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Update on the roles of distal airways in
asthma
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T. Perez, N. Roche, I. Tillie-Leblond, M. Tunon de Lara and D. Dusser

ABSTRACT: The present review is the summary of an expert workshop that took place in Vence
(France) in 2007 on the role of distal airways in asthma. The evidence showing inflammation and
remodelling in distal airways, and their possible involvement in asthma control and natural
history, was reviewed. The usefulness and limitations of various techniques used for assessing
distal airways were also evaluated, including pulmonary function tests and imaging. Finally, the
available data studying the benefit of treatment better targeting distal airways in asthma was
examined. It was concluded that both proximal and distal airways were involved in asthma and
that distal airways were the major determinant of airflow obstruction. Inflammation in distal
airways appeared more intense in severe and uncontrolled asthma. Distal airways were poorly
attained by conventional aerosol of asthma medications owing to their granulometry, being
composed of 3–5 mm particles. Both proximal and distal airways might be targeted either by
delivering medications systemically or by aerosol of extra-fine particles. Extra-fine aerosols of
long-acting b-agonists, inhaled corticosteroids or inhaled corticosteroid/long-acting b-agonist
combinations have been shown in short-term studies to be not inferior to non-extra-fine aerosols
of comparators. However, available studies have not yet demonstrated that extra-fine inhaled
medications offer increased benefit compared with usual aerosols in asthmatic patients.
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istal airways are classically defined as
those of ,2 mm internal diameter.
Although these airways contribute little
to airflow obstruction in normal airways, studies
have revealed that distal airways accounted for
up to 50–90% of total airflow resistance in
asthmatics [1], implying that distal airways were
the main site of airflow obstruction in asthmatics.
Studies of distal airways have proved difficult,
owing to their small size and their peripheral
location. Thus, it is not surprising that the roles of
distal airways in the natural history of asthma
have long been neglected.

D

Asthma therapies have dramatically improved
over the past decades. Inhaled therapeutics,
including corticosteroids and b2-agonists, are
the mainstream drugs used in asthmatic subjects.
Although these drugs are very efficient in most
cases, three unmet needs are identified using
current therapies. First, achieving asthma control
is recommended by guidelines [2] but appears
difficult to obtain in most patients. The Gaining
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Optimal Asthma Control study of 3,400 asthmatic
patients over a 12-month period evaluated the
percentage of subjects achieving control using
inhaled fluticasone or inhaled fluticasone/salmeterol in three groups of patients: corticosteroidfree subjects, and those receiving low and
moderate doses of inhaled corticosteroid (ICS)
at baseline [3]. In this clinical study that used
rigorous algorithms to adapt therapy, total control of asthma was obtained with fluticasone in
only 40%, 28% and 16% in corticoid-free subjects
and in low- and moderate-dose ICS users,
respectively. The use of the fixed combination
fluticasone/salmeterol increased the percentage of
total control of asthma in only 50%, 44% and 29% of
patients in these three groups, respectively [3].
Secondly, long-term longitudinal studies have
revealed that asthmatic subjects have greater
decline in lung function compared with normal
subjects; importantly, it appears that current
therapies do not interfere with the natural history
of lung function decline in asthmatic subjects [4].
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These studies suggest that current therapies have little effect
on the development of airway structural abnormalities (a
process known as remodelling), which potentially lead to
bronchial obstruction. Thirdly, severe asthma represents
nearly 10% of all asthma cases, but up to 30% of the cost,
which is mostly related to resource utilisation (e.g. unscheduled medical visits and hospitalisations) due to insufficient
asthma control [5, 6]. Taken together, these rather disappointing observations underscore the need for therapeutic
improvement in asthma treatment.
Several strategies may be developed to improve asthma
control and natural history. Guidelines have been released [2,
7] and better implementation and larger diffusion may
contribute to improve the daily management of asthma by
physicians and patients. Additionally, there is a need for novel
molecules targeting structural abnormalities (remodelling),
which are observed in subjects with chronic asthma (i.e.
hypertrophy and hyperplasia of airway smooth muscle, basal
membrane thickening and peribronchial fibrosis, and mucous
hypersecretion). Furthermore, a potentially important improvement in asthma therapy may be obtained using molecules that
target both proximal and distal airways. To date, granulometric
properties of inhaled therapies (particles of 3–5 mm mass median
aerodynamic diameter) result in their preferential deposition in
proximal airways. It is reasonable to speculate that drugs that
could better target distal airways could contribute to the
improvement of control and natural history of asthma. The
present review is the summary of an expert workshop that took
place in Vence (France) on November 22–23, 2007 and examined
several questions related to distal airway involvement in asthma.
The evidence linking inflammation and remodelling in distal
airways, and their possible implication asthma control and
natural history, was reviewed. Techniques that have been
proposed to monitor distal airways in asthmatic subjects,
including various measurements of distal airway function using
pulmonary function tests and imaging, were also evaluated.
Finally, the available literature compatible with the working
hypothesis that targeting distal airways was beneficial to
asthmatic subjects was examined.
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different effects in distal versus proximal airways. In small and
medium-sized airways, smooth muscle contraction results not
only in reduced airway diameter but also in reduced airway
length, leading to increased airway rigidity. Furthermore, age
and sex influence the distribution of airway smooth muscle. In
distal airways, smooth muscle accounts for 20% of airway wall
thickness in adults versus 10% in children. Sex differences in
airway smooth muscle distribution may also account for
increased prevalence of asthma in young males and later
onset of asthma in females [11, 12]. Early aggressions (e.g.
neonatal mechanical ventilation and infectious bronchiolitis)
may lead to increased smooth muscle mass. It is now
established that smooth muscle hypertrophy is a specific
feature of asthma potentially related to calcium-dependent
enhanced mitochondrial biogenesis [13]. Increased angiogenesis (growth of new blood vessels from existing vessels) and
vascular remodelling (structural abnormalities leading to
enlargement of existing vessels) are found in asthmatic
airways. These structural changes combined with increased
vascular permeability induce plasma exudation and recruitment of circulating leukocytes. Altogether, these changes may
result in airflow limitation that is more important in children
than in adults [14].
Inflammation and remodelling are constant features of asthma;
current evidence suggests that these features occur in
asthmatic airways from nasal mucosa to alveolar structures
[15]. Sampling of distal airways to evaluate inflammation and
remodelling has proven more difficult than sampling of
proximal airways. Distal airways may be sampled by studying
lung tissue obtained in subjects dying of acute asthma, or in
living asthmatics in tissue obtained surgically during lung
resection or by transbronchial biopsies. Bronchoalveolar lavage
fluid (BALF) analysis may also provide information regarding
cellular infiltrates and inflammatory mediators present in
distal airways [16].

Most bronchial structures are present throughout the bronchial
tree [8]. Smooth muscle develops in utero from the 53rd day [9]
and is mature at birth [10]. Muscle fibres are present at
the alveolar duct opening. Smooth muscle contraction has

Fatal asthma
Autopsy findings from asthma deaths provide useful information regarding inflammation and remodelling in proximal
versus distal airways [17, 18]. Limitations of these studies
include the usual lack of detailed clinical information,
especially concerning the smoking status in these subjects.
Furthermore, changes found in acute fatal asthma may not
reflect findings in chronic asthma [17, 18]. FAUL et al. [19] found
large numbers of eosinophils and lymphocytes in both
proximal and distal airways in five patients deceased of acute
asthma. In a study, in which subjects with acute fatal asthma
were compared with subjects with mild to moderate asthma
who died of unrelated causes, it was reported that subjects
dying of acute severe asthma had increased numbers of
eosinophils in proximal airways, whereas no difference was
observed in distal airways [20]. Degranulated mastocytes were
also increased in fatal asthmatic airways. In proximal airways,
mastocytes were found in smooth muscle and submucosal
glands, whereas these cells were found in smooth muscle and
adventitia in distal airways [21, 22]. It was further shown that
distribution of CD45+ leukocytes and eosinophils was localised
in smooth muscle and alveolar attachments in distal airways,
whereas these cells were found in the subepithelium in
proximal airways [23]. KUYPER et al. [24] evaluated airway
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EVIDENCE FOR DISTAL AIRWAY IMPAIRMENT IN
ASTHMA
Pathology of asthma: inflammation and remodelling in
distal versus proximal airways
Human airways divide into 24 airway generations, including
trachea. Distal airways are located after the eighth generation
down to terminal bronchioles and respiratory bronchioles,
which contain occasional alveoli budding from their wall.
Distal airways correspond to noncartilaginous airways and are
usually defined by an internal diameter ,2 mm in adults.
Obviously, this definition cannot be applied in children. Crosssectional area of the airways increases extremely rapidly in the
respiratory zone (from 16th to 23rd generation). Although
distal airways contribute little to airflow limitation in normal
subjects, these airways are the main site of airflow obstruction
in asthmatics.
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structural abnormalities in a large series of patients with acute
fatal asthma (n593) compared with airways from control
patients who died suddenly without pulmonary diseases. It
was found that airway luminal obstruction by an exudate
composed of mucus and cells was present in both proximal
and distal conducting airways in most patients, and it was
suggested that plugging by mucoinflammatory exudates was a
major contributing cause of fatal asthma [24]. KUWANO et al.
[25] also found important structural abnormalities in distal
airways of subjects dying of acute fatal asthma: the adventitial,
submucosal and muscle area of the asthmatic airways were
greater than those of chronic obstructive pulmonary disease
(COPD) subjects and control subjects.
Lung obtained at surgery
HAMID et al. [26] examined the inflammatory process in the
central and peripheral airways of surgically resected lungs
from asthmatic and nonasthmatic subjects. Airways from
patients with asthma demonstrated significant increases in
the numbers of T-cells and eosinophils compared with airways
from nonasthmatic subjects. In asthma, numbers of activated
eosinophils, but not T-cells, were significantly greater in small
conducting airways compared with larger airways, leading the
authors to conclude that that there was a similar but more
severe inflammatory process present in the peripheral airways
of patients with asthma [26]. Using in situ hybridisation,
MINSHALL et al. [27] found that interleukin (IL)-4 and IL-5
mRNA-positive cells were increased in proximal and distal
airways in asthmatics compared with normal subjects; in the
asthmatic subjects, the expression of IL-5 mRNA was increased
in the small airways compared with the large airways. Cells
expressing mRNA for the chemokine monocytic chemotactic
protein (MCP)-4 and eotaxin were also increased in airways of
asthmatic patients compared with controls; similar levels of
expression were found when comparing small and large
asthmatic airways [28].
Transbronchial biopsies
BALZAR et al. [29] studied bronchial and transbronchial biopsies
obtained in 20 severe asthmatic subjects and reported
increased chymase-positive mast cells in distal airways, which
were positively correlated with lung function. The roles of
mastocytes in distal airways are currently unknown and
deserve further investigation. BALZAR et al. [30] also showed
that inflammatory cells were increased in distal airways
compared with proximal airways from severe asthmatics.
Studying subjects with severe asthma compared with moderate asthmatics and normal subjects, WENZEL et al. [31] found
increased neutrophils in both proximal and distal airways
sampled by bronchial and transbronchial biopsies, respectively. In subjects with nocturnal (severe) asthma, KRAFT et al.
[32] found increased numbers of eosinophils and T-lymphocytes in distal airways in comparison to proximal airways;
CD4+ T-cells in alveolar tissue inversely correlated with forced
expiratory volume in 1 s (FEV1). Taken together, these data
suggest important roles for distal airway inflammation in
severe asthma.
BALF
Nocturnal asthma is usually associated with poor control of
asthma. Studies have evaluated cells and mediators present in
82
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BALF in subjects with nocturnal asthma. Recruitment of
inflammatory cells (polymorphonuclear leukocytes and eosinophils) was increased in subjects with nocturnal asthma [33].
Macrophage activation, reflected by the presence of reactive
oxygen species, was also more intense in subjects with nocturnal
asthma [34]. Furthermore, eosinophil chemokines (RANTES
(regulated on activation, normal T-cell expressed and secreted),
eotaxin-1 and -2, and MCP-3 and -4) were also increased in
BALF of allergic asthmatic children [35]. Increased eosinophil
numbers in BALF of asthmatic subjects were not related to
disease severity, whereas neutrophilic inflammation was often
correlated with disease severity [36–38]. Increase in interferon-cproducing cells [39] and in interferon-c concentrations [40] were
found in BALF of asthmatic children. Furthermore, young
asthmatic children had increased activated macrophages that
released pro-inflammatory mediators (e.g. thromboxan B2,
leukotriene-B4 and tumour necrosis factor-a) [41, 42]. Protease
anti-protease balance may also be altered in asthmatic airways:
BALF concentrations of matrix metalloprotease (MMP)9 and
tissue inhibitor of metalloprotease (TIMP)1 were found increased
[43] or decreased [44] in asthmatic children and positive
correlation was reported between MMP9/TIMP1 and nitric
oxide output [44].
Is it possible to monitor distal airway disease using bronchial
biopsies and induced sputum?
Few studies have compared inflammatory cells in proximal
versus distal airways. Studies performed by CAROLL et al. [45]
on lungs from subjects with fatal asthma and by HAMID et al.
[26] in lung tissues obtained at surgery suggest that the cellular
infiltrate observed in endobronchial biopsies reflects findings
in distal airways.
Several investigators have compared cellular contents in BALF
and in induced sputum. In healthy individuals, neutrophils are
found in induced sputum, in which they represent 30–40% of
total cells [46, 47], whereas these cells represent ,3% of total
cells in BALF [48]. In asthmatics, eosinophils are usually more
prominent in induced sputum compared with BALF [49–52]. It
is concluded that induced sputum cannot be used to assess
inflammation in distal airways.
Conclusion on distal airway inflammation and remodelling
The profile of cellular infiltrate and changes in structural cells
are similar in distal versus proximal airways in most cases of
asthma. However, several studies indicate a more intense and
inflammatory infiltrate and cell activation in severe asthma,
nocturnal asthma (an expression of uncontrolled asthma) and
its ultimate state, i.e. fatal asthma.
In fatal asthma, studies have showed major alterations in distal
airways, including epithelium, smooth muscle and mucus
hypersecretion leading to distal airway plugging. Thus,
pathological evidence indicates that distal airway inflammation and remodelling contribute substantially to the pathophysiology of severe asthma.
Epidemiological evidence of distal airway impairment in
asthma
Impairment of distal airways in the natural history of asthma
has been demonstrated in longitudinal studies of large
paediatric cohorts. Results of these studies indicated that
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asthma is associated with significant impairment in the distal
airways, which may be associated with asthma symptoms and
may persist even when symptoms disappear. MOSTGAARD et al.
[53] studied 1,319 schoolchildren (aged 8–10 yrs) and showed
that forced expiratory flow at 75% (FEF75%) and 50% (FEF50%)
of forced vital capacity (FVC) were significantly decreased in
children with asthma symptoms versus asymptomatic children,
whereas FEV1 was not significantly different. NAKADATE and
KAWAGA [54] studied 325 children (aged 8–10 yrs) with
longitudinal follow-up for 4 yrs: FEF50% and forced expiratory
flow at 25% of FVC were significantly decreased in children
with a history of doctor diagnosed asthma, including those
who remained asymptomatic over the study period.
Several factors have been associated with distal airway
impairment in asthmatic children. This impairment is more
important when asthma has started early, before age 5 yrs, or
when asthma is persistent. BERHANE et al. [55] examined
schoolchildren in a cohort of 2,277 fourth and seventh graders
at least twice during a 4-yr follow-up period. In both males and
females with longer time (.6 yr) since asthma diagnosis,
larger deficits in forced expiratory flow between 25% and 75%
of FVC (FEF25%–75%; -7% and -9%, respectively) and in FEF75%
(-8% and -14%, respectively) were seen [55]. Similarly, in
children for whom asthma was reported to have been
diagnosed before age 3 yrs, FEF25–75% (-19% and -15%,
respectively) and in FEF75% (-23% for both males and females)
were markedly decreased [55]. In all cases, distal airway
impairment was more pronounced than proximal airway
impairment. Furthermore, increase in distal airway impairment persisted and increased with age, predominantly in male
children. Other factors associated with distal airway impairment in asthmatic children include the presence of atopy [56],
in utero exposure to maternal smoking [57], poor airway
function shortly after birth [58, 59] and respiratory infections
during infancy [60, 61].
Several studies indicate that airway impairment, including that
of distal airways, occurs early in life. Between 1980 and 1984,
1,246 children were recruited in a population-based birth
cohort in Tucson, AZ, USA. Longitudinal follow-up of children
through adolescence revealed that at age 16 yrs both transient
early and persistent wheezers had significantly lower FEF25–75%
compared with never wheezers [4]. Late-onset wheezers (after
age 3 yrs) had levels of lung function similar to those of
never wheezers at age 16 yrs. The authors concluded that
patterns of wheezing prevalence and levels of lung function
are established by age 6 yrs and do not appear to change
significantly by age 16 yrs in children who start having
asthma-like symptoms during preschool years. Distal airway
obstruction related to early wheezing episodes may be easily
demonstrated by age 5 yrs [62, 63]. In a prospective study of
infants who had had at least three episodes of wheezing,
bronchial hyperreactivity at age 16 months was predictive of
impaired lung function in children at age 9 yrs, strongly
indicating early airway remodelling in infantile asthma [64].
It has been previously shown in studies of asthmatic subjects
from age 9 to 26 yrs that lung function in adult asthma may
be determined primarily in early childhood [65, 66]. It is
proposed that lung function in asthmatic subjects may be
determined in early years of life.
EUROPEAN RESPIRATORY REVIEW
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ASSESSEMENT OF DISTAL AIRWAYS IN ASTHMA:
PULMONARY FUNCTION TESTS
Invasive measurements
Bronchioles ,2 mm internal diameter were originally
described as the ‘‘quiet zone’’ of the lungs and contributing
to ,10% of the total resistance to airflow in normal airways
[67]. Using a model of airway narrowing, investigators
subsequently reported that increase in distal airway wall
thickness, which occurs in asthmatic airways, contributes to
increased airflow resistance after smooth muscle contraction
[68]. Direct bronchoscopic measurement of intrabronchial
pressure in stable asthmatics with airflow obstruction revealed
that distal airways contributed up to 60% total airway
resistance [1]. Peripheral airway responsiveness induced by
histamine challenge was significantly enhanced in asthmatic
subjects relative to normal controls [69], further implicating
distal airways in airflow limitation in asthma. Premature
airway closure due to loss of lung elastic recoil caused by
disruption of alveolar attachments has also been suggested to
contribute to increased peripheral resistance and air trapping
in severe asthmatics [70]. Altogether, direct (invasive) measurements of airway resistance indicate that distal airways
play important roles in increased airway resistance in acute
and chronic asthma.
Noninvasive measurements
Spirometry and plethysmography
Pulmonary function tests remain the most widely available
noninvasive methods to assess airflow limitation in distal
airways. During maximal expiration, proximal airways contribute mostly to measurements assessed during the early
phase of expiration, including FEV1, whereas distal airways
are believed to contribute most to the end of expiration [71].
Therefore, FEF25–75% and FEF50% have been suggested to
reflect distal airway obstruction and have been used in
epidemiological and therapeutic studies involving asthmatic
subjects [72–75]. However, FEF25–75% and FEF50% are highly
variable spirometric tests [76]. First, normal values vary greatly
[77] and can be interpreted only when associated with normal
FVC. Secondly, the lower limit of normal value of FEF25–75%,
defined as under the fifth percentile of the predicted value,
corresponds to a difference from the predicted value
o1.71 L?s-1 in males and 1.40 L?s-1 in females. Thirdly,
FEF25–75% and FEF50% cannot be used to monitor reversibility
to bronchodilator when FVC has increased significantly.
Finally, no cut-off value of reversibility has been established
for these variables. It is concluded that, although FEF25–75%
and FEF50% are easily available, these measurements should be
interpreted with caution and are of limited reliability to assess
distal airway function.
Lung hyperinflation is defined by increased functional residual
capacity [78], which always involves increased residual
volume (RV). Investigators reported that RV is increased in
severe versus moderate asthmatics [79]. In asthma, contrary to
COPD, total lung capacity (TLC) is usually within normal
values [79], resulting in increased RV/TLC in severe asthmatics. Mechanisms leading to lung hyperinflation in
asthmatics include expiratory airflow limitation and premature closure of small airways [80], activity of inspiratory
muscles at the end of expiration and reduced pulmonary
VOLUME 18 NUMBER 112
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elasticity [81]. Although not definitively proven, it is generally
accepted that lung hyperinflation is related to abnormalities in
distal airways [77]. Thus, positive correlations were found
between alveolar eosinophils and lung hyperinflation
(increased TLC and RV) in an immunohistochemical study of
transbronchial biopsies obtained in asthmatic subjects [82].
Assessment of lung hyperinflation is a relatively simple
method for assessing distal airways in severe asthmatics. A
recent study in a large population of nonsevere (n5382) and
severe (n5287) asthma subjects assessed the presence of air
trapping by reduction of FVC % predicted or increased RV/
TLC. For a given level of airway obstruction (FEV1/FVC), air
trapping was much higher in patients with severe asthma [83].
Impact of therapy on lung hyperinflation is an interesting area
for study in severe asthma.
The ratio of FVC to slow vital capacity (SVC) has been
suggested to be an indirect marker of distal airway abnormalities, reflecting either small airway obstruction or loss of
elastic recoil in the parenchyma [84]. This rather simple marker
of distal airway involvement has been studied in limited
numbers of severe asthmatics [84]: in a single study, FVC/SVC
was decreased in subjects with eosinophilic versus noneosinophilic severe asthma (FVC/SVC 88% versus 97%,
respectively) [84]. Further evaluation of this potentially useful
measurement is warranted in subjects with severe asthma.
Pulmonary resistance measurements
The gold standard for measurement of total pulmonary
resistance involves the use of an oesophageal balloon to
measure pleural pressure. Several noninvasive alternatives to
this invasive technique have been developed. First, airway
resistance (Raw), airway conductance (Gaw; 1/Raw) and specific
airway conductance (sGaw; Gaw/TLC) may be obtained during
body plethysmography [85]. Although Raw is elevated and
sGaw is decreased in subjects with obstructive lung disease,
these variables do not specifically reflect distal airway
abnormalities. Secondly, interruption of tidal breathing has
been proposed to provide noninvasive measurement of airway
resistance, especially in children [86]. This technique has been
seldom used in adults and does not provide data specifically
related to distal airways. Thirdly, investigators proposed the
use of forced oscillation technique to measure respiratory
system resistance (Rrs) [87]. This method is particularly
attractive in children as it requires only passive cooperation
from the subject, who breathes quietly at tidal volume during
the test. A predominant increase of Rrs at low frequencies
(,10–15 Hz) called frequency dependence has been shown to
reflect obstruction in distal airways in various obstructive lung
diseases, including asthma [87–91]. Low frequency Rrs were
increased in asthmatic children with mild airway obstruction
(FEV1 .80% pred and FEF25–75% ,80% pred) [92]. In adults,
subjects with moderate and severe asthma also exhibited a
marked frequency dependence of Rrs [88].
Nitrogen washout
Assessment of computerised single-breath nitrogen washout is
another potentially useful measurement of distal airway
dysfunction in asthma. Normally, small airway closure occurs
at low pulmonary volume (close to RV) during expiration;
early expiratory small airway closure at higher pulmonary
84
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volume results in air trapping. Small airway closure may be
assessed by measurements of expiratory nitrogen concentrations from RV to TLC in patients breathing pure oxygen. The
slope of the nitrogen alveolar plateau is calculated by
computer analysis of best fit line through phase III of the
expiratory volume–concentration curve. Closing volume
(phase IV) and closing capacity (RV plus closing volume) can
be determined. Using computerised analysis of single-breath
nitrogen washout, BOURDIN et al. [93] showed that poor asthma
control was correlated with increase in closing volume and
phase III slope. Comparing severe asthmatics with wellcontrolled disease to severe asthmatics with frequent exacerbations, investigators also reported that increased closing
volume correlated with frequent asthma exacerbations and
RV/TLC ratio [94]. In the latter study, pulmonary volumes
measured by plethysmography were not different between
groups, suggesting that inflammatory mechanisms in distal
airways contributed to poor asthma control [94].
VERBANCK et al. [95] described a novel method of nitrogen
multiple-breath washout to derive the two variables Scond
(index of conductive ventilation heterogeneity) and Sacin
(index of acinar ventilation heterogeneity) as measurements
of ventilation inhomogeneity in conductive and acinar zones of
the lungs, respectively. The authors evaluated the effects of
salbutamol on ventilatory heterogeneity in asthmatic subjects
and reported that the most consistent pattern of non-b2agonist-reversible ventilatory heterogeneity is in the conductive lung zone, most probably in the small conductive airways
[96]. It was suggested that drugs aimed at the relief of the nonb2-agonist-reversible component in mild asthma should be
preferentially targeted to the small conductive airways.
VERBANCK et al. [97] further showed that among stable patients
with asthma, those with acinar lung zone abnormality at
baseline are more likely to elicit a functional benefit from an
extra-fine steroid aerosol. Although nitrogen multiple-breath
washout appears an appealing technique for measurement of
distal airway abnormalities, the lack of standardisation and the
absence of commercially available devices currently preclude
its large clinical use.
Exhaled nitric oxide
Measurement of the exhaled fraction of nitric oxide (FeNO) has
been proposed to be a noninvasive tool for the evaluation of
airway inflammation in asthmatic airways. Several studies
have suggested that variations in FeNO, which correlated with
airway eosinophils and asthma symptoms, may be useful in
monitoring asthma control [98–100]. Recently published
evidence has suggested that NO is produced both in proximal
and in distal airways. First, measurement of NO accumulation
in the bronchiolar gases during bronchoscopy suggested that
local synthesis of NO occurred within distal airways [101].
Epithelial inducible NO synthase activity is the major
determinant of NO concentration in exhaled breath [102]. NO
synthase 2 is expressed in airway epithelium in proximal
airways and is probably expressed in small airway epithelium
[102]. Secondly, increased exhaled NO is found in diseases
characterised by distal airway involvement including alveolitis
[103], fibrosing alveolitis [104], liver cirrhosis [105] and
scleroderma lung disease [106].
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The production of NO can be assessed by measuring FeNO
during a prolonged expiration at constant expiratory flow. This
technique gives no information regarding the origin of exhaled
NO. Analysis of the relationship between exhaled NO and
expiratory flow allows estimation of other parameters of NO
exchange, including the alveolar NO concentration (CalvNO)
[107–109]. The interpretation of multiple measurement and
calculation of CalvNO may provide information about distal
airway inflammation. Measurement of CalvNO correlated with
BALF eosinophils in severe asthmatic subjects [110] and in
allergen-challenged mice [111], supporting the hypothesis that
alveolar NO is a measure of distal airway inflammation.
Increased CalvNO was also found in symptomatic asthmatic
subjects with normal lung function, suggesting a role of
inflammation in distal airways [112, 113]. Furthermore, CalvNO
was found to correlate with distal airway obstruction, as
measured by spirometry [113] or single-breath nitrogen test [114].
A summary of usefulness and limitations of pulmonary
function tests for the assessment of distal airway involvement
in asthma is provided in table 1.
ASSESSMENT OF DISTAL AIRWAYS IN ASTHMA:
IMAGING
High-resolution computed tomography
Among the imaging techniques, high-resolution computed
tomography (HRCT) has been best evaluated and has proven
the most simple and cost-effective to perform. Technical
improvement and the favourable air-filled lung have resulted
in dramatically decreasing the irradiation burden: HRCT
examinations using a low dose of ,1-yr natural irradiation
are performed even during infancy.
Normally, bronchioles ,2 mm diameter cannot be seen using
HRCT because bronchiolar walls are thin structures that are
beneath the resolution of this technique. However, several
morphological changes related to small airway disease can be
detected in asthmatic airways including cylindrical bronchiolectasies and air trapping, a visual assessment of modified
attenuation coefficient of the lung during expiration [115–117].
Pulmonary density, measured in areas distinct from main
bronchi and large pulmonary vessels, is determined by
intrapulmonary air, lung parenchyma, bronchiolar and capillary
walls, and capillary blood. Modifications in any of these
structures may result in variations of lung density, which may
be diffuse or patchy. STERN and WEBB [118] have found that lung
attenuation changed during a forced inspiratory and expiratory
manoeuvre. Absence of increased density during expiration
reflects air trapping related to distal airway obstruction.
Air trapping and lung attenuation may be evaluated using
semiquantitative (visual) techniques, but accuracy and reproducibility of these techniques are poor. Investigators have
developed semi-automated evaluation algorithms that involve
isolation of lung parenchyma by fast contour tracking and
definition of subregions by shrinking, radial segmenting, and
anteroposterior subdividing of the left and the right lung.
Using these algorithms, global and regional mean density
values and histogram parameters can be extracted with
increased accuracy and reproducibility [119, 120].
Quantitative assessment of air trapping necessitates the study
of computed tomography images obtained during expiration.
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This can be achieved by using HRCT with spirometric gating,
allowing for measurement of lung attenuation at various lung
volumes [121, 122], but the technique is not routinely used.
Finally, computed tomography scan studies have been
performed after methacholine-induced bronchoconstriction
[123] and salbutamol-induced bronchodilation [124]. After
methacholine challenge, patients with asthma had significant
decrease in the median and lowest 10th percentile regions of
the attenuation curves [123].
Mosaic patterns of attenuation and air trapping are not specific
to asthma and were first described in bronchiolitis obliterans.
Although severe asthma can be completely impossible to
distinguish from bronchiolitis obliterans on the basis of
computed tomography, mosaic pattern of attenuation, when
present, is highly suggestive of bronchiolitis obliterans [125]. Air
trapping may be observed in all diseases that affect distal
airways. Air trapping has also been reported in normal subjects
and its prevalence increases with age and tobacco smoking [126].
Investigators have studied correlations between HRCT findings, asthma severity, symptoms and pulmonary function
evaluating distal airways. UEDA et al. [127] have shown that
modifications of lung density at various pulmonary volumes
correlated with abnormalities in distal airways and asthma
severity. LEE et al. [128] showed that centrilobular opacities
were more prevalent among subjects with near-fatal asthma,
and that these abnormalities were partially reversible after the
successful control of asthma symptoms. In children, JAIN et al.
[129] reported that decreased lung density correlated with
increased TLC and RV/TLC ratio, and also correlated with
airway resistance measured by forced oscillations [129].
Several studies have used variations in lung density as a mean
of assessing the efficacy of inhaled [122, 130, 131] or systemic
[132] therapy. A randomised study has evaluated HRCT
findings in subjects treated with inhaled steroids, by comparing extra-fine particles of hydrofluoroalkane-beclomethasone
dipropionate (HFA-BDP) that are deposited across all sizes of
airways and conventional beclomethasone dipropionate that
are deposited mostly in proximal airways [130]. HCRT
measurements of lung density were performed at baseline
and after 4 weeks of inhaled steroids. The study showed
decreased air trapping in subjects treated with HFA-BDP
extra-fine aerosol and less increase in air trapping after
methacholine challenge [130]. These differences contrasted
with the lack of clinical difference between groups with respect
to improvement in symptoms, spirometry or methacholine
responsiveness assessed by FEV1, except for a greater reduction in breathlessness in the HFA-BDP extra-fine aerosol group
[130]. ZEIDLER et al. [132] measured air trapping using HRCT
before and after methacholine challenge in asthmatic subjects
randomised between placebo and oral montelukast. ZEIDLER
et al. [132] reported that reduction in air trapping correlated
with improved health-related quality of life but not with global
measures of distal airways physiology, indicating that computed tomography may be more sensitive to changes in distal
airways than conventional physiological studies.
Other imaging techniques
Magnetic resonance imaging (MRI) is not classically recommended for exploration of distal airways because its spatial
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Usefulness and limitations of explorations of distal airways in asthma

Methods

Spirometry

Parameters

Usefulness/limitations

Useful if FVC normal

FEF25–75%

Large variations in normal values
Useful if FVC normal

FEF50%

Large variations in normal values
FVC/SVC

Potentially useful
Further studies required

Plethysmography

RV/TLC

Easy to measure
Indirect link to distal airways
Further studies required

Interruption of tidal breathing#
Forced oscillations#

Raw and sGaw

Do not specifically reflect distal airway abnormalities

Airway resistance

Not specific for distal airways

Distal airway resistance

Good sensitivity/specificity
Not widely available

Nitrogen washout#
Single breath

Closing volume and closing capacity

Good sensitivity/specificity

Scond and Sacin

Good sensitivity/specificity

Not widely available
Multiple breath

Not commercially available
Exhaled NO#
Constant expiratory flow

FeNO

Do not specifically reflect distal airway abnormalities

Multiple expiratory flow

CalvNO

Further studies required

HRCT#
Other imaging techniques#

Lung attenuation (semiquantitative)

Not reproducible

Lung attenuation (quantitative)

Requires expert radiologists and specific software/spirometric gating

Not fully determined

High cost

MRI (hyperpolarised gas)

Low availability

Technegas SPECT

Few studies

PET
Bronchoscopy

Direct measurement of airway resistance

Invasive
Research procedure

Transbronchial biopsies

Invasive
Airway remodelling and inflammatory cells
Limited to single-centre research studies

BALF

Invasive
Inflammatory cells and mediators

FEF25–75%: mean forced expiratory flow between 25% and 75% of forced vital capacity (FVC); FEF50%: forced expiratory flow at 50% of FVC; SVC: slow vital capacity; RV:
residual volume; TLC: total lung capacity; Raw: airway resistance; sGaw: specific airway conductance; Scond: ventilation inhomogeneity in conductive zones of the lungs;
Sacin: ventilation inhomogeneity in acinar zones of the lungs; FeNO: exhaled nitric oxide fraction; CalvNO: alveolar nitric oxide concentration; HRCT: high-resolution
computed tomography; MRI: magnetic resonance imaging; SPECT: single photon emission computed tomography; PET: positron emission tomography; BALF:
bronchoalveolar lavage fluid. #: these techniques have been used in research protocols or single-centre studies but their use for assessment of distal airways requires
expertise that is not available in all centres.

resolution is relatively poor. Furthermore, only a weak signal is
generated by intrapulmonary air, and air–tissue interface may
generate magnetic fields. However, with the use of hyperpolarised gas (e.g. helium) static and dynamic imaging of
pulmonary ventilation may be obtained. MRI studies in
asymptomatic asthmatic subjects have revealed ventilation
defects distributed throughout the lungs; these observations,
which were not found in normal subjects, have been ascribed
to involvement of distal airways [133]. Defects in ventilation
were found to be increased after exercise testing or methacholine challenge in asthmatic subjects [134]. Although interesting,
this technique is complex and cannot be used routinely.
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PELLEGRINO et al. [135] studied regional expiratory flow
limitation using Technegas single photon emission computed
tomography. Although heterogeneity of Technegas accumulation in proximal airways after methacholine challenge was
shown, this technique has not sufficient spatial resolution to
identify changes in distal airways. Positron emission tomography using N13 has been used in research studies to
evaluate ventilation/perfusion ratio in alveoli. Although these
studies were useful in proposing theoretical models explaining
ventilation heterogeneity in asthmatic airways, this technique
cannot be proposed because of its cost and high irradiation
[136, 137].
EUROPEAN RESPIRATORY REVIEW

P-R. BURGEL ET AL.

REVIEW: DISTAL AIRWAYS IN ASTHMA

TREATMENTS TARGETING DISTAL AIRWAYS IN
ASTHMA: CLINICAL STUDIES
Current therapy for asthma is largely based on inhaled drugs
with particle size 3–5 mm. Properties of 3–5 mm particles
predict that drug deposition occurs predominantly in proximal
airways and that only limited numbers of particles deposit in
distal airways. Two strategies are possible for targeting distal
airways in asthma. The first strategy consists of the delivery of
medications p.o. or intravenously. The second strategy consists
of inhaled medications using extra-fine particles, which
deposit both in proximal and in distal airways.
Delivery of medications p.o. or intravenously is a way to target
all areas of the lung, including distal airways. Oral corticosteroids are very efficient in maintaining asthma control, but
their use is limited by unacceptable side-effects. Two studies
have evaluated the effects of oral montelukast, a leukotriene
antagonist, on distal airways in asthma [132, 138]. ZEIDLER et al.
[132] studied air trapping at residual volume using HRCT
before and after methacholine challenge. Montelukast
decreased air trapping before, but not after methacholine
challenge. This was paralleled by improvements in asthma
symptoms and health-related quality of life. In another
placebo-controlled study, distal airway function was assessed
using conductance and residual volume [138]. Treatment with
montelukast resulted in improvement in FEV1 and in specific
conductance; improvement in asthma symptoms was also
observed and was correlated with improvement in residual
volume. In children, montelukast was also shown to improve
measurements assessing distal airway obstruction [139, 140].
Only few studies have explored potential clinical benefits of
inhaled drugs delivered as extra-fine particles via metered-dose
TABLE 2

inhaler (MDI) and even fewer have compared the same drug
administered as aerosol particles of different sizes. In a
randomised, double-blind, placebo-controlled study, 12 asthmatics inhaled technetium-99m-labelled monodispersed albuterol aerosols of 1.5-, 3- and 6-mm mass median aerodynamic
diameters at slow (30–60 L?min-1) and fast (.60 L?min-1)
inspiratory flows [141]. Lung and extrathoracic aerosol deposition were quantified using scintigraphy. Smaller particles
achieved greater total lung deposition, farther distal airways
penetration, and more peripheral lung deposition [141].
However, larger particles achieved greater bronchodilation than
the marketed 200-mg MDI albuterol using a spacer. Faster
inspiration flows decreased lung deposition and caused less
bronchodilation for the larger particles but did not alter increase
in FEV1 with the smaller particles (1.5 mm), resulting in a better
bronchodilation with the 1.5-mm particles compared with the 3and 6-mm particles [141]. Lung deposition increases with
increasing particle size from 0.5 to 10 mm under tidal breathing
conditions [142]. However, single-breath inhalation associated
with deeper breaths and increased lung residence time favour the
deposition and lung penetration of the smaller particles [143].
Lung deposition in healthy nonsmoking volunteers of radiolabelled HFA-BDP with a mass median aerodynamic diameter of
0.9 mm was greater compared with radiolabelled CFC-fluticasone
propionate with a diameter of 2.0 mm and radiolabelled CFC-BDP
with a diameter of 3.5 mm [144]. Three pharmacokinetic trials in
asthmatic patients also demonstrated greater airways availability
of HFA-BDP extra-fine aerosol and suggest that lower total daily
doses of HFA-BDP is required than CFC-BDP [145]. The welldesigned study of BUSSE et al. [146] investigated the efficacy of
HFA-BDP extra-fine aerosol and CFC-BDP at daily doses of
100 mg, 400 mg, and 800 mg, and found that it would take 2.6 times

Studies performed with hydrofluoroalkane (HFA)-formoterol pressurised metered-dose inhaler (pMDI) extra-fine aerosol

Asthma patients

Moderate to severe stable

First author [ref.]

BOUSQUET [147]

Protocol

Primary outcome

Single dose; n543

Average FEV1 over 12 h

HFA-formoterol pMDI 12 mg
Formoterol DPI 12 mg
Placebo
BOUSQUET [148]

Single dose; n546

Average FEV1 over 12 h

HFA-formoterol pMDI 12 mg or 24 mg
Formoterol DPI 24 mg
Placebo
MOLIMARD [149]

Cumulative doses; n522

Safety

HFA-formoterol pMDI
Formoterol DPI
Placebo
LANGLEY [150]

Single dose; n538

PD20 methacholine

HFA-formoterol pMDI 12 mg
Formoterol DPI 12 mg
CFC-formoterol pMDI 12 mg
Placebo
Moderate to severe uncontrolled

DUSSER [151]

Formoterol pMDI 12 or 24 mg; n5227

Morning peak flow

Formoterol DPI 12 or 24 mg; n5221
3 months

c

DPI: dry powder inhaler; FEV1: forced expiratory volume in 1 s; PD20: provocative dose causing a 20% fall in FEV1.
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the dose of CFC-BDP to produce the same improvement in FEV1
obtained with HFA-BDP. The similar effectiveness of HFA-BDP
at half the daily dose of CFC-BDP has been confirmed in other
clinical studies in asthmatics (see later).
In the following section, we review clinical studies performed
with aerosols of extra-fine particles of HFA-formoterol solution, HFA-corticosteroid solutions or the fixed combination
HFA-BDP/HFA-formoterol.
Five placebo-controlled studies have been performed with
HFA-formoterol solution, the only available long-acting b2agonist (LABA) with extra-fine particles (table 2) [100, 147–151].
Most studies were short-term studies: one study evaluated safety
of cumulative doses up to 96 mg of HFA-formoterol [149] and
another evaluated bronchoprotective effects of HFA-formoterol
by assessing bronchial hyperreactivity after methacholine
challenge [150]. Two studies evaluated bronchodilation after a
TABLE 3

single dose of inhaled HFA-formoterol (12 or 24 mg) by
measuring the average 12-h FEV1 [147, 148]. These studies have
shown a not inferior bronchodilator effect and a good tolerance
compared with inhaled LABA with non-extra-fine particles.
None of these studies evaluated potential improvement in
asthma control, symptoms, exacerbations or health-related
quality of life.
Most studies performed using extra-fine particles of HFA-BDP
have been performed in patients with mild to moderate asthma
insufficiently controlled by usual ICS preparations: CFC-BDP
or fluticasone propionate [146, 152–155]. Two further studies
were performed in subjects with stable moderate to severe
asthma previously treated with CFC-BDP preparations [156,
157]. Additionally, two studies have evaluated asthmatic
subjects who were not controlled by combination of LABA
and ICS in the usual formulation [75, 158]. In all these studies,
comparisons were performed between ICS in usual prepara-

Studies performed with hydrofluoroalkane-beclomethasone dipropionate (HFA-BDP) pressurised metered-dose
inhaler extra-fine aerosol

Asthma patients

Moderate to severe uncontrolled

First author [ref.]

AUBIER [152]

Protocol

HFA-BDP 800 mg per day; n5101

Primary

Secondary

outcome

outcomes

Peak flow

Symptoms

FEV1

FEV1

CFC-FP 1000 mg per day; n597

with ICS

8 weeks
BUSSE [146]

HFA-BDP 100–800 mg per day; n550 to 56
CFC-BDP 100–800 mg per day; n552 to 59

FVC

6 weeks

FEF25–75%
Symptoms

FAIRFAX [153]

HFA-BDP 400 mg per day; n588

Peak flow

CFC-FP 400 mg per day; n584

Symptoms
HRQoL

6 weeks
JUNIPER [155]

HFA-BDP 400 mg per day; n5112

HRQoL

Symptoms

HFA-BDP 400 mg per day; n519

PD20

Symptoms

FP/salmeterol DPI 200/100 mg per day; n520

methacholine

HRQoL

Peak flow

Symptoms

HRQoL

Symptoms

Open-label

Control of

Symptoms

HFA-BDP 800 mg per day; n5149

asthma

CFC-BDP 800 mg per day; n5115
3 months
FOWLER [154]

3 months
Moderate to severe stable with ICS

FIREMAN [156]

HFA-BDP; n5354
CFC-FP; n5119
12 months

JUNIPER [157]

Open-label
HFA-BDP; n5354
CFC-BDP; n5119
12 months

Moderate to severe uncontrolled

MOLIMARD [158]

with ICS+LABA

FP DPI 1000 mg per day; n5162
BUD DPI 1600 mg per day; n5149
THONGNGARM [75]

Open-label

Nitrogen washout

HFA-BDP 320 mg per day; n520

(closing volume)

Symptoms

CFC-FP 330 mg per day; n510
3 months
ICS: inhaled corticosteroid; LABA: long-acting b-agonist; FP: fluticasone propionate; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; FEF25–75%: mean
forced expiratory flow between 25% and 75% of FVC; HRQoL: health-related quality of life; DPI: dry powder inhaler; PD20: provocative dose causing a 20% fall in FEV1;
BUD: budesonide.
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Studies performed with an extra-fine fixed combination hydrofluoroalkane-beclomethasone dipropionate (HFA-BDP)/
formoterol pressurised metered-dose inhaler

Asthma patients

Moderate to severe

First author [ref.]

PAPI [159]

uncontrolled with ICS

Protocol

Primary

Secondary

outcome

outcomes

HFA-BDP/formoterol 200/12 mg b.i.d.; n5109

Morning

FEV1

BUD/formoterol 400/12 mg b.i.d.; n5110

peak flow

12 weeks

FVC
FEF50%
Exacerbations
Symptoms

PAPI [160]

HFA-BDP/formoterol 200/12 mg b.i.d.; n5115

Morning

FP/salmeterol 250/50 mg b.i.d.; n5113

peak flow

FEV1
FVC
Exacerbations

12 weeks

Symptoms
Moderate to severe stable with
ICS+LABA

HUCHON [161]

HFA-BDP/formoterol 200/12 mg b.i.d.; n5211

Morning

FEV1

Free association: CFC-BDP 1000 mg per day +

peak flow

Exacerbations

formoterol DPI 24 mg per day; n5220

Symptoms

CFC-BDP 1000 mg per day; n5212
ICS: inhaled corticosteroids; LABA: long-acting b-agonist; BUD: budesonide; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; FEF50%: forced
expiratory flow at 50% of FVC; FP: fluticasone propionate; DPI: dry powder inhaler.

tions and extra-fine HFA-BDP at equivalent doses (table 3).
With the exception of two 12-month studies [155, 156], all these
studies were short-term (6–12 weeks) noninferiority studies.
Asthma control has been evaluated as primary outcome in a
single open-label study [158]. HFA-BDP extra-fine aerosol was
found not to be inferior to budesonide and fluticasone dry
powder inhaler (DPI) at equivalent doses. For patients treated
with LABA, a significantly greater improvement of the asthma
control questionnaire score was obtained with HFA-BDP extrafine aerosol versus fluticasone [158]. Asthma symptoms have
been evaluated as secondary outcomes in eight studies. In six
of these, improvement in asthma symptoms was comparable
between HFA-BDP extra-fine aerosol and its comparators
[151–153, 155–157]. In an open-label study, HFA-BDP extrafine aerosol significantly reduced sputum production and use
of short-acting bronchodilators compared to equivalent doses
of fluticasone propionate [75]. In a step-down study comparing
HFA-BDP extra-fine aerosol to the salmeterol/fluticasone
combination after high-dose of ICS, the combination inhaler
conferred further improvements in symptoms compared with
those seen with HFA-BDP extra-fine aerosol [154]. Four studies
evaluated health-related quality of life as primary [155, 157] or
secondary [153, 154] outcomes in patients treated with HFABDP extra-fine aerosol versus its comparators. Study duration
was short (6–12 weeks) in all studies, except in the 12-month
study by JUNIPER et al. [157]. Health-related quality of life was
improved in the long-term study [157] and was equivalent in
two other studies [153, 155]. However, in the step-down study
after high doses of ICS, health-related quality of life was
significantly decreased in subjects treated with HFA-BDP
extra-fine aerosol compared with fixed combination fluticasone/salmeterol [154].

binations budesonide/formoterol DPI [159] and fluticasone/
salmeterol MDI [160]. These studies demonstrated their clinical
noninferiority on morning peak expiratory flow (primary
outcome), and on clinically relevant secondary outcomes,
including FEV1, symptoms and asthma control. A third study
included subjects with moderate to severe asthma who were
not controlled with ICS (650–1,000 mg per day) or with ICS/
LABA combination [161]. In the latter study, a 24-week doubleblind double-dummy randomised clinical trial, 645 patients
with moderate to severe asthma uncontrolled by regular
treatment with inhaled corticosteroids received regular treatment with extra-fine fixed combination HFA-BDP (200 mg)/
formoterol (12 mg) b.i.d., or BDP (500 mg b.i.d.) via CFC
pressurised MDI and formoterol (12 mg b.i.d.) via DPI, or BDP
(500 mg b.i.d.) via CFC pressurised MDI (table 4) [161]. The
extra-fine fixed combination HFA-BDP/formoterol was as
effective as the free association of CFC-BDP and formoterol
DPI, and superior to CFC-BDP alone in improving lung
function. For the first time with a single inhaler, BDP/
formoterol was significantly superior to separate components
for asthma control. Furthermore, patients treated with extrafine fixed combination BDP/formoterol had significant
improvement on secondary outcomes, including percentage
of days with asthma symptoms and numbers of exacerbations
compared to the other groups of patients [161].

A novel fixed combination of extra-fine particles of HFA-BDP
(100 mg)/HFA-formoterol (6 mg) administered via an MDI is
available. Two studies have compared the extra-fine fixed
combination HFA-BDP/formoterol to the existing fixed com-

CONCLUSION
Both proximal and distal airways are implicated in asthma
pathophysiology. Although inflammatory cell infiltrate and
activation appear similar in proximal and distal airways in
most cases of asthma, both the magnitude of inflammation and
activation of inflammatory cells appear to be more important
in distal airways in severe and uncontrolled asthma.
Involvement of distal airways appears to occur early in life.
Several direct and indirect methods exist to explore distal
airways in asthma. Yet, easily available tests for assessing
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distal airways are not fully validated. Granulometric properties of extra-fine (1-mm) particles allow them to deposit in both
proximal and distal airways, whereas larger (5-mm) particles
deposit mostly in proximal airways. Extra-fine aerosols of
LABA, ICS or ICS/LABA combination have been shown in
short-term studies to be not inferior to comparators for
bronchodilation and FEV1. Future studies should focus on
the long-term clinical efficacy of these extra-fine inhaled
medications on symptoms, control and exacerbations of
asthma. These studies are required to examine the concept
that targeting both proximal and distal airways improve
control and natural history of asthma.
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