
AS APPeAreD in inhalation June 2014 www.inhalationmag.com

Inhalation to the small airways

Inflammation of the small 
airways, in both asthma
and COPD, make them 
an important therapeutic
target

Introduction
The small airways of the lungs have long been
neglected in asthma and chronic obstructive pul-
monary disease (COPD), mainly because they have
been difficult to assess using conventional lung
function measurements and have therefore been
termed the “quiet” zone.1 However, pathologists
have comprehensively determined that in both asth -
ma and COPD, there is distal airway inflammation2,3

and physiologists have clearly identified that the
small airways are the major site of airf low
limitation.4,5 The small airways are thus clearly an
important therapeutic target.6 This review relates
the anatomy and pathology of the small airways to
their physiological and radiological assessment, and
finally highlights the technological advances in
inhaled drug delivery that have allowed us to deliver
aerosolized medicines that can target and treat the
small airway region of the lungs (Figure 1).

Small airway anatomy and pathology
Anatomical models identify that the airways divide
approximately 23 times from the trachea to the
alveoli.7 The small airways are defined as airways
less than 2 mm in diameter and correspond to air-
way generations 8-23 of the tracheobronchial tree.
As the airway tree progressively divides, there is an
exponential increase in the cross-sectional surface
area and the small airways are likened to the size of
a tennis court, approximately 140 m2 (Figure 2).
Invasive tissue sampling of the lungs has identified
the presence of intense airway inflammation and
remodeling in the distal airways.8 Extensive pathol-
ogy may be present in this vast “tennis court

Figure 1
A diagram of the human lung. The small airways

have been difficult to assess, yet pathologists
have found inflammation for both asthma and
COPD, making “the quiet zone” an important

therapeutic target. 
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region,” yet the disease may have very little impact
on the conventional pulmonary function tests
undertaken in daily clinical practice and, for this
reason, the small airways are termed as the “quiet”
zone of the lungs.1
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Small airway physiology 
Routine lung function testing of patients with
asthma and COPD is undertaken in daily clinical
practice; primarily by spirometry. Spirometry mea-
surements include the forced expiratory flow in
one second (FEV1) and the peak expiratory flow
rate (PEFR), which mainly reflect disease affecting
the proximal large airways. The forced (or mean)
expiratory flow at low lung volumes (FEF, MEF), has
been shown to be rather poor at accurately assess-
ing the small airways, as it may be considerably
affected by airflow in the larger airways and has sig-
nificant variability in its measurement.9 In contrast,
the forced vital capacity (FVC) is gaining accep-
tance as an indirect marker of small airway dysfunc-
tion.10 Advanced pulmonary function testing under-
taken in a hospital relies on body plethysmography
(“body box”), where the identification of lung
hyperinflation reflects abnormalities of the distal
airways.11,12 A marked increase in the residual vol-
ume to total lung capacity ratio (RV/TLC) is consid-
ered a definitive marker of small airway disease. 

In the last decade, there has been rekindled inter-
est in developing innovative physiological tests of
lung function. Such tests have advanced technolog-
ically to measure and assess the small airway
region of the lungs.13 These tests include the multi-
ple breath nitrogen washout (MBN2W), impulse
oscillometry (IOS) and the fraction of exhaled
nitric oxide (FeNO or NO), which have been uti-
lized not only to allow an assessment of small air-
way disease, but also measure responses to inhaled
drug treatment in asthma and COPD. 

MBN2W utilizes the exhalation of nitrogen gas from
the airway tree to assess the heterogeneity of venti-
lation within the lung regions. Patients inhale 100%
oxygen with each tidal breath and this leads to
“washout” of nitrogen gas resident within the
lungs, from 78% down to 2%. Based on mathemati-
cal modeling, the MBN2W derived indices of proxi-

mal/conducting (S-conducting) and distal/acinar
(Sacinar) lung regions that reflect airway genera-
tions 0-15 and >15, respectively.14

Impulse oscillometry utilizes oscillating pressure-
flow signals of moving air, delivered at the mouth of
the patient during gentle tidal breathing, which tra-
verse the tracheobronchial tree and are re flected
back to the mouth and recorded. By altering the
oscillating pressure-flow signals, a determination of
central and peripheral lung mechanics (resistance,
reactance and impedance) can be undertaken.15

Generally, low oscillation frequencies (5 Hz) reflect
small airway changes and high oscillation frequen-
cies (20 Hz) reflect large airway changes.16

Nitric oxide testing reflects the presence of airway
inflammation. The measurement is undertaken with
the patient exhaling into an analyzer using a single
exhalation flow during controlled tidal breathing.17

By utilizing multiple (> 3) exhalation flow rates, NO
may be partitioned into that arising from the central
bronchial airways (JNO), and that produced by the
peripheral alveolar regions (Calv-NO).18 Recently, it
has been shown that two exhalation flow rates may
be sufficient to allow an estimate of central versus
peripheral airway inflammation, making this measure-
ment far more convenient to undertake routinely.19

Small airway imaging
The routinely-undertaken chest radiograph (CXR)
in patients with COPD (and asthma) may show
signs of lung hyperinflation, which is an indirect
marker of distal airway dysfunction. Technological
advances in software have improved the spatial res-
olution of high resolution computed tomography
(HRCT) in the assessment of the small airways, par-
ticularly when incorporated with images under-
taken at residual volume (in expiration) and at total
lung capacity (in inspiration), where an inspection
of the differences in lung volume and architecture
between the two images can give an assessment of
small airway morphology.20 Magnetic resonance
imaging has been utilized with hyperpolarized
helium gas, where the gas acts as a “contrast” agent,
outlining areas of ventilation within the lung.
Nuclear medicine techniques, such as gamma
scintigraphy and positron emission tomography
have been widely used to assess inhaled drug
deposition, giving a two-dimensional and three-
dimensional image of the lungs, respectively.21

Small airway treatment: Inhaled
drug delivery
Inhaled aerosolized therapy is the foundation in
the management of all respiratory disorders, espe-
cially in asthma and COPD where inhaled �2-ago-
nists, muscarinic antagonists and corticosteroids
are the main drug classes used. However, the major-
ity of inhaler devices used in everyday clinical

Figure 2
The surface area of the human lung small airways

has been likened to the size of a tennis court,
approximately 140 m2.
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practice are rather inefficient, where only 10-20%
of the aerosolized drug reaches the lungs.22 In addi-
tion, the high levels of wasted drug can give rise to
local and systemic adverse side effects, primarily
through inappropriate oropharyngeal deposition.
In addition, there is poor delivery from conven-
tional inhalers to achieve deep deposition into the
diseased peripheral small airways in asthma and
COPD patients, as most of these inhalers target
drug to the more proximal airway tree. Conse -
quently, the small airway inflammation remains
untreated and this may be a contributing factor to
the overall poor asthma control that is observed in
treated patients.23 Therefore, the key to success-
fully treating the patient may be to accurately tar-
get drugs to the diseased small airway lung regions,
in addition to the proximal airways. 

Therapeutic targeting to the small airways can cer-
tainly be achieved with oral and parenteral therapy,
but these routes of drug administration have a
higher incidence of adverse effects compared to
the inhalation route. Using the inhaled route, drug
particle size is the most important aerosol/device
factor and inhalation flow is the most important
patient factor that can be manipulated in targeting
drugs to specific lung regions.

Most inhaler devices aerosolize inhaled drug with a
particle size mass median aerodynamic diameter
(MMAD) between 2 µm-6 µm (sometimes referred to
in vitro as the “fine particle fraction”) which prefer-
entially deposits drug in the proximal conducting air-
ways.24 We have shown that by altering aerosolized
drug particle size and controlling patient inhalation
flow, the site of deposition and airway distribution of
inhaled drugs can be targeted within the lungs of
asthmatic patients.25 We studied salbutamol mono -
disperse aerosols of 1.5 µm, 3 µm and 6 µm mass
median aerodynamic diameter at two patient inhala-
tion flows of slow (30-60 l/min) and fast (> 60
l/min). Using gamma camera lung imaging, we
observed that at slow inhalation flows, the smaller
1.5 µm aerosols achieved higher total lung deposi-
tion and lower oropharyngeal deposition compared
to the larger aerosols. Therefore, smaller drug parti-
cles improve the overall deposition efficiency of
inhaled drug and may contribute to fewer adverse
effects through oropharyngeal deposition. It was also
observed that smaller particles were less affected by
rapid changes in patient inhalation flows; that is, they
were less flow-sensitive and their deposition was
more consistent and less influenced by different
inhalation flows. Most importantly, we noted that
smaller particles allowed better penetration of the
inhaled drug deeper into the distal airways, com-
pared to the larger particles which deposited the
inhaled drug more proximally.

The importance of the aerosol science of drug par-
ticle size and inhalation flow has been recognized
and is being translated into new drug formulations

and inhaler devices. Improving the efficiency of
conventional aerosolized therapy by targeting
drugs to the appropriate lung regions/sites may
improve the therapeutic response. 

Small airway treatment: New drug
formulations and novel delivery
devices
Formulation scientists and device engineers have
been at the forefront in the innovation of inhaler
devices in the last few years. Specifically, they have
adopted strategies to achieve drug targeting to the
distal lung regions by developing devices that emit
aerosolized drug with slow patient inhalation
flows and by generating new drug formulations
that emit aerosolized drug with a smaller particle
size (≤ 2 µm MMAD). 

The bronchodilator tiotropium (a long acting, mus-
carinic antagonist) in the Respimat (Boehringer
Ingelheim) inhaler is a propellant-free device that
generates a slow velocity, fine aerosol, drug cloud
with an MMAD for the aqueous solution of approx-
imately 2 µm. In vitro data show that the device
delivers a higher fine particle fraction compared to
most chlorofluorocarbon (CFC) propellant pressur-
ized metered dose inhalers (pMDIs) and dry pow-
der inhalers (DPIs).26 In vivo deposition studies
with the corticosteroid flunisolide showed more
efficient lung delivery with approximately 45%
deposition in healthy volunteers from the
Respimat device compared to a CFC pMDI with a
spacer (26%).27 In vivo data in patients with
asthma showed total lung deposition of approxi-
mately 52% with the corticosteroid budesonide
from the device compared to DPI delivery, which
only achieved 29% lung deposition.28 In this study,
it was importantly noted that a more peripheral
lung distribution and deposition of drug was
observed compared to the DPI inhaler. In vivo data
in COPD patients have shown high total lung
deposition of approximately 37% with a combina-
tion drug formulation of a short acting �2-agonist
plus a short acting muscarinic antagonist from the
device, compared to an HFA pMDI, which only
achieved 21% lung deposition.29 Recent data have
compared the pharmacokinetic profile of tiotropium
delivered from the Respimat device (approximately
2 µm MMAD) versus delivery from the Handihaler
(Boehringer Ingelheim) device (approximately 4
µm MMAD) in patients with COPD, where it was
observed there was lower systemic pharmacoki-
netic drug exposure with the Respimat device,30

thus dispelling concerns about increased systemic
load as a result of a smaller drug particle size.

New formulations for pMDI delivery of small drug
particles have been developed that utilize hydroflu-
oroalkane (HFA) solution propellants for the bron-
chodilator formoterol (a long acting �2-agonist
(LABA) and also for the corticosteroids beclo -
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methasone dipropionate (BDP), ciclesonide and
flunisolide. HFA solution pMDIs have also been
developed for the fixed corticosteroid/LABA com-
bination of BDP/formoterol. 

Several studies have highlighted greater lung deposi-
tion with HFA solution pMDI inhalers. HFA solution
ciclesonide (1.1µm MMAD) has been observed to
achieve 52% lung deposition in mild asth matics.31

Importantly, in this study it was observed that 44% of
the drug deposited in the central airways and the
remaining 56% deposited in the distal airways. In a
study involving healthy volunteers, small aerosols of
HFA solution BDP (approximately 0.9 µm MMAD)
achieved 53% lung deposition compared to 4% depo-
sition with larger-sized aerosols of CFC BDP (approx-
imately 3.5 µm MMAD).32 The HFA solution BDP/for-
moterol (approximately 1.5 µm MMAD) has been
shown to achieve consistent total lung deposition
(TLD) in different patient populations in vivo with
varying airway disease severity, specifically: in healthy
subjects (TLD 34%), mild asthmatics (TLD 31%) and
moderate to severe COPD patients (TLD 33%).33 In
this study, it was also observed that the drug was dis-
tributed throughout the tracheobronchial tree,
where two thirds of the drug was deposited in the
central airways and one third in the peripheral air-
ways. Recently, the combination drug therapy of
BDP/formoterol has become available from a DPI
which innovatively generates small particles of drug
(ap proximately 1.5 µm) and requires a slow inhala-
tion patient inhalation flow (approximately 30 l/min)
to achieve highly efficient lung deposition of 52%.34

Strikingly, similar observations using this formulation
in regional distribution within the airways were
observed, where two thirds of the drug was
deposited in the central airways and one third in the
peripheral airways.

Small airway treatment: Clinical
effects
Studies in asthmatic patients have shown that treat-
ment using small particle aerosols of corticosteroid
translate into improvements in small airway physio-
logical indices. Inhaled small particles of HFA
ciclesonide compared to large particles of DPI flutica-
sone propionate led to greater improvement in IOS
indices of small airways, and similar observations
were noted in another study comparing small particle
HFA BDP aerosols to large particle CFC BDP.35,36 In a
study where asthmatics were switched from large
particle therapy with DPI budesonide to small parti-
cle treatment with HFA BDP, an improvement in distal
airway heterogeneity in lung ventilation was ob -
served with the MBN2W test.37 Treat ment with small
particle HFA ciclesonide has been shown to signifi-
cantly decrease distal/alveolar exhaled NO in asth ma -
 tics,38 whereas treatment with large particles of DPI
fluticasone propionate decreased central/ bronchial
NO but had no effect on distal/alveolar NO.39

Studies have also begun to show that using small
aerosol therapy in patients with asthma and COPD
may translate into improved disease control com-
pared to large particle aerosols. In patients with
asthma, HFA BDP at much lower drug doses was
shown to achieve the same improvement in FEV1

as observed with CFC BDP.40 Randomized, double-
blind studies in patients with asthma have shown
small particle HFA solution pMDI BDP/formoterol
was not inferior to large particle treatment with
either (i) DPI budesonide/formoterol or (ii) HFA
suspension salmeterol/fluticasone propionate in
measures of spirometry, clinical symptoms and
asthma control.41,42 Data from clinical trials under-
taken in patients with COPD show that treatment
with small particles of HFA solution BDP/for-
moterol translate into greater improvements in air
trapping and patient-reported outcome measures
of dyspnea when compared to large particles of
DPI f luticasone/salmeterol,43 and in a separate
study, improvements in the six-minute walk dis-
tance were found when compared to large parti-
cles of DPI budesonide/formoterol.44

Studies are currently ongoing to determine whether
the improvements in distal lung deposition and
small airway function with ultrafine particles are
translated into clinically significant patient out-
comes, such as improved control of symptoms, bet-
ter health-related quality of life, fewer drug adverse
effects and decreased hospital exacerbations.

Summary
• Small airways are an important therapeutic target

in the treatment of asthma and COPD 

• Small airways are known as the “quiet” zone, as
extensive disease can be present in this lung
region with little abnormality in conventional
pulmonary function tests

• Novel physiological lung tests have been devel-
oped that can assess disease in the small airways 

• Drug particle size and inhalation flow are the
most important factors in determining lung
deposition and regional airway drug distribution 

• Most inhaler devices used in everyday clinical
practice have drug particle sizes between 2–6
µm allowing, at best, approximately 20% of the
inhaled drug to enter the lungs 

• New drug formulations and inhaler devices utiliz-
ing smaller drug particles (< 2 µm) and/or slow
inhalation flows achieve greatly improved lung
deposition and distribution throughout the tra-
cheobronchial tree, targeting both large and small
airways
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