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KEY POINTS

e The small airways are distal airways that measure less than 2 mm in luminal diameter.
¢ Inflammation and increased peripheral airway resistance have been demonstrated in the
small airways of patients with asthma.

e The development of extrafine particle inhalers has improved drug delivery to the small
airways.

INTRODUCTION

Asthma is a common chronic condition characterized by reversible airflow limitation.
Prevalence has increased in the United States, affecting approximately 8% of the
population and can be associated with high morbidity and health care costs.’ Asthma
is a heterogeneous disease affecting both small and large airways. In the past, much
of the focus in asthma has been on the larger airways given the difficulty associated
with measuring the small airways. The small airways, as a result, are frequently
ignored, though remain an important aspect of asthma. Recently, there has been
increased work in elucidating the contribution of the peripheral airways in asthma,
more specifically severe asthma.?

The distal (small) airways are defined as those distal to the seventh or eighth division
of the tracheobronchial tree and measure less than 2 mm in luminal diameter.® The
distal airways represent most of the total surface area of the airways and play an
important role in the pathophysiology of asthma.* The alveolar tissue area, in addition
to the airways, also contributes to distal airway inflammation.®

Studies have been undertaken to evaluate inflammation and the physiology of the
distal airway as well as develop clinical parameters that may be used to measure
the small airways. New inhalers and drug formulations with improved corticosteroids

@ Division of Allergy and Clinical Immunology, Department of Medicine, National Jewish
Health, 1400 Jackson Street, Denver, CO 80206, USA; Department of Medicine, National
Jewish Health, 1400 Jackson Street, Denver, CO 80206, USA

* Corresponding author.

E-mail address: FinkasL@NJHealth.org

Immunol Allergy Clin N Am 36 (2016) 473-482
http://dx.doi.org/10.1016/j.iac.2016.03.009 immunology.theclinics.com
0889-8561/16/$ — see front matter © 2016 Elsevier Inc. All rights reserved.


mailto:FinkasL@NJHealth.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.iac.2016.03.009&domain=pdf
http://dx.doi.org/10.1016/j.iac.2016.03.009
http://immunology.theclinics.com

474

Finkas & Martin

deposition are able to reach the small airways that are an area that larger-particle
corticosteroid inhalers have been unable to target in significant concentration.®

Nocturnal asthma (NA) can be used as a model for studying the small airways and is
used in several studies. NA is common in individuals with asthma and affects
approximately 30% to 75% of individuals with asthma.” NA is a risk factor for mortality
(70% association) and respiratory arrests (80% association).® In asthma, the peak lung
function achieved is seen at 4:00 pm with a nadir at 4:00 am.° For NA, this circadian
change is markedly increased. In addition, bronchial hyperreactivity increases at night
as well. These changes are felt to be related to circadian changes that occur in multiple
factors, including cortisol levels.™®

INFLAMMATION

Histologic evaluation of autopsy specimens from patients with asthma has allowed
airway inflammation to be evaluated in both large and small airways. Carrol and col-
leagues'' demonstrated that lymphocytes and eosinophils were present in both the
proximal and distal airway in patients with asthma. Further studies have demonstrated
that regional variations among the small airways and large airways exist as well. Haley
and colleagues'? found that the proximal airways had a significantly greater density of
CD45-positive lymphocytes in the subbasement membrane and airway smooth
muscle than the same areas in small airways. The small airways were noted to have
CD45-positive lymphocytes and eosinophils in the area between airway smooth
muscle and alveolar attachments.

Subjects with cystic fibrosis were also studied and they showed a similar pattern of
proximal airway inflammation as subjects with asthma; however, the inflammation
pattern in the small airways was not present. This suggests that small airway inflam-
mation is not a characteristic of all obstructive airway disease and may be a specific
finding seen in asthma.

A study in stable patients with chronic asthma in 1996 by Kraft and colleagues'® eval-
uated 21 subjects with NA and 10 subjects with non-nocturnal asthma (NNA). Subjects
underwent transbronchial and endobronchial biopsy at 4:00 pm and 4:00 am. There were
significant differences in the number of eosinophils in the alveolar tissue area from the
4:00 am sample with increased eosinophils seen in the NA group. These findings were
not seen in the biopsies from the proximal airway. In comparison of the 4:00 pm and
4:00 am samples in the NA group, there were a significantly greater number of eosino-
phils at 4:00 am. Similar findings were present for macrophages as well with increased
values seen at 4:00 am in the NA group. Circadian differences were not seen in the large
airways.'® An example of the inflammation in the small airways is shown in Fig. 1.

CD4 T lymphocytes produce inflammatory cytokines including tumor necrosis
factor, interleukin (IL)-4, IL-5, and IL-13 that are important mediators in eosinophil
migration. Kraft and colleagues’® sought to evaluate whether T lymphocytes were
responsible for eosinophil migration in the distal airways in patients with NA. They
found the number of CD4+ T lymphocytes in alveolar tissue at 4:00 am was greater
than that seen in subjects with NNA. In addition, they found that the number of alveolar
CD4+ lymphocytes in NA positively correlated with the number of EG2+ eosinophils
and inversely with FEV1 at 4:00 am. Interestingly, proximal tissue inflammation of the
larger airways did not have a significant correlation.™®

Mediator release was also studied by Schulman and colleagues.’® Human lung pa-
renchyma tissue mediator release was measured and compared with airway tissue in
a ragweed-challenged in vitro study. The model allowed investigators to compare if
bronchus or parenchyma had greater mediator release following allergen challenge.
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Fig. 1. Representative distal airway inflammation. (A) Small airway less than 2 mm in an subject
with asthma with EG2-positive cells (activated eosinophils). (B) Major basic protein-stained lung
parenchyma from a subject with asthma. (From Hamid Q, Song Y, Kotsimbos TC, et al. Inflamma-
tion of small airways in asthma. J Allergy Clin Immunol 1997;100(1):46; with permission.)

They found twofold to threefold greater concentrations of prostaglandins and throm-
boxane B2 in the lung parenchyma compared with the airway. Histamine was also
measured and there was a fivefold greater concentration in the lung parenchyma
than in the larger airways. These findings support differences in inflammatory re-
sponses in different airway tissue.

Conventional computed tomography (CT) and chest radiographic imaging have
been unable to measure the distal airways. With the development of high-resolution
CT (HRCT), there is now the ability to measure the small airway with diameter of
1.5 to 2.0 mm as well as wall thickness as small as 0.25 mm.'” Okazawa and col-
leagues'® used HRCT to evaluate airway wall thickness as well as the site and magni-
tude of narrowing of the airway in response to methacholine in subjects with asthma
and healthy controls. In the subjects with asthma, the small airways were thickened
compared with healthy controls. The small airways also showed a significantly
decreased luminal area following methacholine inhalation. Goldin and colleagues'®
also used HRCT, and found that methacholine induced bronchoconstriction in up to
95% of airways with diameter between 1.6 and 2.5 mm.

PHYSIOLOGY

Wagner and colleagues®® improved our understanding of physiology of the small
airways by using a peripheral airway resistance technique. With this technique, a bron-
choscope is wedged into the airway and airflow rate is progressively increased via one
port and pressure change is measured in the second port. Peripheral airway resis-
tance (Rp) is then calculated dividing the change in pressure by the change in flow
(APressure/Aflow). They used this method to compare healthy controls with individ-
uals with mild asthma who had similar lung function. They found significantly
increased peripheral airway resistance in the subjects with asthma (Fig. 2).2°

A study by Kraft and colleagues®' subsequently evaluated peripheral airway resis-
tance in NA, NNA, and healthy controls. In addition, they assessed peripheral function
to B-2 agonist by administering subcutaneous terbutaline in all groups. All subjects
underwent bronchoscopy with Rp at 4:00 pm and 4:00 am separated by 1 week.
Peripheral airway resistance was measured via wedge bronchoscope as discussed
previously. The peripheral airway resistance was highest in the NA group at both
4:00 pm and 4:00 am compared with both NNA and control groups; however, there
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Fig. 2. Measurement of peripheral airways resistance: wedged bronchoscopic technique.
pBD, post bronchodilator; PAR, peripheral airway resistance. (Data from Wagner EM, Liu
MC, Weinmann GG, et al. Peripheral lung resistance in normal and asthmatic subjects. Am
Rev Respir Dis 1990;141(3):584-8.)
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was no significant difference found in Rp within the NA group at both times. Plateau
pressures were noted to significantly increase from 4:00 pm to 4:00 am in the NA group
only. Closing pressures were found to be decreased in the NA group compared with
NNA and control groups at both times. Following beta agonist treatment,
Rp decreased in both asthma groups, although was significant only at 4:00 am. The
increase in plateau pressure in the NA group from 4:00 am to 4:00 pm is suggestive
of a loss of collateral channels and this may be due to smooth muscle contraction,
inflammation, and/or edema.?"

As direct measurement of peripheral airway resistance is invasive, surrogate
markers to measure the small airways is desirable and multiple modalities and testing
have been investigated. Spirometry is the most common test used to evaluate and
monitor asthma. It is a simple, noninvasive method. Reproducibility on testing is
important, as measurements such as the forced vital capacity (FVC) are highly effort
dependent.?? The forced expiratory volume in 1 second (FEV1) and FVC are reflective
of the proximal airways, whereas the forced expiratory flow 25% t075% of the forced
vital capacity (FEF25%-75%) has long been purposed as a measurement of the small
airways. It is highly dependent on the validity of the FVC measurement and the level of
expiratory effort.?®

A pediatric study by Rao and colleagues®* found a low FEF 25% to 75% in the
setting of normal FEV1 was associated with increased asthma severity. The FEF
25% to 75%, however, has shown poor reproducibility and comparability if not
adjusted for lung volumes. The FEF 25% to 75% is also often normal when the
FEV1/FVC ratio is greater than 75.%°

Closing volume (CV) is defined as the volume of gas remaining in the vital capacity
(VC) at the intersection of phases lll and IV. It is typically expressed as a percentage of
the VC (CV/VC%). Higher CV has been attributed to earlier closing of the distal
airways. In a pediatric study by In’t Veen and colleagues,?® CV was found to be
elevated in the severe asthma group with recurrent exacerbations. This suggests
that recurrent exacerbations may be related to the distal airway.

A study by Sutherland and Martin®’ looked at the relationship between physiology
and distal lung inflammation by comparing transbronchial biopsy, spirometry,
and plethysmography in patients with asthma. Distal lung tissue inflammation at



Role of Small Airways in Asthma

4:00 am poorly correlated with previously suggested measurements of small airways
FEF 25% to 75% and maximal to partial VC maneuver (M:P ratio). The distal lung
tissue eosinophils at 4:00 am, however, did correlate with both the thoracic gas volume
and total lung capacity. This study suggests that FEF 25% to 75% and M:P ratio may
not be reflective of distal airway inflammation and may not be the best reliable mea-
surements of the inflammation in distal airways. Thoracic gas volume and total lung
capacity may be better measurements of distal airway inflammation, as they correlate
with distal airway eosinophil count.?’

Impulse oscillometry (I0S) is another noninvasive objective measurement of lung
function and particular values are associated with the small airways. 10S is a tool
that is of benefit, as it is independent of effort and requires minimal patient coopera-
tion. The R5 is a measurement that includes both small and large airways, whereas
the R20 reflects the large airways only. Therefore, the difference between the R5
and R20 (R5 - R20) is reflective of the small airways only. Reactance area (AX) may
also be used as a measurement of small airways and is the reactance at all
frequencies between 5 Hz and the frequency at which the reactance is 0. In a study
in children with asthma as well as controls, there was a significant difference in the R5
- R20, as was reactance in subjects with poorly controlled asthma versus those with
controlled asthma and healthy controls.?® Additionally, a study by Takeda and
colleagues®® used 10S in subjects to assess associations with health status, dys-
pnea, and asthma control. They found the R20 as well the R5 — R20 to be indepen-
dently associated with lower health status as well as dyspnea. The AX was
associated with loss of asthma control.?°

OTHER MODALITIES

Exhaled nitric oxide (NO) is a newer, safe, noninvasive measurement of airway inflam-
mation that is standardized. As NO is produced throughout the airway, it is recommen-
ded to obtain the measurement during exhalation against positive pressure to close
the velum, and therefore exclude the upper airway contributions.*° NO is produced
by the reaction catalyzed by NO synthase. The inducible form of the enzyme is
increased by proinflammatory mediators.?? Fraction of exhaled nitric oxide measure-
ments are flow dependent and require a constant expiratory flow and measurements
obtained at a single flow rate are primarily reflective of the proximal airway."

Two compartment models of pulmonary NO productions can be used to calculate
the alveolar production of exhaled NO concentration.®? Alveolar NO was calculated
using a nonlinear model. Elevated alveolar NO can be seen in other conditions
involving distal airway inflammation, such as pulmonary fibrosis and chronic obstruc-
tive pulmonary disease. A study from the United Kingdom compared subjects with re-
fractory asthma, mild-to-moderate asthma, and healthy controls. They found that
alveolar NO concentration was reproducible in subjects with refractory asthma. The
study also showed there was also a positive correlation between alveolar NO concen-
tration and bronchoalveolar lavage eosinophil count, but a similar association was not
seen in bronchial wash or sputum eosinophil count. In addition, alveolar NO was found
to be higher in subjects with refractory asthma as compared with mild-to-moderate
asthma and healthy controls and values decreased following treatment with prednis-
olone. Alveolar NO, however, was not decreased following a doubling dose of inhaled
steroids. This suggests that alveolar NO is a measurement of the distal lung and that
refractory asthma is associated with increased distal airway inflammation.33

Lehtiméki and colleagues®* found that subjects with asthma with nocturnal symp-
toms had higher levels of alveolar NO compared with both patients with asthma
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without nocturnal symptoms and healthy controls. This again suggests the role of the
small airways in NA.

Nitrogen breath washout has also been proposed as a noninvasive measurement of
the peripheral airways. By using a slope Il analysis of multiple washout versus single
washout, the ability to distinguish between the conductive airways (proximal airways)
from acinar (distal airways) is achieved.>®

THERAPEUTICS

Inhaled corticosteroids (ICS) are the mainstay of treatment for persistent asthma in
both pediatric and adult populations. Inhaled drug delivery to the distal lung is depen-
dent on numerous factors, with the most important being drug particle size. Formula-
tion and preparation of the drug, patient technique, as well as the device in which the
drug is delivered can also play a role in deposition in the distal airway. Studies have
shown that the ideal particle size for drug delivery to the distal airway is a mass median
aerodynamic diameter between 1 um and 2 um. Particle size less than 1 um tends to be
inhaled and exhaled without deposition. Particle size between 2 and 5 um is deposited
mainly in the medium-sized and large-sized airways. Particle size greater than 5 um is
associated with deposition in the oropharynx as well as in the larger, central airways.®

Particle size and drug efficacy have been well studied in inhaled bronchodilators.
Improvements in FEF 25% to 75% have been shown with smaller particle size inhaled
isoproterenol 2.5 pm compared with 5.0 um. Studies looking at varying particle size
with inhaled ipratropium bromide demonstrated peak bronchodilation was achieved
with smaller particle size. This improvement is felt to be due to improved deposition
into the small airways.®’

In 1987, the Montreal Protocol mandated elimination of substances that deplete the
ozone layer and included chlorofluorocarbons (CFCs) that were used as propellants in
pressurized metered-dose inhalers (MDIs).>8 This led to the development of alternative
forms of propellants, including hydrofluoroalkane (HFAs) that are currently used. With
the development of HFAs, there were also changes in drug formulation. For beclome-
thasone dipropionate (BDP), this meant reformulation from a suspension to a solution.
This change in formulation resulted in a change in particle size as well as a decrease in
speed in which the drug leaves the MDI, both positively effecting drug delivery.>® In
addition to HFAs, breath-actuated dry powder inhalers (DPIs) have also been devel-
oped and are increasing in use. Particle sizes in DPIs are in some cases larger than
previously used in MDIs with CFCs.“° See Table 1 for selected ICS and particle size.

Table 1

Particle size of select inhaled corticosteroids

Drug Particle Size (VMAD), pm
Beclomethasone-HFA?® 1.1

Beclomethasone-CFC® 3.5

Ciclesonide-HFA? 1.1

Flunisolide-HFA?® 1.2

Flunisolide-CFC? 3.8

Fluticasone-DPI 5.4

Flucticasone-CFC® 2.4

Abbreviations: CFC, chlorofluorocarbon; DPI, dry powder inhaler; HFA, hydrofluoroalkane; MMAD,
mass median aerodynamic diameter.

2 Indicates extrafine particle inhalers.

® No longer available.
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The smaller the particle size of the ICS, the greater the distal airway deposition and
possibly, improved efficacy. CFC and DPI inhalers typically have larger particle sizes
and, as a result, only approximately 5% to 30% of the drug is delivered to the lungs.
The remainder of the drug is deposited in the oropharynx. The change in BDP to
solution form with HFA resulted in a reduced mass median aerodynamic diameter
to 1.1 um from 3.5 um.*"

To evaluate drug delivery and deposition in the airway and relation to particle size,
Leach and colleagues*? used technetium-99m-radiolabled BDP. Beclomethasone
was then delivered via CFC suspension or with HFA solution. There was a significant
difference between airway deposition between the 2 products, with a significantly
increased airway deposition associated with the BDP-HFA. In healthy subjects,
BDP-HFA delivered 55% to 60% of the drug to the airways with 29% to 30% depos-
ited in the oropharynx compared with the CFC, in which 4% to 7% of the drug was
delivered to the lung with the remaining 90% to 94% having oropharyngeal deposition.
Similar findings were also seen in the subjects with asthma. The pattern of delivery
also differed between the 2 formulations. CFC-BDP had more central distribution as
opposed to the HFA-BDP that had more diffuse delivery, in which the investigators
concluded as improved delivery to the distal airways.

A randomized, placebo-controlled trial in 1999 by Gross and colleagues*®
compared HFA-BDP 400 pg/d, CFC-BDP 800 ng/d and placebo for 12 weeks. Peak
expiratory flow rates were used as an outcome and HFA-BDP was shown to be equiv-
alent to CFC-BDP. The investigators concluded that there was similar efficacy at half
the dose with the HFA-BDP due to peripheral lung deposition.

Flunisolide has also been studied and compared in HFA versus CFC formulations.
Corren and colleagues** studied varying dosing of HFA flunisolide and CFC flunisolide
in asthmatic subjects. FEV1 was used as the primary endpoint and similar improve-
ment in FEV1 was achieved in flunisolide HFA at one-third the dose compared with
the CFC flunisolide-treated group.

Particle size has also been studied radiographically by following air trapping on
HRCT. Goldin and colleagues*® randomized subjects to HFA-BDP and CFC-DBP.
Pre-HRCT and post-HRCT performed at residual volume before and after metha-
choline challenge. Following 4 weeks of treatment, subjects in the HFA-BDP group
had greater improvement in regional airtrapping than those in the CFC-BDP group.

Increased dose of small-particle ICS as well as standard-size ICS as compared with
the addition of long-acting beta agonists (LABA) has also been studied retrospectively
by Israel and colleagues.“® Increased dose of small and standard particle ICS was as
effective as adding LABA as evaluated by asthma control and rates of severe exacer-
bations over 1 year.

In a retrospective matched cohort study, the cost-effectiveness of extrafine particle
ICS as compared with standard-size particle ICS for both the United States and the
United Kingdom in patients older than 12 demonstrated that the odds of overall control
were greater in the extrafine ICS cohorts in both countries. Cost related to asthma was
also significantly lower with the extrafine ICS cohorts in both countries.*”

SUMMARY

Asthma is an obstructive airway disease that involves both large and small airways.
Studies evaluating the small airways have shown increased inflammation as well as
increased peripheral airway resistance in individuals with asthma. Additional studies
are needed to correlate airway inflammation and resistance with surrogate markers
that may readily provide information about the distal airways and assist in the
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evaluation of patients with asthma. With the development of new inhalers and drug
formulations, there is an increased ability to deliver drugs to the distal airway that
may improve asthma control and reduce exacerbations.
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