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Abstract

Bronchial asthma is one of the most prevalent respiratory
conditions. Although it is defined as an inflammatory dis-
ease, the current guidelines for both diagnosis and follow-up
of patients are based only on clinical and lung function pa-
rameters. Current research is focused on finding markers
that can accurately predict future risk, and on assessing the
ability of these markers to guide medical treatment and thus
improve prognosis. The use of noninvasive methods to study
airway inflammation is gaining increasing support. The study
of eosinophils in induced sputum has proved useful for the
diagnosis of asthma; however, its clinical implementation is
complex. Some studies have shown that the measurement
of exhaled nitric oxide (FeNO) may also be useful to establish
disease phenotypes and improve control. Others have found
that the measurement of pH and certain markers of oxidative

stress, cytokines and prostanoids in exhaled breath conden-
sate (EBC) may also be useful as well as the measurement of
the temperature of exhaled breath and the analysis of vola-
tile organic compounds (VOCs). In conclusion, since asthma
is an inflammatory disease, it seems appropriate to try to
control it through the study of airway inflammation using
noninvasive methods. In this regard, the analysis of induced
sputum cells has proved very useful, although the clinical
implementation of this technique seems difficult. Other
techniques such as temperature measurement, the analysis
of FeNO, the analysis of the VOCs in exhaled breath, or the
study of certain biomarkers in EBC require further study in
order to determine their clinical applicability.

© 2015 S. Karger AG, Basel

Introduction
Bronchial asthma is one of the most common respira-

tory diseases and its incidence has increased in recent de-
cades [1, 2]. It is characterized by airway inflammation,

© 2015 S. Karger AG, Basel
1018-2438/15/1661-0001$39.50/0

KARGER 125

E-Mail karger@karger.com
www.karger.com/iaa

Correspondence to: Dr. Xavier Mufioz

Servei de Pneumologia, Hospital Universitari Vall d’Hebron
Passeig Vall d'Hebron119

ES-08035 Barcelona (Spain)

E-Mail xmunoz @ vhebron.net

/ergata

)



http://dx.doi.org/10.1159%2F000371849

bronchial hyperreactivity and chronic obstructive pul-
monary disease (COPD) of varying degrees of reversibil-
ity [3]. Fortunately, most cases are mild and are not dif-
ficult for family physicians to diagnose and treat [4].
However, there are many situations in which the diagno-
sis is more demanding or is of greater significance, as in
the case of work-related asthma; in other cases the man-
agement of the disease is complicated by being refractory
to treatment due to associated factors, clinical or inflam-
matory disease phenotypes or comorbidities. Asthma pa-
tients present with particularly high morbidity and mor-
tality, and the disease represents a major financial burden
for health systems [5, 6].

Since asthma is an incurable disease, the goal of all cur-
rent treatment strategies is limited to its control, to the
extent that its manifestations can be reduced or removed
[3]. The assessment of asthma control should include two
aspects: current clinical control and future risk, under-
stood as the ability to reduce or minimize the number of
exacerbations, decreased lung function and the occur-
rence of adverse effects due to treatment [7]. Current
guidelines base their treatment recommendations on
achieving control, basically by adjusting the treatment ac-
cording to the symptoms presented and trusting that
symptom control will prevent the occurrence of exacer-
bations and the possible impairment of lung function [3,
8]. However, this may not always be the case. In fact, re-
cent studies have identified discordant phenotypes of
asthma in which the symptoms are not necessarily related
to the degree of airway inflammation [9, 10]. Morever,
marked inflammation of airways in asthma patients may
persist even if the disease appears to be controlled [11].

Since asthma is an inflammatory disease, several au-
thors have measured it by enumerating inflammatory
cells by means of endobronchial biopsies and bronchoal-
veolar lavage [12, 13]. This strategy has proved useful, as
it identifies different asthma phenotypes [14, 15] and al-
lows the use of different treatments to address the phys-
iopathological mechanisms that cause a particular type of
inflammation [16-18]. However, these methods cannot
be applied in the routine monitoring of asthmatic pa-
tients. This situation, together with the new trend to-
wards defining not only inflammatory but also molecular
phenotypes [19], has increased the interest in defining the
type of inflammation and in seeking different types of
biomarkers by noninvasive methods. This review focuses
on the different noninvasive or minimally invasive meth-
ods to measure airway inflammation that can help achieve
the goal of a better-suited, more personalized and effec-
tive treatment for asthma patients. Using a similar ap-
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proach, several authors have proposed adjusting treat-
ment in accordance with the degree of bronchial hyper-
responsiveness and observed improved control [20, 21];
this point will not be discussed here.

Induced Sputum

Cellular analysis of sputum is a minimally invasive
method that may be useful for diagnosis, differential di-
agnosis and adjustment of treatment in patients with
bronchial asthma [22, 23]. Induced sputum analysis com-
prises two steps: sputum induction and sputum process-
ing, both of which are well validated [24]. Sputum pro-
duction is induced by the inhalation of hypertonic saline
solution using an ultrasonic nebulizer. In general, pa-
tients are pretreated with inhaled salbutamol 10 min be-
fore nebulization with increasing concentrations of hy-
pertonic saline (3, 4 and 5%) for 5 min. Prior to each neb-
ulization, spirometry is performed because if a decrease
in FEV; of >20% of the baseline is observed, the proce-
dure should be discontinued [25]. After induction, the
sputum samples must be processed within 2 h to ensure
the optimal retrieval of information on the inflammatory
cells and inflammatory mediators present in the airways.
Complete homogenization can be achieved by the addi-
tion of an equal volume of dithiothreitol solution to the
whole sample or of 4 times the volume of a selected plug.
This is important in order to release cells from the mucus
and to allow their identification. To separate cells from
the sputum fluid phase, the sample must be centrifuged
and the cell concentration adjusted to 1.0 x 10° cells/ml,
in order to perform a cytospin preparation for cytocen-
trifugation. After cytospin staining, the differential cellu-
lar count is determined by counting a minimum of 400
nonsquamous cells, and is reported as relative numbers
of eosinophils, neutrophils, lymphocytes, macrophages
and epithelial cells [26] (fig. 1). Due to its complexity,
however, this technique cannot be widely recommended.

At least 3 pathological phenotypes of asthma have
been proposed, based on the predominant cell type in-
volved, i.e. eosinophilic, neutrophilic and paucigranulo-
cytic [14]. When eosinophilic inflammation is not pre-
dominant or when concomitant presence of both eosino-
phils and neutrophils (mixed cellularity) is observed, the
disease appears to be more severe [27, 28]. Eosinophilic
inflammation is likely to have a Th2 immune component,
a reflection of adaptive immunity [9, 29], and treatment
with inhaled or systemic corticosteroids is usually helpful
even for smokers or former smokers [30]. The mecha-
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nisms for airway neutrophilia are less clear. Thl factors
may play a role [31] and Th17 immunity has been impli-
cated in some cases of severe asthma [32]. Finally, the
mechanisms in patients with little or no inflammation
may involve the activation of resident cellular elements
including smooth-muscle cells, fibroblasts and neurons
[33]. Treatment with corticosteroids appears to be less
useful in the last 2 phenotypes [34]. In this context, dif-
ferentiating the type of inflammation in asthma patients
may be useful to establish the best treatment possible.

In the last decade, several authors have proposed the
use of the eosinophil count in induced sputum to optimize
the treatment of asthma patients and reduce the risk of
exacerbations. Green et al. [35] recruited 74 patients with
moderate to severe asthma and randomly allocated them
to management either by British Thoracic Society asthma
guidelines or by normalization of the induced sputum eo-
sinophil count and reduction of symptoms. After 1 year of
follow-up, the sputum eosinophil count and the number
of exacerbations were significantly lower in the sputum-
management group than in the clinical-management
group. The authors concluded that a treatment strategy
directed at normalization of the induced sputum eosino-
phil count reduces asthma exacerbations and admissions,
without the need for additional anti-inflammatory treat-
ment. Comparable results were observed by Chlumsky et
al. [36] and Jayaram et al. [37], who applied a similar strat-
egy with 55 and 117 asthma patients, respectively, but with
follow-up periods of 18 and 24 months, respectively (ta-
ble 1). Based mainly on these 3 studies, a recent system-
atic review and meta-analysis concluded that the tailoring
of asthma treatment based on sputum eosinophils is in-
deed useful in reducing asthma exacerbations [38].

This finding may be related to the recent observation
that bronchial inflammation may persist after years of dis-
ease evolution in patients with well-controlled asthma. In
a recent cross-sectional study conducted on 84 adult pa-
tients with an Asthma Control Questionnaire score of
<0.75 and with no exacerbations in the previous year, per-
sistent bronchial inflammation was documented in 59 pa-
tients (66%): 28 cases were considered eosinophilic, 28
neutrophilic and 3 as mixed [11]. Similar findings have
been reported by other authors. In a population of 76 adult
patients with total asthma control based on GINA/NIH
guidelines, Hanxiang et al. [39] observed higher levels of
eosinophils, eosinophil cationic protein and IL-5 in com-
parison with healthy subjects, suggesting that airway in-
flammation persists during total asthma control. Madhu-
ban et al. [40] reported similar results in a pediatric popu-
lation with well-controlled asthma and presenting with

Asthma Control and Noninvasive
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Fig. 1. Cell types that can be found in induced sputum samples.

Table 1. Generals characteristics of the 3 studies included in most
reviews on the utility of adjusting asthma treatment based on the
eosinophil count in induced sputum

Green Chlumsky Jayaram

etal. [35] etal. [36] etal. [37]
Patients, n A: 37 A: 30 A: 50

B: 37 B: 21 B: 52
Age, years A: 36 A: 42 A: 46

B: 32 B: 48 B: 43

(median) (mean) (mean)
Male sex, n A: 19 A: 13 A: 15

B: 21 B:6 B: 15
Asthma severity Moderate  Moderate Mild

to severe to severe Moderate

to severe!

FEV}, % predicted A:73.4 A:71.8 A:78.4
(mean) B:75.9 B:71.3 B: 78.7
Follow-up, months 12 18 24
Sputum eosinophils ~ A:2.4 A:9 A:2
at baseline, % B:2.0 B: - B:2

(geometric (median)

mean)
Inhaled steroids, A: 1,930 A: 1,695 A: 500
ug/day B:1,680  B:1418 B: 500

(mean) (mean) (median)
Exacerbations A: 35 A:0.22 A:47
during study, n B: 109 B: 0.78 B: 79

(total) (per patient (total)

per year)

A = Treatment based on eosinophil count; B = treatment ac-
cording to clinical guidelines.
! The majority of patients were classified as moderate to severe.
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exercise-induced bronchoconstriction. In these studies,
asthma control and treatment were carried out in accor-
dance with clinical guidelines; therefore, it is not surprising
that all subjects presented with bronchial inflammation.

These considerations are particularly relevant in the
case of patients with severe asthma, for whom sputum cell
analysis is probably the most useful [41]. The interna-
tional European Respiratory Society/ American Thoracic
Society (ERS/ATS) guidelines for the definition, evalua-
tion and treatment of severe asthma in patients have es-
tablished that the treatment of adults with severe asthma
should be guided by clinical criteria and sputum eosino-
phil counts performed at centers with experience in the
use of this technique, rather than by clinical criteria alone
[19]. The authors emphasize that the use of sputum eo-
sinophil counts to guide therapy for adults ‘places a high-
er value on possible clinical benefits from adjusting the
treatment in selected patients and on avoidance of inap-
propriate escalation of treatment and a lower value on
increased use of resources’. Patients who are likely to ben-
efit from this approach are those who can produce spu-
tum, demonstrate persistent or at least intermittent eo-
sinophilia and have severe asthma with frequent exacer-
bations [19].

Studies Conducted on Exhaled Air

Exhaled Nitric Oxide

Nitric oxide (NO), a small gaseous free radical, is the
most extensively studied of the noninvasive exhaled mark-
ers of airway inflammation. In the respiratory tract, NO is
produced by a wide variety of cell types, including epithe-
lial cells, airway nerves, inflammatory cells and vascular
endothelial cells [42]. It is generated by the conversion of
L-arginine to L-citrulline, catalyzed by enzymes known as
nitric oxide synthases (NOS). NOS exist as 3 distinct iso-
forms, constitutive neural NOS, constitutive endothelial
NOS and inducible (i)NOS [43]. High concentrations of
iNOS-derived NO have been implicated in nonspecific
host defense mechanisms against pathogens as well as in
chronic inflammatory diseases, and iNOS is the key iso-
form in the study and treatment of asthma [44]. The levels
of NO can be measured repeatedly in exhaled breath (i.e.
exhaled NO, FeNO), using a range of commercially avail-
able analyses. Recommendations outlining standardized
procedures for adequate FeNO measurement have been
published by a task force of the ATS and ERS [45].

Several applications have been attributed to FeNO in
relation to bronchial asthma. Among them are its possi-
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ble use as an inflammatory marker or identifier of pheno-
types in the diagnosis, monitoring and management of
asthma patients, or as a marker of compliance with treat-
ment. Currently, there are no reference values for FeNO;
a guide prepared by the ATS suggested that cut-off points
should be established depending on the aim of the test
(e.g. diagnosis of asthma and control of the disease), and
taking into account the equipment used and the condi-
tion of each individual patient [46].

In relation to use as an inflammatory marker, high lev-
els of FeNO have been observed in asthma patients com-
pared to healthy controls and, in particular, in atopic ver-
sus nonatopic asthma patients [47]. Several studies have
shown a significant correlation between FeNO levels and
eosinophil count in sputum, bronchoalveolar lavage fluid
or bronchial biopsies in asthma patients, suggesting that
FeNO maybe an important marker of eosinophilic inflam-
mation [48-51]. This possibility is corroborated by the fact
that the relationship between FeNO and esonophilic in-
flammation is probably independent of the underlying pa-
thology, as has also been demonstrated in patients with
COPD [52, 53], eosinophilic bronchitis [54] or in atopic
patients with allergic rhinitis [47]. It is known that corti-
costeroid treatment decreases the number of eosinophils
in the airways of asthma patients. Bearing in mind the re-
lationship between FeNO and eosinophilic inflammation,
some authors have suggested that FeNO levels may predict
the response to corticosteroid treatment [55].

The identification of phenotypes in patients with
bronchial asthma and of phenotype-specific biomarkers
that can predict responses to different treatments is the
current goal of asthma management [56]. Recently, Ha-
nania etal. [57] observed that in patients with severe asth-
ma treated with omalizumab, FeNO levels may predict
the response to treatment. In patients with severe asthma,
the identification of phenotypes may be particularly rel-
evant. Associations between FeNO and asthma severity
has been reported. Among patients with severe asthma,
FeNO identifies the most reactive asthma phenotype [58].
Moreover, FeNO levels are higher in patients with refrac-
tory asthma and the eosinophilic phenotype [28]. Ame-
link et al. [59] recently suggested that the association of
adult-onset, severe, nonatopic asthma and persistent eo-
sinophilic airway inflammation related to high FeNO lev-
els indicates a specific phenotype. Another specific phe-
notype, according to cluster analysis, is adult-onset, se-
vere, nonatopic asthma, obesity and a low level of FeNO
[9, 60].

Several studies have examined the utility of FeNO
measurement as a diagnostic test for asthma [61-66]. Re-
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Table 2. Utility of FeNO measurement as a diagnostic test for asthma

Schneider et al. [61]

Smith et al. [62]

Pedrosa et al. [63]

Dupont et al. [65]

Berkman et al. [66]

Patients, n A: 154 A: 17 A:35 A: 160 A: 40
B:234 B: 30 B: 80 B: 80 B: 45
Age, years A:40.5 A:41.6 A:36.5 A:41 A:21.9
B: 44.6 B: 31.8 B: 32.8 B: 43 B:29.3
Male sex, n A: 63 A:9 A: 16 A:77 A:24
B: 92 B: 11 B:27 B: 34 B:24
Mean FEV, % A:101.3 A:90.5 A:97.9 A: 101 A: 919
predicted B:107.7 B: 110 B: 107 B: 109 B: 98
FeNO, ppb A:424 A:52 A: 58 A: 25 A:13
B:22.0 B:15.7 B:29.5 B: 11 B: 4
Sensitivity 0.49 (25 ppb) 88% (20 ppb) 74% (40 ppb) 85% (13 ppb) 82% (7 ppb)
Specificity 0.75 (25 ppb) 70% (20 ppb) 72% (40 ppb) 80% (13 ppb) 89% (7 ppb)
PPV 80% (71 ppb) 70% (20 ppb) 54% (40 ppb) 89% (13 ppb) -
NPV 82% (9 ppb) 92% (20 ppb) 87% (40 ppb) 89% (13 ppb) -

A = Asthma; B = no asthma; NPV = negative predictive value; PPV = positive predictive value.

sults are mixed, with the sensitivity ranging between 72
and 88% and the specificity between 64 and 88% (table 2).
Nevertheless, several guidelines advocate the use of FeNO
asadiagnostic test [8, 46]. Specifically, the ATS guidelines
state that FeNO values >50 ppb in adults and >35 ppb in
children can predict asthma [46], while the Spanish
guidelines set the cut-off point at 30 ppb [8]. However,
the diagnostic role of FeNO is limited, principally because
airway inflammation in asthma is not always associated
with increased FeNO levels [67].

The use of FeNO has also been proposed for the con-
trol and management of asthma. Some studies propose
adjusting the treatment according to the FeNO levels
rather than according to clinical recommendations as
most guidelines suggest [68, 69]. However, these results
have not been reproduced by other groups (table 3) [70,
71]. A recent meta-analysis on the efficacy of tailoring
asthma interventions based on FeNO values showed that
the benefits of the FeNO strategy were not statistically
significant for asthma exacerbations, but that it did allow
a reduction in the final daily inhaled corticosteroid dose
in adults [38].

Finally, recent investigations have shown the ability of
FeNO measurements to predict the response to steroid
therapy, especially in cases in which control of the disease
is difficult [72, 73]. In asthma patients with high levels of
FeNO and uncontrolled disease demonstrated by the Asth-
ma Control Questionnaire or the Asthma Control Test

Asthma Control and Noninvasive
Inflammation Studies

questionnaire, inadequate treatment should be suspected,
either due to patient noncompliance or to inappropriate
prescription by the doctor. Conversely, if the FeNO mea-
surement in this situation is low, an alternative diagnosis,
the influence of comorbidities, resistance to drug action or
noneosinophilic phenotypes should all be considered [67].

Volatile Organic Compounds

A relatively new, noninvasive technique for assessing
airway inflammation involves the profiling of volatile or-
ganic compounds (VOCs) in exhaled breath. VOCs are
chemicals that contain carbon and have a high vapor
pressure when in contact with the atmosphere. In patients
with asthma, the production of reactive oxygen species
(ROS) is increased [74], causing lipid peroxidation of cell
membranes and the subsequent production of VOCs
[75]. Exhaled air is a mixture of thousands of VOCs. The
identification and quantification of individual VOCs re-
quires laboratory methodologies employing gas chroma-
tography coupled with mass spectometry [76]. An alter-
native to the individual quantification of each VOC is
joint measurement by Electronic Nose (ENose) technol-
ogy. ENose exploits arrays of broadly cross-reactive sen-
sors, responding to a variety of VOCs in a highly sensitive
and reversible manner within a short response time.
ENose generates a molecular profile of the VOC mixture
in exhaled breath, also called the ‘breathprint’, and allows
analysis by pattern recognition algorithms for discrimi-

Int Arch Allergy Immunol 2015;166:1-12 5
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Table 3. General characteristics of the 4 studies discussed in the text on the utility of adjusting asthma treatment based on levels of FeNO

Jones et al. [68]

Smith et al. [69]

Szefler et al. [70]

de Jongste et al. [71]

Patients, n 78 A: 46 A:276 A:77
B: 48 B: 270 B:74
Mean age, years 43 44.8 A:14.4 A:11.6
B: 144 B:11.8
Male sex, n 30 37% A: 146 A: 46
B: 142 B: 54
Asthma severity Mild to moderate Mild Mild Mild
Moderate to severe Moderate to severe Moderate to severe
Mean FEV, % predicted 92.0 A:86.4 A: 959 A: 88
B: 83.1 B:95.7 B: 88
Follow-up, weeks 6 52 49 30
NO at baseline, ppb 9.4 A:7.8 A:20.5 A:275
B:6.4 B:19.7 B: 32
(geometric mean)
Inhaled steroids, 100-1,600 A: 370 A: 550 A: 250-1,000
pg/day during the study (range) B: 641 B: 450 B: 250-600
(mean; fluticasone) (mean; fluticasone) (range)
Exacerbations 78% A:0.49 A:37 A:9
(loss of control) B: 0.90 B: 44 B: 12
(patient/year) (% of patients) (number of patients

with >1 exacerbations)

A =FeNO group; B = symptom group.

nating between ‘breathprints’ without identifying the in-
dividual analytes [77].

Patterns of VOCs, as detected by ENose, can distin-
guish between patients with asthma and controls [78],
and between patients with asthma and those with COPD
[79]. Recently, Ibrahim et al. [80] observed that distinct
patterns of VOCs detected by chromatography and mass
spectometry analysis differentiated between the breath of
patients with asthma and that of healthy controls, and
identified clinically relevant disease phenotypes such as
sputum eosinophilia. They also concluded that exhaled
VOC:s have potential for use as noninvasive biomarkers
for asthma, and may provide novel pathophysiological
insights. Recently, Robroeks et al. [81] also demonstrated
that a combination of different exhaled VOCs is able to
predict exacerbations of childhood asthma.

Further studies are needed for external validation of
these results in larger patient samples and in order to in-
vestigate whether better asthma control can be achieved
when VOC analysis in exhaled breath is included as a pa-
rameter in daily clinical practice. The effect of smoking

6 Int Arch Allergy Immunol 2015;166:1-12
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should also be standardized, as it has recently been dem-
onstrated that although the majority of VOCs are found in
very low concentrations when comparing the effect of
smoking in healthy individuals, levels of nonanal are high
in both current smokers and exsmokers [82]. This com-
pound is a byproduct of the breakdown of the cell mem-
brane, and its identification in this context indicates alveo-
lar cell damage in individuals exposed to tobacco smoke.

Exhaled Breath Temperature

Recently, certain authors have explored the usefulness
of measuring the temperature of exhaled breath as a
marker of inflammation in asthma patients compared
with FEV; or other inflammatory markers such as FeNO
or eosinophils in sputum [83-87]. It has been hypothe-
sized that bronchial inflammatory processes may cause
vascular dilation and increase bronchial blood flow,
which may be responsible for the increase in exhaled
breath temperature in asthma patients [88, 89].

Three methods have been put forward to assess exhaled
breath temperature. Paredi et al. [83] measured the tem-

Muiioz/Bustamante/Lopez-Campos/
Cruz/Barreiro

omed. Tor Vergata


http://dx.doi.org/10.1159%2F000371849

perature increase mathematically in a slow and controlled
maneuver at a flow of between 10 and 11 liters/min and a
mouth pressure of 10 cm H,O. The temperature of the ex-
haled air during expiration rises exponentially. The point
at 63% of the total temperature increase is chosen to study
the slope of the maximal temperature change, thus allow-
ing a better mathematical characterization of the tracings
before the plateau. Piacentini et al. [84] measured the tem-
perature in a slow maneuver with an uncontrolled flow,
identifying the maximum temperature observed in the ex-
haled air and the plateau temperature at the end of an ex-
halation maneuver. Finally, Popov et al. [85] designed a de-
vice (X-halo) which achieves a plateau temperature within
3-4 min, representing the value of exhaled air temperature,
where patients breathe at tidal volume, inhale through the
nose and exhale through a mouthpiece into the chamber.

Recently, Svensson et al. [88, 90] showed that exhaled
breath temperature increases after exercise as well as after
both eucapnic voluntary hyperventilation and methacho-
line challenge tests. In all cases, this is related to the fall in
both FEV, and the oral temperature, suggesting a vascu-
lar response. Interestingly, no differences are seen be-
tween asthmatics and healthy controls, indicating that the
increase in exhaled breath temperature is mainly physi-
ological rather than pathophysiological. Further studies
are required to establish the true role of this potential bio-
marker in bronchial asthma.

Exhaled Breath Condensate

Exhaled breath condensate (EBC) is the liquid phase of
exhaled air. It is sampled noninvasively by cooling or
freezing exhaled air with the use of special condensing de-
vices, allowing the collection of condensed water vapor,
nonvolatile substances that are released in aerosol parti-
cles and volatile substances in a gas phase [91]. It is a sim-
ple technique in which the subject breathes tidally. The
collection of EBC does not disturb the underlying disease
process, a fact that makes it a useful approach for cross-
day variation studies, assessing epidemiological and phar-
macological therapies and longitudinal studies that mon-
itor airway inflammation [92]. Moreover, evidence is
emerging that abnormalities in EBC composition may re-
flect biochemical changes in the airway lining fluid [93].

Asthma is the chronic inflammatory disease in which
EBC has been most widely used, especially EBC pH. pH
measurement using electrodes after removing the CO, by
sparging with a noble gas is a validated technique with
proven reproducibility and robustness and has potential

Asthma Control and Noninvasive
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for clinical use. However, there are doubts as to whether
this measurement reflects the degree of actually existing
acidification in the distal airway and/or lung parenchy-
ma. The possibility that the high production of ammo-
nium in the oral cavity may affect the measurement can-
not be ignored. It is generally accepted that the pH ob-
tained is a mean value of the acidification status of the
entire airway [94]. The pH measurement is not affected
by hyperventilation, the temperature of sample collection
or the duration of the process, but it is affected by the
equipment used to obtain EBC [95]. In healthy subjects,
the pH is approximately 7.7, with a range of 7.4-8.8.
However, as mentioned above, these values depend on
the age of the patient, e.g. the normal range in individuals
of 60-80 years of age is 5.28-7.81 [96].

Various studies have demonstrated that pH values in
patients with stable asthma are similar to those observed
in the healthy population, although they may be lower in
cases of treatment-refractory, severe asthma. A marked
decrease in pH has been observed in exacerbations, which
then returns to the baseline level once medical treatment
is initiated [97, 98]. To date, it has not been shown to be
useful in the control of asthma, but some authors have sug-
gested that pH monitoring by patients at home may help
to optimize inhaled corticosteroid treatment. Although
there is no evidence that a particular pH level is related to
the underlying cell type, it has been suggested that there
may be a correlation with the number of eosinophils ob-
tained in induced sputum and with parameters expressing
oxidative and nitrosative stress in the EBC itself [99].

Recently, it was suggested that assessment of pH may
be useful for evaluating patients with work-related asth-
ma. It was observed that falls in pH of >0.4 when compar-
ing working periods to off-work periods has a sensitivity
of 40% and a specificity of 90% for the diagnosis of occu-
pational asthma, and that analyzing fluctuations in pH in
conjunction with peak expiratory flow improves the di-
agnostic yield [100]. It has also been reported that a de-
crease in pH of 0.4 after a specific challenge test has a
sensitivity of 79% and a specificity of 100% for the diag-
nosis of work-exacerbated asthma [101].

Oxidative stress is a nonspecific feature of the inflam-
matory process. Increased production of ROS by eosino-
phils, neutrophils, macrophages and other inflammatory
cells may cause bronchial hyperresponsiveness, a key fea-
ture of asthma [102]. Although increased levels of alde-
hydes, nitrosothiols, nitrotyrosine and especially NO
have been detected in the EBC of asthma patients, 8-iso-
prostane (8-IP) and hydrogen peroxide (H,O,) are the
biomarkers which have been most studied with this meth-
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Table 4. The most important biomarkers of EBC in asthma patients

Stable asthma Exacerbations Smoking habit Atopy
pH decreases decreases decreases decreases
H,0, increases increases increases no changes
8-1P increases increases - -
NOx increases - decreases increases
PGs increases in TxB,, PGE,?, LXA4 - increases -

LTs increases in LTB4 and Cys-LTs
Cytokines increases in IL4, IL8, IL17, TNF-a

increases in Cys-LTs
increases in IL5 - -

increases in LTB4 increases in Cys-LTs

NOx = Reactive nitrogen species; TNF = tumor necrosis factor; Tx = thromboxane.

2 PGE; has a protective effect.

od in this population, with a view to their possible clinical
application.

Significant correlations between the concentration of
H,0, in EBC and the eosinophil counts in induced spu-
tum, disease severity [103], smoking habits [104] and the
presence of symptoms in unstable asthma patients [99]
have been reported. Inverse correlations have also been
observed with FEV [105], peak expiratory flow [106] and
PC, in the methacholine test [103]. A recent study has
shown that H,O, values in adults with asthma are indeed
higher than in the healthy population; they increase in ac-
cordance with the severity of the condition, and also re-
flect the administration of inhaled corticosteroid treat-
ment. Although a nonsignificant trend was found, H,O,
levels did not seem to be affected by asthma control [107].
In fact, another recent study found no significant correla-
tions between H,0, levels and scores on the Asthma Con-
trol Test or FeNO level in stable asthma patients [108].
These last two findings, together with the wide variability
that exists in the values of H,O, concentrations in healthy
individuals, may affect the clinical applicability of these
observations.

Isoprostanes are compounds generated from the oxi-
dation of arachidonic acid and are clear markers of oxida-
tive stress. The form that has been studied the most is 8-IP.
Although it has proven stable in exhaled air, recent studies
have shown that it may not be detectable and that its levels
vary widely, sometimes in association with age, in healthy
individuals [96]. It is generally accepted that 8-IP levels
are higher in patients with asthma than in healthy subjects
[109], but it is not clear whether this increase is truly re-
lated to asthma severity or may, in fact, be due to the cor-
ticosteroid treatment [110]. The concentration of 8-IP in-
creases in asthma exacerbations and is particularly high in
cases of aspirin-induced asthma. In these cases, treatment
with inhaled corticosteroids decreases its concentrations
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[111]. While a correlation has been found between the lev-
els of 8-IP and FeNO in patients with mild asthma but not
in patients with severe asthma [109], a more interesting
observation is the correlation with the involvement of the
small airways, which indicates that 8-IP levels may reflect
inflammation at this site and suggests that these levels
should be measured in order to provide complementary
information to spirometry in the monitoring of patients
with bronchial asthma [112].

Leukotrienes (LTs), prostaglandins (PGs), lipoxins
(LXs) and cytokines are specific features of the inflamma-
tory process and can be measured in EBC (table 4). The
PG that has been studied in the most depth using EBC is
PGE,. Although no correlation has been found with the
degree of bronchial hyperresponsiveness, nor is its con-
centration modified by the use of inhaled corticosteroids
oranti-LTs, high levels of PGE, appear to confer a protec-
tive bronchodilatory effect [113]. Cys-LTs, LTB4, inter-
leukin (IL)4, IL5, IL8 and IL17, tumor necrosis factor-a
and transforming growth factor-f are all increased in the
EBC of asthma patients compared with healthy individu-
als [114]. IL5 has also been proposed as a predictor of
asthma exacerbations [115]. In a recent study, EBC LXA4
and LTB4 levels were increased in asthma patients com-
pared with healthy control subjects. Although levels of
both eicosanoids are increased in asthma patients, the
LXA4/LTB4 ratio decreases with increasing asthma se-
verity. Moreover, LXA4 EBC correlates with the degree of
airflow obstruction measured using FEV, and an LXA4
cut-off value of 7 pg/ml in EBC provides 90% sensitivity
and 92% specificity for the diagnosis of asthma. An LTB4
cut-off value of 11 pg/ml in EBC provides 100% sensitiv-
ity and 100% specificity for the diagnosis of asthma [116].
In accordance with the idea that the activation of inflam-
matory cascades is accompanied by the generation of pro-
resolving mediators, these findings support a role for EBC
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eicosanoid measurements in the noninvasive diagnosis of
asthma, and suggest that proresolving eicosanoid path-
ways are dysregulated in patients with severe asthma.

Conclusions

Asthma is a chronic inflammatory disorder of the air-
ways in which many cells and cellular elements play key
roles. Chronic inflammation is associated with airway hy-
perresponsiveness and clinical symptoms. The idea of
combining current clinical control and the assessment of
the future risk has gained support in the last decade. The
study of eosinophils in induced sputum has proved to be
one of the most useful techniques in this regard, but the
difficulty of its implementation in clinical practice means
that it cannot be unreservedly recommended. Although

initial studies suggested that the analysis of FeNO might be
a good marker of the disease and that adjusting treatment
according to FeNO levels might prevent exacerbations,
this has not been confirmed in subsequent studies. Al-
though the measurement of pH, H,0, and 8-IP in EBC is
altered in patients with exacerbated asthma, further studies
should be performed to assess whether these parameters
can improve control of these patients. Studies should also
be conducted to evaluate the value of volatile organic com-
pound measurement and exhaled breath temperature.

The possibility of finding biomarkers that may help
predict the risks of exacerbations and/or of lung function
impairment to guide treatment choices is a primary ob-
jective in asthma research. Although the results reported
so far are contradictory, it is worth exploring these ave-
nues of research in more depth, given the prevalence of
this disease.
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