48.

Winkler C, Witte L, Moraw N, et al. Impact of endobronchial aller-
gen provocation on macrophage phenotype in asthmatics. BMC
Immunol. 2014;15:12.

Good JT Jr, Kolakowski CA, Groshong SD, et al. Refractory asthma:
importance of bronchoscopy to identify phenotypes and direct
therapy. Chest. 2012;141:599-606.

Auffray C, Adcock IM, Chung KF, et al. An integrative systems biol-
ogy approach to understanding pulmonary diseases. Chest.
2010;137:1410-1416.

Wheelock CE, Goss VM, Balgoma D, et al. Application of ‘omics
technologies to biomarker discovery in inflammatory lung diseases.
Eur Respir J. 2013;42:802-825.

Bloemen K, Van Den HR, Govarts E, et al. A new approach to
study exhaled proteins as potential biomarkers for asthma. Clin Exp
Allergy. 2011;41:346-356.

Jung J, Kim SH, Lee HS, et al. Serum metabolomics reveals path-
ways and biomarkers associated with asthma pathogenesis. Clin Exp
Allergy. 2013;43:425-433.

Ibrahim B, Marsden P, Smith JA, et al. Breath metabolomic profiling
by nuclear magnetic resonance spectroscopy in asthma. Allergy.
2013;68:1050-1056.

Loureiro CC, Duarte IF, Gomes J, et al. Urinary metabolomic
changes as a predictive biomarker of asthma exacerbation. J Allergy
Clin Immunol. 2014;133:261-263.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

WILEY——¥

Saude EJ, Skappak CD, Regush S, et al. Metabolomic profiling of
asthma: diagnostic utility of urine nuclear magnetic resonance spec-
troscopy. J Allergy Clin Immunol. 2011;127:757-764.

Carraro S, Rezzi S, Reniero F, et al. Metabolomics applied to
exhaled breath condensate in childhood asthma. Am J Respir Crit
Care Med. 2007;175:986-990.

Fitzpatrick AM, Park Y, Brown LA, et al. Children with severe
asthma have unique oxidative stress-associated metabolomic pro-
files. J Allergy Clin Immunol. 2014;133:258-261.

Smolinska A, Klaassen EM, Dallinga JW, et al. Profiling of volatile
organic compounds in exhaled breath as a strategy to find early pre-
dictive signatures of asthma in children. PLoS ONE. 2014;9:€95668.
Agusti A, Sobradillo P, Celli B. Addressing the complexity of chronic
obstructive pulmonary disease: from phenotypes and biomarkers to
scale-free networks, systems biology, and P4 medicine. Am J Respir
Crit Care Med. 2011;183:1129-1137.

Kaicker J, Dang W, D'Urzo A. The challenge of objective confirma-
tion of asthma diagnosis in primary care. NPJ Prim Care Respir Med.
2014;24:14032.

Gershon AS, Victor JC, Guan J, et al. Pulmonary function testing in the
diagnosis of asthma: a population study. Chest. 2012;141:1190-1196.
Finkelstein JA, Lozano P, Shulruff R, et al. Self-reported physician
practices for children with asthma: are national guidelines followed?
Pediatrics. 2000;106:886-896.

Tsuyuki RT, Sin DD, Sharpe HM, et al. Management of asthma
among community-based primary care physicians. J Asthma.
2005;42:163-167.

Aaron SD, Vandemheen KL, Boulet LP, et al. Overdiagnosis of
asthma in obese and nonobese adults. CMAJ. 2008;179:1121-1131.
Holt EW, Tan J, Hosgood HD. The impact of spirometry on pedi-
atric asthma diagnosis and treatment. J Asthma. 2006;43:489-493.
Lusuardi M, De Benedetto F, Paggiaro P, et al. A randomized con-
trolled trial on office spirometry in asthma and COPD in standard
general practice: data from spirometry in Asthma and COPD: a
comparative evaluation lItalian study. Chest. 2006;129:844-852.
Schleich F, Brusselle G, Louis R, et al. Heterogeneity of phenotypes
in severe asthmatics. The Belgian Severe Asthma Registry (BSAR).
Respir Med. 2014;108:1723-1732.

Fuhlbrigge AL, Kitch BT, Paltiel AD, et al. FEV(1) is associated with
risk of asthma attacks in a pediatric population. J Allergy Clin Immu-
nol. 2001;107:61-67.

Grzelewski T, Witkowski K, Makandjou-Ola E, et al. Diagnostic
value of lung function parameters and FeNO for asthma in
schoolchildren in large, real-life population. Pediatr Pulmonol.
2014;49:632-640.

British guideline on the management of asthma. Thorax. 2014;69
(Suppl 1):1-192.

Cerveri 1, Corsico AG, Accordini S, et al. What defines airflow
obstruction in asthma? Eur Respir J. 2009;34:568-573.

Shah S, Sharma G. Current clinical diagnostic tests for asthma. Adv
Exp Med Biol. 2014,795:75-80.

Drewek R, Garber E, Stanclik S, et al. The FEF25-75 and its decline
as a predictor of methacholine responsiveness in children. J Asthma.
2009;46:375-381.

Perez T, Chanez P, Dusser D, et al. Small airway impairment in
moderate to severe asthmatics without significant proximal airway
obstruction. Respir Med. 2013;107:1667-1674.

Mahut B, Bokov P, Delclaux C. Abnormalities of plethysmographic
lung volumes in asthmatic children. Respir Med. 2010;104:966-971.
Topalovic M, Derom E, Osadnik CR, et al. Airways resistance and
specific conductance for the diagnosis of obstructive airways dis-
eases. Respir Res. 2015;16:88.

Lowe L, Murray CS, Custovic A, et al. Specific airway resistance in
3-year-old children: a prospective cohort study. Lancet.
2002;359:1904-1908.



18 | WiLEY

91.
92.
93.

94.

95.

96.

97.

98.
99.

100.

101.

102.
103.

104.

105.
106.
107.
108.
109.

110.

GARCIA-MARCOS ET AL

Lowe LA, Simpson A, Woodcock A, et al. Wheeze phenotypes and
lung function in preschool children. Am J Respir Crit Care Med.
2005;171:231-237.

Busse WW. What is the best pulmonary diagnostic approach for
wheezing patients with normal spirometry? Respir Care.
2012;57:39-46.

Brand PL, Baraldi E, Bisgaard H, et al. Definition, assessment and
treatment of wheezing disorders in preschool children: an evi-
dence-based approach. Eur Respir J. 2008;32:1096-1110.

Beydon N, Davis SD, Lombardi E, et al. An official American Tho-
racic Society/European Respiratory Society statement: pulmonary
function testing in preschool children. Am J Respir Crit Care Med.
2007;175:1304-1345.

Oostveen E, MacLeod D, Lorino H, et al. The forced oscillation
technique in clinical practice: methodology, recommendations and
future developments. Eur Respir J. 2003;22:1026-1041.

Marotta A, Klinnert MD, Price MR, et al. Impulse oscillometry pro-
vides an effective measure of lung dysfunction in 4-year-old chil-
dren at risk for persistent asthma. J Allergy Clin Immunol.
2003;112:317-322.

Ortiz G, Menendez R. The effects of inhaled albuterol and salme-
terol in 2- to 5-year-old asthmatic children as measured by impulse
oscillometry. J Asthma. 2002;39:531-536.

Komarow HD, Skinner J, Young M, et al. A study of the use of
impulse oscillometry in the evaluation of children with asthma:
analysis of lung parameters, order effect, and utility compared with
spirometry. Pediatr Pulmonol. 2012;47:18-26.

Saadeh C, Cross B, Saadeh C, et al. Retrospective observations on
the ability to diagnose and manage patients with asthma through
the use of impulse oscillometry: comparison with spirometry and
overview of the literature. Pulm Med. 2014;2014:376890.

Anderson WJ, Zajda E, Lipworth BJ. Are we overlooking persistent
small airways dysfunction in community-managed asthma? Ann
Allergy Asthma Immunol. 2012;109:185-189.

Lebecque P, Desmond K, Swartebroeckx Y, et al. Measurement of
respiratory system resistance by forced oscillation in normal chil-
dren: a comparison with spirometric values. Pediatr Pulmonol.
1991;10:117-122.

Hordvik NL, Konig P, Morris DA, et al. Normal values for forced
oscillatory respiratory resistance in children. Pediatr Pulmonol.
1985;1:145-148.

Solymar L, Aronsson PH, Bake B, et al. Respiratory resistance and
impedance magnitude in healthy children aged 2-18 years. Pediatr
Pulmonol. 1985;1:134-140.

Beydon N. Interrupter resistance: what's feasible? Paediatr Respir
Rev. 2006;7(Suppl 1):S5-S7.

Kooi EM, Schokker S, van der Molen T, et al. Airway resistance
measurements in pre-school children with asthmatic symptoms: the
interrupter technique. Respir Med. 2006;100:955-964.

Taussig LM, Wright AL, Holberg CJ, et al. Tucson children’s respira-
tory study: 1980 to present. J Allergy Clin Immunol. 2003;111:661-
675.

Bisgaard H, Jensen SM, Bonnelykke K. Interaction between asthma
and lung function growth in early life. Am J Respir Crit Care Med.
2012;185:1183-1189.

Turner SW, Palmer LJ, Rye PJ, et al. The relationship between
infant airway function, childhood airway responsiveness, and
asthma. Am J Respir Crit Care Med. 2004;169:921-927.

Pike KC, Rose-Zerilli MJ, Osvald EC, et al. The relationship
between infant lung function and the risk of wheeze in the pre-
school years. Pediatr Pulmonol. 2011;46:75-82.

Lum S, Bountziouka V, Wade A, et al. New reference ranges for
interpreting forced expiratory manoeuvres in infants and implica-
tions for clinical interpretation: a multicentre collaboration. Thorax.
2016;71:276-283.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

Jones M, Castile R, Davis S, et al. Forced expiratory flows and vol-
umes in infants. Normative data and lung growth. Am J Respir Crit
Care Med. 2000;161:353-359.

Lum S, Hoo AF, Hulskamp G, et al. Potential misinterpretation of
infant lung function unless prospective healthy controls are studied.
Pediatr Pulmonol. 2010;45:906-913.

Bisgaard H, Loland L, Holst KK, et al. Prenatal determinants of
neonatal lung function in high-risk newborns. J Allergy Clin Immunol.
2009;123:651-657.

Venegas JG, Winkler T, Musch G, et al. Self-organized patchiness in
asthma as a prelude to catastrophic shifts. Nature. 2005;434:777-782.
Verbanck S, Schuermans D, Noppen M, et al. Evidence of acinar
airway involvement in asthma. Am J Respir Crit Care Med.
1999;159:1545-1550.

Gustafsson PM, Ljungberg HK, Kjellman B. Peripheral airway
involvement in asthma assessed by single-breath SF6 and He wash-
out. Eur Respir J. 2003;21:1033-1039.

Ljungberg HK, Gustafsson PM. Peripheral airway function in child-
hood asthma, assessed by single-breath He and SF6 washout. Pedi-
atr Pulmonol. 2003;36:339-347.

Thompson BR, Douglass JA, Ellis MJ, et al. Peripheral lung function
in patients with stable and unstable asthma. J Allergy Clin Immunol.
2013;131:1322-1328.

Verbanck S, Schuermans D, Paiva M, et al. Nonreversible conduc-
tive airway ventilation heterogeneity in mild asthma. J Appl Physiol.
2003;94:1380-1386.

Downie SR, Salome CM, Verbanck S, et al. Ventilation heterogeneity
is a major determinant of airway hyperresponsiveness in asthma,
independent of airway inflammation. Thorax. 2007;62:684-689.
Downie SR, Salome CM, Verbanck S, et al. Effect of methacholine
on peripheral lung mechanics and ventilation heterogeneity in
asthma. J Appl Physiol. 2013;114:770-777.

Keen C, Olin AC, Wennergren G, et al. Small airway function,
exhaled NO and airway hyper-responsiveness in paediatric asthma.
Respir Med. 2011;105:1476-1484.

Hardaker KM, Downie SR, Kermode JA, et al. Ventilation hetero-
geneity is associated with airway responsiveness in asthma but not
COPD. Respir Physiol Neurobiol. 2013;189:106-111.

Farrow CE, Salome CM, Harris BE, et al. Airway closure on imaging
relates to airway hyperresponsiveness and peripheral airway dis-
ease in asthma. J Appl Physiol. 2012;113:958-966.

Farah CS, King GG, Brown NJ, et al. The role of the small airways
in the clinical expression of asthma in adults. J Allergy Clin Immunol.
2012;129:381-387.

Farah CS, King GG, Brown NJ, et al. Ventilation heterogeneity pre-
dicts asthma control in adults following inhaled corticosteroid dose
titration. J Allergy Clin Immunol. 2012;130:61-68.

Verbanck S, Schuermans D, Vincken W. Inflammation and airway
function in the lung periphery of patients with stable asthma. J
Allergy Clin Immunol. 2010;125:611-616.

Sonnappa S, Bastardo CM, Wade A, et al. Symptom-pattern pheno-
type and pulmonary function in preschool wheezers. J Allergy Clin
Immunol. 2010;126:519-526.

Schultz A, Devadason SG, Savenije OE, et al. The transient value of
classifying preschool wheeze into episodic viral wheeze and multi-
ple trigger wheeze. Acta Paediatr. 2010;99:56-60.

Macleod KA, Horsley AR, Bell NJ, et al. Ventilation heterogeneity in
children with well controlled asthma with normal spirometry indi-
cates residual airways disease. Thorax. 2009;64:33-37.

Verbanck S, Paiva M, Schuermans D, et al. Relationships between
the lung clearance index and conductive and acinar ventilation
heterogeneity. J Appl Physiol. 2012;112:782-790.

Demedts M, de Roo M, Cosemans J, et al. Xenon and nitrogen sin-
gle-breath washout curves in patients with airway obstruction. J
Appl Physiol. 1976;41:185-190.



GARCIA-MARCOS ET AL

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Siegler D, Fukuchi Y, Engel L. Influence of bronchomotor tone on
ventilation distribution and airway closure in asymptomatic asthma.
Am Rev Respir Dis. 1976;114:123-130.

von Nieding G, Lollgen H, Smidt U, et al. Simultaneous washout of
helium and sulfur hexafluoride in healthy subjects and patients with
chronic bronchitis, bronchial asthma, and emphysema. Am Rev
Respir Dis. 1977;116:649-660.

Bourdin A, Paganin F, Prefaut C, et al. Nitrogen washout slope in
poorly controlled asthma. Allergy. 2006;61:85-89.

Singer F, Abbas C, Yammine S, et al. Abnormal small airways func-
tion in children with mild asthma. Chest. 2014;145:492-499.
Pellegrino R, Viegi G, Brusasco V, et al. Interpretative strategies for
lung function tests. Eur Respir J. 2005;26:948-968.

Weir DC, Sherwood BP. Measures of reversibility in response to
bronchodilators in chronic airflow obstruction: relation to airway
calibre. Thorax. 1991;46:43-45.

Brand PL, Quanjer PH, Postma DS, et al. Interpretation of bron-
chodilator response in patients with obstructive airways disease.
The Dutch Chronic Non-Specific Lung Disease (CNSLD) Study
Group. Thorax. 1992;47:429-436.

Guyatt GH, Townsend M, Nogradi S, et al. Acute response to bron-
chodilator. An imperfect guide for bronchodilator therapy in
chronic airflow limitation. Arch Intern Med. 1988;148:1949-1952.
Tan WC, Vollmer WM, Lamprecht B, et al. Worldwide patterns of
bronchodilator responsiveness: results from the Burden of Obstruc-
tive Lung Disease study. Thorax. 2012;67:718-726.

Lorber DB, Kaltenborn W, Burrows B. Responses to isoproterenol in
a general population sample. Am Rev Respir Dis. 1978;118:855-861.
Pellegrino R, Brusasco V. Point: is an increase in FEV(1) and/or
FVC >/= 12% of control and >/= 200 mL the best way to assess
positive bronchodilator response? Yes. Chest. 2014;146:536-537.
Hansen JE, Porszasz J. Counterpoint: is an increase in FEV(1) and/
or FVC >/= 12% of control and >/= 200 mL the best way to assess
positive bronchodilator response? No. Chest. 2014;146:538-541.
Hansen JE, Porszasz J. Rebuttal from Drs Hansen and Porszasz.
Chest. 2014;146:542-544.

Pellegrino R, Brusasco V. Rebuttal from Drs Pellegrino and Bru-
sasco. Chest. 2014;146:541-542.

Tashkin DP, Celli B, Decramer M, et al. Bronchodilator responsive-
ness in patients with COPD. Eur Respir J. 2008;31:742-750.

Global strategy for the diagnosis, management, and prevention of
chronic obstructive pulmonary disease (GOLD); 2015. http://
www.goldcopd.org/uploads/users/files/GOLD_Report_2015.pdf.
Accessed June 30, 2017.

Capasso M, Varricchio A, Ciprandi G. Impact of allergic rhinitis on
asthma in children: effects on bronchodilation test. Allergy.
2010;65:264-268.

Dundas |, Chan EY, Bridge PD, et al. Diagnostic accuracy of bron-
chodilator responsiveness in wheezy children. Thorax. 2005;60:13-16.
Tantisira KG, Fuhlbrigge AL, Tonascia J, et al. Bronchodilation and
bronchoconstriction: predictors of future lung function in childhood
asthma. J Allergy Clin Immunol. 2006;117:1264-1271.

Bacharier LB, Strunk RC, Mauger D, et al. Classifying asthma sever-
ity in children: mismatch between symptoms, medication use, and
lung function. Am J Respir Crit Care Med. 2004;170:426-432.

Tse SM, Gold DR, Sordillo JE, et al. Diagnostic accuracy of the
bronchodilator response in children. J Allergy Clin Immunol.
2013;132:554-559.

Sharma S, Litonjua AA, Tantisira KG, et al. Clinical predictors and
outcomes of consistent bronchodilator response in the childhood
asthma management program. J Allergy Clin Immunol. 2008;122:921-
928.

Lemanske RF Jr, Mauger DT, Sorkness CA, et al. Step-up therapy
for children with uncontrolled asthma receiving inhaled corticos-
teroids. N Engl J Med. 2010;362:975-985.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

WILEY——¥

Peters SP, Bleecker ER, Kunselman SJ, et al. Predictors of response
to tiotropium versus salmeterol in asthmatic adults. J Allergy Clin
Immunol. 2013;132:1068-1074.

Crapo RO, Casaburi R, Coates AL, et al. Guidelines for methacholine
and exercise challenge testing-1999. This official statement of the
American Thoracic Society was adopted by the ATS Board of Direc-
tors, July 1999. Am J Respir Crit Care Med. 2000;161:309-329.

Hunter CJ, Brightling CE, Woltmann G, et al. A comparison of the
validity of different diagnostic tests in adults with asthma. Chest.
2002;121:1051-1057.

Cockcroft DW, Davis BE. Mechanisms of airway hyperresponsive-
ness. J Allergy Clin Immunol. 2006;118:551-559.

Louis R, Sele J, Henket M, et al. Sputum eosinophil count in a large
population of patients with mild to moderate steroid-naive asthma:
distribution and relationship with methacholine bronchial hyperre-
sponsiveness. Allergy. 2002;57:907-912.

Joos GF, O'Connor B, Anderson SD, et al. Indirect airway chal-
lenges. Eur Respir J. 2003;21:1050-1068.

Leuppi JD. Bronchoprovocation tests in asthma: direct versus indi-
rect challenges. Curr Opin Pulm Med. 2014;20:31-36.

Gibbons WJ, Sharma A, Lougheed D, et al. Detection of excessive
bronchoconstriction in asthma. Am J Respir Crit Care Med.
1996;153:582-589.

Quaedvlieg V, Sele J, Henket M, et al. Association between asthma
control and bronchial hyperresponsiveness and airways inflamma-
tion: a cross-sectional study in daily practice. Clin Exp Allergy.
2009;39:1822-1829.

Sont JK, Willems LN, Bel EH, et al. Clinical control and histopatho-
logic outcome of asthma when using airway hyperresponsiveness
as an additional guide to long-term treatment. The AMPUL Study
Group. Am J Respir Crit Care Med. 1999;159:1043-1051.

Nuijsink M, Hop WC, Sterk PJ, et al. Long-term asthma treatment
guided by airway hyperresponsiveness in children: a randomised
controlled trial. Eur Respir J. 2007;30:457-466.

Manoharan A, Lipworth BJ, Craig E, et al. The potential role of direct
and indirect bronchial challenge testing to identify overtreatment of
community managed asthma. Clin Exp Allergy. 2014;44:1240-1245.
Luks VP, Vandemheen KL, Aaron SD. Confirmation of asthma in an
era of overdiagnosis. Eur Respir J. 2010;36:255-260.

Anderson SD, Brannan J, Spring J, et al. A new method for bronchial-
provocation testing in asthmatic subjects using a dry powder of man-
nitol. Am J Respir Crit Care Med. 1997;156:758-765.

Roorda RJ, Gerritsen J, van Aalderen WM, et al. Follow-up of
asthma from childhood to adulthood: influence of potential child-
hood risk factors on the outcome of pulmonary function and bron-
chial responsiveness in adulthood. J Allergy Clin Immunol.
1994,93:575-584.

Guilbert TW, Morgan WJ, Zeiger RS, et al. Long-term inhaled corti-
costeroids in preschool children at high risk for asthma. N Engl J
Med. 2006;354:1985-1997.

Kurukulaaratchy RJ, Matthews S, Holgate ST, et al. Predicting per-
sistent disease among children who wheeze during early life. Eur
Respir J. 2003;22:767-771.

Devulapalli CS, Carlsen KC, Haland G, et al. Severity of obstructive
airways disease by age 2 years predicts asthma at 10 years of age.
Thorax. 2008;63:8-13.

Caudri D, Wijga A, Schipper CM, et al. Predicting the long-term
prognosis of children with symptoms suggestive of asthma at pre-
school age. J Allergy Clin Immunol. 2009;124:903-910.

Pescatore AM, Dogaru CM, Duembgen L, et al. A simple asthma
prediction tool for preschool children with wheeze or cough. J
Allergy Clin Immunol. 2014;133:111-118.

Fouzas S, Brand PL. Predicting persistence of asthma in preschool
wheezers: crystal balls or muddy waters? Paediatr Respir Rev.
2013;14:46-52.


http://www.goldcopd.org/uploads/users/files/GOLD_Report_2015.pdf
http://www.goldcopd.org/uploads/users/files/GOLD_Report_2015.pdf

® | WiLEY

GARCIA-MARCOS ET AL

177. Chang TS, Lemanske RF Jr, Guilbert TW, et al. Evaluation of the
modified asthma predictive index in high-risk preschool children. J
Allergy Clin Immunol Pract. 2013;1:152-156.

178. Rodriguez-Martinez CE, Sossa-Briceno MP, Castro-Rodriguez JA.
Discriminative properties of two predictive indices for asthma diag-
nosis in a sample of preschoolers with recurrent wheezing. Pediatr
Pulmonol. 2011;46:1175-1181.

179. Van Wonderen KE, Van Der Mark LB, Mohrs J, et al. Different def-
initions in childhood asthma: how dependable is the dependent
variable? Eur Respir J. 2010;36:48-56.

180. Balemans WA, van der Ent CK, Schilder AG, et al. Prediction of
asthma in young adults using childhood characteristics: develop-
ment of a prediction rule. J Clin Epidemiol. 2006;59:1207-1212.

181. Pifferi M, Ragazzo V, Caramella D, et al. Eosinophil cationic protein
in infants with respiratory syncytial virus bronchiolitis: predictive
value for subsequent development of persistent wheezing. Pediatr
Pulmonol. 2001;31:419-424.

182. Marenholz |, Kerscher T, Bauerfeind A, et al. An interaction
between filaggrin mutations and early food sensitization improves
the prediction of childhood asthma. J Allergy Clin Immunol.
2009;123:911-916.

183. Bloemen K, Koppen G, Govarts E, et al. Application of non-invasive
biomarkers in a birth cohort follow-up in relation to respiratory
health outcome. Biomarkers. 2010;15:583-593.

184. Holt PG, Rowe J, Kusel M, et al. Toward improved prediction of
risk for atopy and asthma among preschoolers: a prospective
cohort study. J Allergy Clin Immunol. 2010;125:653-659.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the
supporting information tab for this article.

How to cite this article: Garcia-Marcos L, Edwards J,
Kennington E, et al; the EARIP Collaboration. Priorities for
future research into asthma diagnostic tools: A PAN-EU
consensus exercise from the European asthma research
innovation partnership (EARIP). Clin Exp Allergy. 2018;48:
104-120. https://doi.org/10.1111/cea.13080

APPENDIX 1

The members of the European Asthma Research and Innovation
Partnership (EARIP) who participated in one or more stages of the
present consensus were as follows:

Paul Aurora; University College London; UK. Eugenio Baraldi;
University of Padova; Italy. John Blakey; Liverpool School of Tropical
Medicine; UK. Silvia Carraro; University of Padova; Italy. Chris
Compton; GSK; UK. Louise Fleming; Imperial College; London; UK.
Steve Fowler; University of Manchester; UK. Erol Gaillard; University
of Leicester; UK. Monika Gappa; Marienhospital Wesel; Wesel; Ger-
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son; EARIP Patient Advisory Group; UK. Glenn Glenn Crater;
Aerocrine; UK. Renaud Louis; University of Liege; Belgium. Antonio
Moreno-Galdo; University Hospital Vall d’Hebron; Barcelona; Spain.
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of Pisa; Italy. Kostas Priftis; University of Athens; Greece. Amanda
Roberts; EARIP Patient Advisory Group. Dermot Ryan; General Prac-
titioner, UK. Manuel Sanchez-Solis; University of Murcia; Spain.
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Table S1. Search strategies per topic (for online supplement)

Blood: PubMed was searched for terms “asthma diagnosis and blood cells®, “asthma

diagnosis and biomarkers*, “asthma monitoring and blood cells“, “asthma monitoring

and biomarkers*, “asthma and biomarkers*.

FeNO: Pubmed and Embase were searched with the following strategy: “Exhaled nitric
oxide and asthma and diagnosis”; “Exhaled nitric oxide and asthma and monitoring”.

VOCs. Pubmed and Embase with the following search strategies: “Volatile organic
compounds AND asthma AND diagnosis”; and “Volatile organic compounds AND
asthma AND monitoring”

Breath condensate. Pubmed and Embase was searched with the following search
terms: “exhaled breath condensate”, “condensate” AND “asthma diagnosis”, “asthma
monitoring”. Search limits: “English”.

BAL and sputum: Pubmed and Embase was searched with search terms *‘sputum’,
‘bronchoalveolar lavage’, ‘biomarker’, ‘fiberoptic bronchoscopy’, AND ‘asthma’.
Search limits: ‘English’

Systems biology: Pubmed and Embase was searched with search terms *“system
biology”, “metabolomics”, “proteomics” AND “asthma diagnosis”, “asthma
monitoring”. Search limits: ‘English’

Spirometry and plethismography: Pubmed was searched with search terms “Asthma
AND diagnosis AND spirometry”, and “asthma AND diagnosis AND
plethysmography”. Also, a secondary search was done, selecting articles from
references.

LFT in non-cooperative patients: Pubmed was searched using as key words “lung
function tests”, “lung function evaluation”, “pre-school children”, “asthma”, “bronchial
reversibility”, “forced oscillation technique”, “interrupter technique”, using as search

limit “English”.

Infant lung function tests: Pubmed was searched with search terms ‘Infant lung
function’, ‘infant pulmonary function’, AND *‘asthma’, asthma phenotypes’. Search
limits: “ages: birth to 23 months.

Washout: Pubmed was searched with the terms (asthma OR wheeze) AND (inert gas
washout OR multiple breath washout OR multi-breath washout OR single breath



washout). Eighty-eight publications were identified, of which 18 are cited here. Four
further publications were identified from review of the first tranche

Bronchodilation: Pubmed and Embase with the following search strategies:
“Broncholilation test AND asthma AND diagnosis™; and “Broncholilation test AND
asthma AND monitoring”

Bronchial Challenge tests. Pubmed and Embase with the following search strategies:
“Bronchial challenge test AND asthma AND diagnosis”; and “Bronchial challenge test
AND asthma AND monitoring”

Asthma prediction: The strategy on asthma prediction was: [(asthma) AND
("predictive index" OR "predictive algorithm"™ OR "predictive tool" OR "predictive
score”)] OR *asthma prediction”. The databases looked in were PubMed, Scopus,
Cochrane and Embase with no specific starting date. There was language limitation to
English and Spanish and it included only journal articles. The search retrieved a total of
822 papers which were reduced to 688 after discarding duplicates, and further to 107
after selecting those which were directly relevant (not including those only measuring
associations of risk factors with future asthma). Of those 108, only 48 were specificaly
focused on the prediction of new cases of asthma based on risk factors of the family or
acting in the first months or years of life. Sixteen of those 48 were reviews or
comments on the original papers, and thus the present review is focusing on the
remaining 32. The rest of the 108 articles (n=60) were devoted to the prediction of
asthma exacerbations (n=44), of a good response to immunotherapy (n=6), of suffering
from occupational asthma (n=7) and of case detection in administrative databases (n=3).
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