The role of small airway disease in asthma

Leif Bjermer

Purpose of review

This review provides an update on the importance of the peripheral ‘small’ airways in asthma. As the small
airways account for less than 10% of total airway resistance, thus having litlle impact on standard lung
function measures such as forced expiratory volume and peck flow, they have been referred to as the ‘silent

zone'.

Recent findings

The study has revealed that small airway involvement is present in all stages of asthmatic disease, being
related to important clinical phenotypes such as nocturnal asthma, exercise-induced asthma, and difficult-to-
control asthma, including those with the risk of repeated asthma exacerbations. Uncontrolled small airway
inflammation is related to airway remodeling and progression of the disease, with a more rapid decline in the
lung function. Moreover, studies on both children and adults have shown that the involvement of the small
airways represents a crucial step in asthma development. New tools have been developed and old tools have
been refined, providing an opportunity o better understand small airway inflammation and dysfunction.

Summary

Small airway inflammation is present in all stages of asthmatic disease and plays an important role in

many key clinical conditions/phenotypes. In order to control the disease, we need to target small airway
inflammation, which is not only difficult to reach by standard inhaled medications but also to some extent
different. A better understanding of the important role small airways are playing in asthma will show that

the ‘silent zone' is by far not silent at all.
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INTRODUCTION

The small airways, defined as distal airways with an
internal diameter of less than 2 mm, have tradition-
ally been referred to as the ‘silent zone’ [1]. Although
the central airways account for more than 90% of
the airway resistance, they only represent less than
10% of the total lung volume. Consequently, owing
to the trumpet shape of the accumulated airway
diameter (Fig. 1), small changes in airway diameter
within the central airways have a great impact on
flow measures, such as peak flow (PEF) and forced
expiratory volumein 1s (FEV1), as well as producing
lung sounds (wheeze) audible with or without a
stethoscope. During recent years, increased atten-
tion has been devoted to the important role of small
airways in the pathophysiology of asthma, revealing
that distal airways are ‘not that silent’ after all. The
clinical consequence of small airway disorder is
more related to functional aspects, having impact
on physical function and quality of life. The involve-
ment of small airways in asthma pathophysiology
has been known for several years [2], and it is clear
that inflammation is not just present in the distal
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airways. The intensity of inflammation may be even
higher in the peripheral compared with central air-
ways [3]. In the present review the focus will be on
the role of small airways in a number of important
clinical entities such as asthma exacerbations,
nocturnal asthma, and exercise-induced asthma.
In addition, the importance of small airways in
asthma development will be clarified.

FROM RHINITIS TO ASTHMA

Asthma and rhinitis are closely linked conditions
and more than three-quarters of all patients with
asthma report concomitant rhinitis [4]. It is also
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Asthma

KEY POINTS

e Small airways, referred to as the silent zone, are not
that silent after all.

e Small airway dysfunction increases the risk of asthma
exacerbations and is a prominent feature in clinical
entities such as nocturnal asthma and exercise-
induced asthma.

e In order to adequately control the disease, it is also
important to control the inflammation within the
small airways.

known that approximately 45% of those with aller-
gic rhinitis without being diagnosed as having
asthma have bronchial hyperresponsiveness (BHR)
to methacholine or histamine indicative of disorder
within the lower airways, even in those not showing
any clinical signs and symptoms [5]. Moreover,
individuals with allergic rhinitis suffer an increased
risk of developing clinical asthma over time [6].
Rhinitis patients with nonspecific BHR do not per-
ceive induced bronchoconstriction to the same
degree as those patients with rhinitis with concom-
itant asthma [7]. By using forced impulsoscillometry
(I0S) during methacholine challenge, it became
clear that patients with asthma had an increased
reactivity and resistance within the distal airways
compared with those with rhinitis and BHR only,
despite a similar decrease in FEV1 [8]. Further studies
measuring fractional exhaled nitric oxide (FeNO)
revealed an increased nitric oxide diffusivity and

increased alveolar nitric oxide concentration
(CalvNO) in patients with asthma compared with
those with rhinitis with or without BHR [9]. So far, a
number of noninvasive studies have indicated that
in contrast to patients with rhinitis without low
airway disorder, the airways of patients with asthma
are characterized by extended inflammation and
pathology from central to more distal airways. These
noninvasive observations were further supported by
bronchoscopy studies with bronchoalveolar lavage
(BAL) and bronchial and transbronchial biopsies.
Although the inflammatory pattern in the central
airways did not differ between patients with asthma
and rhinitis, a profound difference was found within
the peripheral airways, with the most prominent
changes being an increase in the IgE-receptor-
positive mast cells and surface-bound IgE in patients
with asthma compared with rhinitis patients and
healthy controls [10"]. Another interesting obser-
vation in patients with asthma is the presence of
teatures of airway remodeling, that is, fibrosis within
the distal airways and collagen deposition within
the alveolar septa. This was associated with an
increased number of fibroblast progenitor cells,
both in the biopsies and in BAL fluid [11,12]. These
findings indicate that important aspects of distal
airway remodeling occur early, already in very
mild disease.

ASTHMA EXACERBATIONS

Asthma exacerbations affect quality of life and
impose high costs on society. Moreover, patients
with frequent exacerbations have an increased
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FIGURE 1. lllustration of the bronchial tree, in which the accumulated diameter of the airways increases exponentially in the
peripheral small airways starting around generation 8. Although the central airways represents less than 10% of the volume,
small airway caliber changes have great impact on airway resistance measured as impairment of flow (peak flow, forced

expiratory volume).
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annual decline in lung function, indicating a higher
degree of airway remodeling [13]. However, the
degree of lung function impairment is a rather poor
predictor of future risk of having an asthma exacer-
bation, whereas the best predictor seems to be a
history of a recent exacerbation during the last
6 months [14]. Thus, patients with an increased risk
of getting exacerbations seem to represent a specific
clinical phenotype. In the study by in’t Veen et al.
[15], patients with moderate-to-severe clinically
stable asthma were compared with patients with
similar degree of clinical severity, but with a history
of frequent (>2) exacerbations during the last
12 months. The groups did not differ with regard
to lung volume measures, such as FEV1 and total
forced expiratory volume, but differed with regard
to small airways physiology, showing a pathological
nitrogen washout curve with elevated closing
volume (CV/VC) and closing capacity (CC/TLC)
(Fig. 2) [15]. A similar study was conducted some
years later by Bourdin et al. [16]. Thus, it seems that
disorder within the distal airways is associated with
an increased risk of exacerbations and a more pro-
gressive course of the disease. The mechanisms are
not entirely clarified. From high-resolution com-
puted tomography (HRCT) studies, patients with
asthma seem to have an increased reactivity within
the peripheral airways, responding with broncho-
constriction upon deep inspiration [17]. Our group
has demonstrated increased small airway reactivity

by endoscopy using optical coherence tomography
(OCT). With this technique, a rotating Doppler
probe scans the conducting and most distal airways
from patients and controls at a scanning length of
5.4cm. A typical pattern seen in patients with
asthma compared with controls was spontaneous
bronchoconstriction at different levels leaving
trapped gas behind (Fig. 3a and b). This phenom-
enon can further be illustrated by HRCT technique
revealing signs of air trapping by comparing inspir-
atory and expiratory slides. Air trapping is seen in all
stages of asthma, but most commonly in patients
with more severe disease [18]. Moreover, air trap-
ping has proven to be a major risk factor for future
asthma exacerbations [19].

NOCTURNAL ASTHMA

Nocturnal awakening due to insufficiently con-
trolled asthma is regarded as a minor exacerbation
that occurs in a few hours during the night. FeNO
studies have shown that patients with nocturnal
asthma have distal airway inflammation identified
by increased CalvNO, even when measured outside
the nocturnal event [20]. It is reasonable to assume
that these differences would be even more pro-
nounced if recording was done during the night.
In one study measuring prebronchodilator and post-
bronchodilator FeNO, a significant increase of
FeNO was seen during the night in the nocturnal
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FIGURE 2. Difficult to treat asthma with 2 or more exacerbations during the last year were compared with patients with
severe asthma with similar degree of treatment but no exacerbations during the last year. Those with a history of repeated
exacerbations had significantly increased closing volume (CV/VC) and closing capacity (CC/TLC) as measured by single breath
nitrogen washout curve. Adapted with permission [15]. This document was published in 2000. Certain aspects of this document
may be out of date and caution should be used when applying the information in clinical practice and other usages.
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FIGURE 3. (a) Optical coherence tomography (OCT) in a healthy control. The probe is scanning an area of 5.4cm.
At expiration, all airways collapse around the catheter. (b) OCT in a patient with moderate active asthma. When the patient is
asked to perform a deep exhalation, only parts of the conductive airways collapse around the catheter leaving trapped gas in

the distal airways.

awakening group compared with those without
nocturnal awakening [21]. Thus, nocturnal asthma
seems to be characterized by a circadian inflamma-
tory pattern, being increased during night. These
changes are driven by a number of neurohormonal
mechanisms making the individual more suscept-
ible to biological stress during the night [22,23].
In the study by Kraft et al. [24], asthmatic
patients with or without nocturnal awakening were
investigated using bronchoscopy, with bronchial
and transbronchial biopsies on two separate
occasions, that is, at 4 p.m. and 4 a.m. Focusing
on the number of eosinophils, no clear differences
could be seen between the groups in the bronchial
biopsies. In contrast, substantially higher eosinophil
numbers were seen in both groups in the transbron-
chial biopsies, obtaining alveolar tissue, with con-
siderably more in those samples from patients with
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nocturnal awakening (Fig. 4) [24]. Moreover, the
increased eosinophilic inflammation was associated
with an increased peripheral airway resistance [25],
and there was even a close relation between the
degree of decrease in FEV1 and the number of infil-
trating eosinophils and CD4-positive T lymphocytes
in the alveolar tissue [26].

UNCONTROLLED ASTHMA

From real-life studies [27], as well as from random-
ized clinical trials [28], it is clear that only a limited
number of patients with asthma are totally con-
trolled and less than 50% achieve acceptable clinical
control based on symptom registration and rescue
medication use. A number of reasons for this lack
of control can be listed as low adherence to
therapy (adherence), wrong use of inhaler devices
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FIGURE 4. Central and peripheral (alveolar) biopsies were taken from patients with or without nocturnal asthma at daytime,
in the affernoon, and in the early morning when they occasionally had a nocturnal attack with drop in lung function.EBBX,
endobronchial biopsy; NA, nocturnal asthma; NNA, non-nocturnal asthma; Nv eos, number per volume of eosinophils; TBBX,
transbronchial biopsy. Adapted with permission [24]. This document was published in 1996. Certain aspects of this document
may be out of date and caution should be used when applying the information in clinical practice and other usages.

(adherence), and uncontrolled comorbid conditions
(comorbidity). In our own study, we compared
symptomatic (uncontrolled) asthmatic patients,
being treated with inhaled corticosteroids (ICS) with
or without a long-acting B-2 agonist, with well
controlled patients [297]. Although central bron-
chial biopsies did not show any evident differences
in inflammatory pattern between controlled and
uncontrolled patients (Asthma Control Test < 17),
the inflammation differed considerably within the
peripheral airways. Patients with uncontrolled
asthma were characterized by a substantial increase
in IgE receptor and IgE-positive mast cells [29"].
Moreover, there was also an increased ThH2-driven
inflammatory activity within the peripheral air-
ways, which was associated with the degree of
BHR to methacholine and clinical symptoms (in
preparation). These results are in line with reports
by others showing that patients with uncontrolled
asthma have increased CalvNO [30], unaffected by
high doses of ICS but systemic administration (i.e.,
oral steroids) can be effective [30].

EXERCISE-INDUCED ASTHMA

Exercise-induced asthma is often referred to as exer-
cise-induced bronchoconstriction (EIB) with a drop
in FEV1 of more than 12% after a short and intensive
(6-8min) exercise challenge, ideally at more than
85% of maximum capacity [31]. However, although
exercise-induced symptoms (EIS) are common in
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asthma, there is a poor relation between EIS and
EIB [32], indicating that other mechanisms than just
adrop in FEV1 may be involved. The trigger factor in
exercise-induced asthma is hyperventilation, and
this may be even more extensive if the inspired
air is cold and/or dry [33]. Experimental studies
on animal have shown that distal airways are vulner-
able to dry-air hyperventilation (animal dry-air
ventilation) and peripheral airway resistance
increases considerably in patients with asthma after
the same stimuli [34,35]. Clara Cell protein 16
(CC16) is produced by epithelial cells in the bron-
chiole and may as such act as a biomarker for
disturbances within the peripheral airways. Indeed,
we have found that hyperventilation, in contrast to
other stimuli such as mannitol challenge, induce
increased levels of CC16 in urine [36]. Disturbances
within the peripheral airways, associated with some
degree of air trapping, may lead to delayed emptying
of the peripheral airways followed by dynamic
hyperinflation during exercise [37] (Fig. 5).

THERAPEUTIC IMPLICATIONS

Considering that small airways dysfunction is
present in the majority of the clinical asthma phe-
notypes, it is of utmost importance to treat and
control small airway inflammation to achieve
optimal disease control. There is also a scientific
rationale to the belief that controlling small airway
inflammation could have an impact on the course of
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FIGURE 5. Dynamic hyperinflation in patients with exercise-induced symptoms compared with asthmatic controls. The
increasing symptoms on a certain work load were associated with decreased inspiratory capacity (IC). Adapted with

permission [37].

the disease, because clinical studies performed with
standard inhaled medication do not prevent accel-
erated decline of lung function [38], or have an
obvious impact on the natural course of the disease
[39]. In a recent study analyzing the effect of ICS
treatment on FeNO in patients with uncontrolled,
steroid-naive asthma, only those with normaliza-
tion including the CalvNO achieved adequate
clinical control [40]. These findings, in parallel to
the aforementioned study by Berry et al. [30],
indicate the presence of small airway inflammation
which is responsive to steroids; however, it is diffi-
cult to reach by the inhaled route.

One strategy to overcome this obstacle is to
use ultrafine ICS formulations, achieving a much
better deposition within the peripheral airways
[41%]. Currently, there are three small particle
ICS formulations available: hydrofluoroalkane
(HFA)-beclometasone diproprionate, HFA-fluniso-
lide, and HFA-ciclesonide. All these compounds
have been shown to improve small airway function,
either by reducing air trapping or by improving
small airway physiological and inflammatory
parameters, compared with standard inhaled strat-
egies, mostly chlorofluorocarbon (CFC)-driven
metered dose inhalers [41%]. Clearly, small particle
size ICS represent a new treatment option for small
airway disease in both asthma and chronic obstruc-
tive pulmonary disease. Unfortunately, there is still
lack of large studies including long-term outcome
parameters to provide evidence that small particle
ICS treatment, rather than standard ICS treatment,
is disease-modifying, that is, can change the natural
course of the disease.

Another reason for poor small airway control
could be that some inflammatory mechanisms in
the peripheral airways are more or less steroid-resist-
ant. In our study, uncontrolled asthma appeared
related to an increased number of IgE-positive mast
cells within the peripheral airways [29%]. This is in
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line with other observations [42] and calls upon
strategies to control mast cell-induced or mast
cell-associated inflammation. This is of special inter-
est, as mast cells seem to have a crucial role also in
the process of airway remodeling [43"]. The majority
of mast cells express leukotriene C4-synthase, a key
enzyme in leukotriene synthesis [44], while the
affinity and the number of cysteinyl leukotriene
receptors are actually higher within peripheral than
in central airways [45]. In addition, leukotriene
modifiers have been shown to improve distal airway
function as measured by IOS in children [46] or as
reflected by decreased air trapping on HRCT [47].
Therefore, future developments should identify
novel therapeutic targets, including effective anti-
mast cell drugs.

CONCLUSION

Small airway involvement is thus a prerequisite for
asthma development, while the degree of inflam-
mation is related to the severity of the disease. Small
airway dysfunction increases the risk of uncon-
trolled disease and predicts increased risk of asthma
exacerbations, and is associated with important
clinical entities such as nocturnal asthma and
asthma related to exercise-induced signs and symp-
toms. In order to adequately control asthma and
possibly to be able to interfere with the long-term
course of the disease, it is important to have a
strategy including treatment of small airway inflam-
mation/remodeling. This includes both targeting
the small airways by the inhaled route using ultra-
fine particles, but also finding new strategies to treat
steroid-resistant mechanisms that may have a cen-
tral role in (small) airway remodeling, predicting the
course of asthma.

For the future I believe it is of utmost importance
that small airways come more into play. This
will require a different thinking, away from the
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traditional outcome parameters mainly being
related to central airway function. We already at
present have good physiological tools to measure
small airway function, and, hopefully, we will have
even better instruments in the near future that will
help us to improve disease management. We will
also need larger long-term studies to see whether a
better control of small airway inflammation can
prevent some degree of airway remodeling and thus
have a positive impact on the natural course of the
disease.
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