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Summary

Some recent salient publications related to inhaled drug therapy are discussed. Unexpectedly, a 2.5-�g
once-daily dose of tiotropium (Respimat) had greater efficacy than the 5.0-�g daily dose. Occurrence of
a reverse dose response serves to caution us that administering more drug is not always beneficial.
Small-airway inflammation contributes to pathogenesis of asthma, especially severe asthma. However,
there is no conclusive evidence that the use of small-particle aerosols to target small airways improves
clinical outcomes in controlled clinical trials. Clinical outcomes of patients with symptomatic asthma
have been better in “real-life” studies when fine-particle aerosols were compared with conventional
(large-particle) aerosols. In subjects with COPD, the FLAME study indicates that a long-acting anti-
muscarinic agent/long-acting �-agonist combination was superior to an inhaled corticosteroid/long-
acting �-agonist combination in preventing exacerbations. Another study in children with asthma and
adults with asthma or COPD showed that peak inhalation flow must be considered in the context of the
dry powder inhaler resistance. Investigators from the United Kingdom have shown modest success in
replacing the defective cystic fibrosis transmembrane regulator gene in subjects with cystic fibrosis with
a plasmid encoding the normal cystic fibrosis transmembrane regulator gene packaged within a non-
viral vector. Also, inhaled antibiotics in patients with non-cystic fibrosis bronchiectasis and inhaled
interferon-� in patients with idiopathic pulmonary fibrosis have shown encouraging results but are
investigational at this time. Compared to combustion cigarettes, use of e-cigarettes reduces exposure to
carcinogens and volatile organic compounds. However, high levels of benzaldehyde in the vapor
from cherry-flavored cigarettes raise concerns about the safety of some food flavorings in
e-cigarettes. Key words: aerosols; asthma; COPD; dry powder inhalers; cystic fibrosis; bronchi-
ectasis. [Respir Care 2017;62(7):978 –996. © 2017 Daedalus Enterprises]

Introduction

Inhaled therapies have been employed for many centu-
ries, but their increasing popularity in recent years could
be attributed to the intuitive advantages of this route of
administration over oral or parenteral administration. With
aerosol therapy, drugs are delivered directly to their site of
action in the lung for a localized effect, lower doses are

needed, a rapid response is observed, and fewer adverse
effects are observed compared with systemic administra-
tion of the same agents. These benefits of inhalation
therapy are leading to increasing indications and usage in
a variety of clinical settings.1 A PubMed search re-
vealed � 1,200 citations on aerosol therapy between Jan-
uary 2015 and September 2016. Some of the salient pub-
lications related to the use of aerosolized therapies in var-
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ious respiratory diseases, such as asthma, COPD, cystic
fibrosis (CF), non-CF bronchiectasis, and idiopathic pul-
monary fibrosis (IPF) are discussed in this review. Also
included is a brief review of the possible harm in smoking
flavored e-cigarettes.

Inhaled Tiotropium Therapy in Asthma

Inhaled drugs form the cornerstone of asthma treatment.
The goals of asthma therapy, to minimize the frequency
and severity of symptoms while optimizing pulmonary
function with minimal drug-related adverse effects, can
be ideally achieved with aerosol therapy.2 A broad range
of �-adrenergic and anti-cholinergic bronchodilators, cor-
ticosteroids, and nonsteroidal anti-inflammatory agents
are commonly employed as aerosols for treatment of
asthma. The bronchodilator drugs include short-acting �
agonists, long-acting �-agonists (LABAs), short-acting an-
timuscarinic agents, long-acting antimuscarinic agents,
combinations of bronchodilators (short-acting � ago-
nist � short-acting antimuscarinic agent, LABA � long-
acting antimuscarinic agent), or bronchodilators combined
with inhaled corticosteroids (ICS). The use of inhaled
LABA/ICS is one of the most popular options for patients
whose asthma is not controlled with ICS alone. Despite
treatment according to guidelines with ICS as monotherapy
or in combination with LABAs,3 good control of asthma is
not achieved in at least 40% of patients.4-6

Until recently, there were only a few therapeutic options
for patients whose asthma is not controlled with second-
line therapies. In such patients, one option is to add an-
other controller therapy.3 Tiotropium, a long-acting anti-
muscarinic agent, and other anticholinergic drugs in
inhalation formulations are cleared for use in patients with
COPD, but until 2015, none of the anticholinergic drugs
were cleared for treatment of asthma in the United States.
In recent years, several investigations in subjects with symp-
tomatic asthma of varying severity reported that the addi-
tion of tiotropium to standard ICS maintenance treatment,
with or without a LABA, was safe and effective.7-15

In subjects with mild or moderate asthma treated with
ICS alone, the addition of tiotropium improved lung func-
tion and asthma control,7,9,10,12,13,15 and the efficacy and
safety of adding tiotropium to ICS in these subjects was
comparable with a LABA (salmeterol) in combination with
ICS.7,9,12 In subjects with more severe asthma, who were
symptomatic despite receiving ICS doses of �800 �g
budesonide or equivalent plus a LABA, the addition of
tiotropium improved lung function.8 The efficacy and safety
of tiotropium was confirmed by 2 large, phase 3, 48-week
randomized, double-blind, placebo-controlled studies with
identical design. In these studies, the addition of tiotro-
pium (5 �g) not only provided sustained bronchodilation,11

but also reduced the risk of severe exacerbations and wors-
ening asthma.11,14 Moreover, subgroup analyses of sub-
jects in these studies found that tiotropium (5 �g) as an
add-on to ICS plus a LABA improved lung function, re-
duced the risk of exacerbations and asthma worsening, and
improved asthma symptom control, independent of a broad
range of their baseline characteristics.16

Tiotropium doses of 2.5 and 5.0 �g daily were selected
from 5 4–8-week-long crossover design studies that em-
ployed inhaled doses of tiotropium ranging from 1.25 to
10 �g once daily.17 Pivotal trials were conducted in �3,000
asthma subjects of varying severity (Table 1). These trials
included some subjects with severe asthma who had a
post-bronchodilator FEV1/FVC of �0.7, signifying a de-
gree of fixed airway obstruction that fulfilled spirometric
criteria for COPD.18,19

These clinical trials demonstrated the superior efficacy
of tiotropium delivery via the Respimat (Boehringer-
Ingelheim, Ridgefield, Connecticut) in improving FEV1

compared with placebo. It was also observed in 3 12–24-
week trials that the Respimat 2.5-�g once-daily dose pro-
vided better overall improvement in FEV1 than the 5-�g
dose (Table 1). The peak FEV1 (0–3 h) and trough FEV1

responses were numerically higher for the 2.5-�g dose
compared with the 5-�g dose in the 3 trials that studied
both doses, except for the trough FEV1 secondary end
point in one trial. Compared with the 5-�g dose, the 2.5-�g
dose produced similar improvements in Asthma Control
Questionnaire and Standardized Asthma Quality of Life
Questionnaire scores, but the reduction in exacerbations
was numerically superior. Moreover, the incidence of an-
ticholinergic adverse reactions was low for both doses. In
view of this evidence, in 2015, the FDA cleared the 2.5-�g
dose of tiotropium bromide inhalation spray (Spiriva Re-
spimat 1.25 �g/dose, 2 inhalations/d) for the treatment of
asthma in patients � 12 y old.17

Although tiotropium is available for inhalation via both
the HandiHaler and Respimat devices, this dose for asthma
is specific to Respimat and should not be extrapolated to
the HandiHaler. In subjects with COPD, 6 clinical trials
reported that the bronchodilator efficacy of tiotropium
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HandiHaler (18 �g) was similar to the efficacy of Respi-
mat 5 �g once daily.20 However, the bronchodilator effi-
cacy of the 2.5- and 1.25-�g doses with Respimat was
lower than that with the HandiHaler.20

The therapeutic response to an inhaled drug is a func-
tion of the dose of the drug deposited at its site of action
in the lung.21 Generally, the dose to the lung is influenced
by factors operating in vitro (eg, device type and mass of
particles � 5 �m) and those operating in vivo (eg, breath-
ing pattern and nature of airway obstruction). Optimal
therapeutic responses are obtained with aerosols in which
the mass median aerodynamic diameter is between 0.5 and
5 �m.21 With pressurized metered-dose inhaler (pMDIs),
10–14% of the nominal dose is deposited in the lung.22

Thus, with a pMDI of ipratropium (nominal dose 36 �g),
one would expect lung deposition of �4 �g. A similar lung
deposition would be expected with the HandiHaler (nominal
dose 18 �g and efficiency of lung deposition of �20%). In
normal subjects, the efficiency of lung deposition with a
Respimat has been reported to be as high as 50% of the
nominal dose.23 With the tiotropium Respimat, it is esti-
mated that �40% of the dose is deposited in the lung, so
that with a nominal dose of 2.5 �g, only �1 �g of the drug
would be expected to deposit in the lung. This amount of
drug deposition is significantly lower than that calculated
with other delivery devices. Thus, a note of caution: The
therapeutic dose of drugs cannot be determined solely by
extrapolation between the delivery efficiencies of various
aerosol delivery devices.

Another interesting aspect of these studies is the unique
reverse dose response with lesser efficacy noted after ad-
ministration of a 2-fold higher dose via Respimat. Previ-

ous studies with different delivery devices found increas-
ing response with bronchodilators in subjects with asthma
or COPD.24-30 Typically, with higher doses in asthma tri-
als, an efficacy plateau is attained with no incremental
benefit but with increasing pharmacologic or toxic adverse
effects. Corris et al,26 Jenkins et al,27 and Vathenen et al29

recommend a higher dose of albuterol in patients with
COPD than the 2 puffs that are commonly employed. The
optimal dose of albuterol from a pMDI in patients with
COPD has been estimated to be between 4 and 8 puffs.27,31

Hitherto, the goal of inhalation therapy has been to attain
a higher drug deposition in the lung so as to obtain ther-
apeutic responses near the top of the dose-response curve.
Although the mechanism for the apparent reverse dose
response with the Respimat is not clear, it is conceivable
that a small dose-related increase in anticholinergic ad-
verse effects observed with the 5-�g dose may have a
long-term effect on bronchial secretions, resulting in less
improvement in lung function and decreased benefit for
other measures of asthma efficacy, such as exacerbations.
These observations should caution us that more drug de-
position in the lung does not always translate into greater
benefits than smaller doses of the same drug.

Inhaled anticholinergics have been widely employed for
management of COPD for many years, but Respimat is the
first anticholinergic delivery device to be cleared for treat-
ment of asthma. It is of great interest to note that lung
deposition of a minute dose (�1 �g) of tiotropium pro-
duced consistent bronchodilator effects in patients with
asthma, including some patients who had overlap features
with COPD. In addition to the bronchodilator effects, Re-
spimat, when administered as add-on therapy to an ICS,

Table 1. Clinical Trials Comparing the Effects of Tiotropium (Spiriva Respimat) 2.5 �g Versus 5 �g Daily in Patients With Asthma

Year Subject Characteristics Subjects (N)
Duration
(Weeks)

Treatment Groups
�FEV1

(0–3 h)

Mean Rate of Asthma
Exacerbation/Subject

Year

Time to First
Exacerbation Hazard

Ratio (95% CI)

2012 Mild asthma, symptomatic on
low-dose ICS

154 12 Tio (2.5 �g) 0.293
154 Tio (5 �g) 0.262
155 Placebo 0.134

2015 Moderate asthma, symptomatic
on moderate-dose ICS

269 24 Placebo 0.053 0.24
262 Tio (2.5 �g) 0.289 0.08 0.4 (0.2–0.8)
264 Tio (5 �g) 0.250 0.19 0.7 (0.4–1.4)
275 Salmeterol (50 �g)

twice daily
0.266

2015 Moderate asthma, symptomatic
on moderate-dose ICS

269 24 Placebo 0.075 0.18
257 Tio (2.5 �g) 0.287 0.13 0.7 (0.3–1.3)
253 Tio (5 �g) 0.244 0.14 0.7 (0.4–1.4)
266 Salmeterol (50 �g)

twice daily
0.252

Data from Reference 17.
ICS � inhaled corticosteroids
Tio � tiotropium
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demonstrated improvement in asthma exacerbation and in
the Asthma Control Questionnaire and Standardized
Asthma Quality of Life Questionnaire. Furthermore, use
of tiotropium is not associated with some of the major
safety concerns surrounding LABAs, such as asthma-re-
lated deaths and serious asthma exacerbations. Thus, cli-
nicians may consider using Respimat as an alternative long-
acting bronchodilator or as an additional therapy in patients
who remain symptomatic despite therapy with a high-dose
ICS/LABA combination.32

Small-Airway Disease in Asthma and Therapy With
Small-Particle Aerosols

As mentioned earlier in this review, therapeutic options
for patients with asthma who do not gain good control
with a combination of ICS/LABA are limited. Regular
treatment with the ICS/LABA combination (fluticasone
propionate and salmeterol) for 1 y achieved total control
of asthma in less than half of subjects, and only about
two thirds were well controlled.4 These results could not
be attributed to a lack of subject adherence with medica-
tion. In fact, lower levels of asthma control were observed
in subjects with milder disease receiving low-dose
ICS/LABA than in those receiving ICS monotherapy.4 Fur-
thermore, a post hoc analysis of the Formoterol and Cor-
ticosteroid Establishing Therapy (FACET) study33,34 found
that only about two thirds of subjects with asthma treated
with high-dose combination ICS/LABA (budesonide
[800 �g]/formoterol [24 �g] daily) for 1 y achieved good
control during the last 2 months of the study.

In asthma, small airways, defined as airways with an
internal diameter � 2 mm (comprising airway generations

8–23), are believed to contribute to air-flow limitation35,36

in patients with mild asthma,37,38 and they are especially
important in the pathogenesis of air-flow limitation in pa-
tients with severe asthma.36,39 Hence, enhancing deposi-
tion of ICS in the small airways could lead to better con-
trol of inflammation in these airways.40,41

The importance of small-airway involvement in asthma
pathogenesis suggests that achieving higher deposition of
ICS in these airways with the use of small particle aerosols
(� 2 �m in size) may improve asthma control in patients
who are not adequately controlled with conventional
ICS/LABA combination therapy.41,42 Aerosol delivery de-
vices produce aerosols of different aerodynamic diameters
(Table 2). Aerosols with mass median aerodynamic diam-
eter � 2.0 �m show greater peripheral deposition in the
lung compared with aerosols with a larger mass median
aerodynamic diameter.42,48,49 In subjects with mild asthma,
Usmani and colleagues50,51 demonstrated that small (1.5-
�m) particles of an albuterol formulation achieved greater
lung deposition than larger 3- and 6-�m particles. Lung
deposition studies in subjects with mild asthma that re-
ported 56 and 42% peripheral lung deposition as a pro-
portion of total lung dose with pMDI hydrofluoroalkane
(HFA)-solution ciclesonide (�1.1 �m)49,52 and beclo-
methasone dipropionate (�0.9 �m)42 support the use of
small-particle aerosols for targeted delivery of ICS to small
airways.

Improvement in markers of small-airway dysfunction
and inflammation in both asthma and COPD have been
reported by several investigators with small-particle aero-
sols.53,54 Do small-particle aerosols lead to added clinical
benefit in patients with asthma when compared with large-
particle aerosols? Only a few investigators have compared

Table 2. Mass Median Aerodynamic Diameter of Aerosols Produced by Various Devices for Delivery of Inhaled Corticosteroids

Inhaler Device Drug Formulation MMAD, �m (range) First Author (Year)

DPI (Diskus) Fluticasone dipropionate 5.4 Martin (2002)43

DPI (Turbuhaler) Budesonide 4.0 Martin (2002)43

DPI (Twisthaler) Mometasone furoate 3.7 Yang (2001)44

DPI (Ellipta) Fluticasone furoate 4.0 (3.5–4.9) Data on file, GSK*
DPI (Diskus) Fluticasone propionate and salmeterol 3.5 Lavorini (2016)41

DPI (Ellipta) Fluticasone furoate/vilanterol 4.0 (3.6–4.8)/2.3 (2.0–2.6) Data on file, GSK*
DPI (Nexthaler) Beclomethasone dipropionate and formoterol 1.5 Nicolini (2008)45

pMDI-HFA suspension Fluticasone propionate and salmeterol 2.7 Leach (2012)42

pMDI-HFA suspension Fluticasone propionate 2.4 Cripps (2000)46

pMDI-HFA solution Beclomethasone dipropionate and formoterol 1.5 Acerbi (2007)47

pMDI-HFA solution Beclomethasone dipropionate 1.1 Leach (1998)48

pMDI-HFA Ciclesonide 1.1 Leach (2006)49

Data from References 40 and 41.
* GlaxoSmithKline, Philadelphia, Pennsylvania.
MMAD � mass median aerodynamic diameter
DPI � dry powder inhaler
pMDI � pressurized metered-dose inhaler
HFA � hydrofluoroalkane
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the effect of the same drug delivered as a small- or a
large-particle aerosol. A review of controlled clinical trials
comparing chlorofluorocarbon- with HFA-beclomethasone
dipropionate concluded that the use of small-particle aero-
sols did not provide additional clinical benefits compared
with large particle aerosols.40 However, real-life studies in
both adults and children, especially in younger children,
have shown improvement in daily asthma control, quality
of life, and reduction in ICS dose with small-particle aero-
sols.55-63 Greater lung deposition with small-particle aero-
sols has not been associated with an increase in associated
systemic adverse effects.64 Thus, greater and more periph-
eral drug deposition in the small airways occurs when
small-particle aerosols are employed, and there is improve-
ment in markers of small-airway inflammation. However,
further clinical studies are needed to demonstrate that use
of such ICS formulations improves control across a spec-
trum of severity of asthma patients, especially in those
patients who are not well controlled despite the use of
high-dose conventional ICS/LABA combination therapy.

Inhaled Long-Acting Antimuscarinic Agent/LABA
Therapy to Prevent Exacerbations in COPD

COPD is a preventable and treatable disease that pres-
ents an increasing major public health challenge all over
the world. According to the National Health and Nutrition
Examination Survey IV, an estimated 15.7 million persons
have been diagnosed with COPD in the United States.65

However, it is believed that many more persons, perhaps
an equal number, have the disease but have not been di-
agnosed.66 Worldwide, � 200 million persons are esti-
mated to be suffering from COPD.67

Inhaled bronchodilators form the cornerstone of therapy
for COPD. Both parasympathetic and sympathetic nervous
systems are involved in the control of airway tone. Relax-
ation of smooth muscle in the airway occurs after blockage
of the muscarinic receptors by anticholinergic agents or
stimulation of the �-adrenergic receptor with a �-agonist.
The combination of anticholinergic drugs and �2-agonist
bronchodilators have several advantages in terms of effi-
cacy, convenience, and safety compared with the individ-
ual agents, and a combination of long-acting bronchodila-
tors (long-acting antimuscarinic agent/LABA) is
recommended for patients in whom a single bronchodila-
tor is unable to control symptoms.

The course of COPD is characterized by exacerbations,
episodes of acute worsening of symptoms that require ad-
ditional therapy. Exacerbations result in significant mor-
bidity and mortality, and prevention of exacerbations is a
key goal in the management of COPD.19 Inhaled long-
acting bronchodilators improve symptoms in patients
with COPD and also reduce the frequency of exacerba-
tions.68-71 Inhaled glucocorticoids also prevent exacerba-

tions, and they are employed in combination with inhaled
LABAs.70,72,73 Treatment guidelines recommend the use
of either an ICS/LABA combination or a long-acting an-
timuscarinic agent to prevent COPD exacerbations in high-
risk patients19 based on a trial comparing the effects of a
combination of salmeterol-fluticasone in fixed doses with
tiotropium.74 However, long-term use of ICS in patients
with COPD is associated with adverse effects,75 including
a higher risk of pneumonia.76,77 Several investigators have
reported that the combination of glycopyrronium and in-
dacaterol is effective and safe in patients with COPD78-90

(Table 3). A long-acting antimuscarinic agent/LABA reg-
imen, such as glycopyrronium-indacaterol, may be a more
attractive option to prevent exacerbations in high-risk pa-
tients as an alternative to an ICS/LABA combination.88

The FLAME study90 was a multi-center, randomized,
double-blind, double-dummy, parallel-group, non-inferi-
ority trial. Subjects were randomly assigned (1:1 ratio) to
receive either glycopyrronium (50 �g) plus indacaterol
(110 �g) once daily or salmeterol (50 �g) plus fluticasone
(500 �g) twice daily for 52 weeks, with an additional 30 d
of follow-up after discontinuation of the study regimen.
Subjects enrolled in this study were � 40 y old and had
symptoms of COPD, post-bronchodilator FEV1 25–60%
of the predicted value, post-bronchodilator FEV1/FVC�0.70,
and a documented history of at least one COPD exacer-
bation during the previous year for which they received
treatment with systemic glucocorticoids, antibiotic agents,
or both.90 Such a history of recent exacerbations is an
important indicator of future exacerbation risk.92

The primary objective of the FLAME trial90 was to
show that glycopyrronium-indacaterol was not inferior to
salmeterol-fluticasone in reducing the annual rate of all
COPD exacerbations (mild, moderate, or severe). If this
objective was met, an important secondary objective was
to determine whether glycopyrronium-indacaterol was su-
perior to salmeterol-fluticasone in reducing the annual rate
of all COPD exacerbations. The investigators found that in
the per-protocol population, the annual rate of all COPD
exacerbations was 11% lower in the glycopyrronium-
indacaterol group compared with the salmeterol-fluticasone
group (P � .003). Glycopyrronium-indacaterol was not
inferior to salmeterol-fluticasone with regard to the annual
rate of all COPD exacerbations in the per-protocol and
modified intention-to-treat population. In a secondary anal-
ysis, glycopyrronium-indacaterol showed superiority to sal-
meterol-fluticasone in reducing the annual rate of all COPD
exacerbations in both per-protocol and modified intention-
to-treat populations (Table 4).

When compared with the salmeterol-fluticasone group,
glycopyrronium-indacaterol was associated with reduced
risks of 16% for all exacerbations (P � .001), 22% for
moderate-to-severe exacerbations (P � .001), and 19% for
severe exacerbations (P � .046). The incidence of adverse
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events or death in the glycopyrronium-indacaterol group
was similar, and the rate of pneumonia was lower com-
pared with the salmeterol-fluticasone group. Likewise,
analysis of pooled data in � 11,000 subjects has shown a
favorable adverse effect profile for glycopyrronium-inda-
caterol with no significant increase in the overall risk of
death, major cardiovascular events, or pneumonia com-
pared with placebo.93

The once-daily dose of glycopyrronium-indacaterol is
approved worldwide, except in the United States, where a
lower, twice-daily dose of glycopyrronium-indacaterol is
approved (Table 5). Clinical trials have shown that the
twice-daily regimen has effects on lung function that are
similar to those observed with a once-daily dosing regi-
men, but no direct comparison has been performed.83,94

Other combinations of long-acting antimuscarinic agent
and LABA are approved in the United States (see Table 5).
The mechanism(s) by which long-acting antimuscarinic
agent/LABA combinations reduce exacerbations are not
clear, but several potential explanations have been pro-
posed, including the effects on diminishing hyperinflation
and mechanical stress, decreasing excessive mucus pro-

duction and impaired mucociliary clearance, and reducing
inflammation and symptom severity.95 The widespread
availability of these fixed-dose once-daily long-acting an-
timuscarinic agent/LABA combinations means that they
are likely to be employed more frequently as alternatives
to ICS and LABA combinations for prevention of exacer-
bations in patients with COPD who are at higher risk of
developing exacerbations.

Inhalation Profile and DPIs

In most DPIs, the formulation is a blend of larger-size
carrier particles, generally lactose, and smaller drug crys-
tals of �2 �m in size.96 DPIs are breath-actuated so that,
unlike pMDIs, coordination between inhalation and actu-
ation is not required. The ability to produce an aerosol that
contains the majority of drug particles in the 1–5-�m size
range that is optimal for deposition in the respiratory tract
depends on inspiratory air flow.96,97 In DPIs that contain
drug particles blended with carrier lactose particles, tur-
bulent energy created in the inhalation channel of the DPI
by the interaction of inspiratory air flow with the resis-

Table 4. Subject Characteristics and Effects of Glycopyrronium-Indacaterol Versus Salmeterol-Fluticasone in the FLAME Trial

Parameter
Glycopyrronium-Indacaterol

(n � 1,680)
Salmeterol-Fluticasone

(n � 1,682)
P

Age, mean � SD y 64.6 � 7.9 64.5 � 7.7 NS
Duration of COPD, mean � SD y 7.5 � 5.3 7.3 � 5.5 NS
Current smoker, n (%) 664 (39.5) 669 (39.8) NS
Post-bronchodilator FEV1, mean � SD L 1.2 � 0.3 1.2 � 0.4 NS
Post bronchodilator FEV1, mean � SD % predicted 44.0 � 9.5 44.1 � 9.4 NS
Post bronchodilator FEV1/FVC, mean � SD y 41.7 � 9.8 41.5 � 9.9 NS
Time to first exacerbation, median (95% CI) d 71 (60–82) 51 (46–57) �.001*
Annual rate of moderate or severe exacerbations, median (95% CI) 0.98 (0.88–1.10) 1.19 (1.07–1.32) �.001
Time to first moderate or severe exacerbation, median (95% CI) d 127 (107–149) 87 (81–103) �.001†

Data from Reference 90.
* Hazard ratio 0.84.
† Hazard ratio 0.78.
NS � not significant

Table 5. Fixed-Dose Long-Acting Antimuscarinic Agent/Long-Acting �-Agonist Combinations

Drug Trade Name Device Approved Dose

Umeclidinium/vilanterol Anoro Ellipta DPI 62.5/25 �g once daily
QVA 149 Ultibro Breezhaler DPI 85/43 �g once daily (Europe)
Glycopyrronium/indacaterol 27.5/12.5 �g twice daily (United States)
Aclidinium/formoterol Brimica Genuair DPI 340/12 �g twice daily
Tiotropium/olodaterol Stiolto Respimat SMI 2.5/2.5 �g 2 puffs once daily
Glycopyrrolate/formoterol Bevespi Aerosphere pMDI 9/4.8 �g 2 puffs twice daily

DPI � dry powder inhaler
SMI � soft mist inhaler
pMDI � pressurized metered-dose inhaler
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tance of the DPI dissociates the drug particles from the
carrier particles. This turbulent energy produces a pressure
change that breaks up (de-aggregates) the formulation and
entrains the de-aggregated drug particles in the inspiratory
air flow.98 The magnitude of the pressure change depends
on the strength of the respiratory muscles, the degree of
patient effort (ie, the force of the inhalation), and, to a
much lesser extent, on disease severity.99

DPIs have different resistances (Table 6); thus, variable
levels of inspiratory force are needed to ensure efficient
de-aggregation of the drug particles from the larger carrier
particles. The faster the inhalation flow through a DPI, the
greater the resultant energy and more efficient is the
break-up of the formulation.101 Although the degree of
powder de-agglomeration increases with increasing inspira-
tory flow, the higher flows are also associated with greater
impaction as a result of the increased particle velocity. The
net effect of these opposing forces on lung deposition of
the drug could be positive, neutral, or negative, depending
on the design of the device and the formulation.102 More-
over, focusing on the peak inhalation flow alone, without
integrating device resistance, device design, and formula-
tion, leads to the misconception that low flows through
some DPIs with higher resistance leads to inadequate dose
delivery.

All DPIs demonstrate flow-dependent dose emission,
with some DPIs being more prone to this phenomenon
than others.101,102 The turbulent energy inside a DPI during
an inhalation is the product of the inhalation flow and the
device resistance according to the formula, 	P � Q 
 R,
where P is the turbulent energy, Q is the inhalation flow,
and R is the resistance of the device. Thus, for devices
with a higher resistance, a lower flow will be required to
achieve a given energy level compared with a device with
a lower resistance. Therefore, a low flow through a DPI
with a high resistance generates the same turbulent energy
as fast flow through a device with low resistance. Depend-
ing on the device, different inhalation flows are compati-
ble with effective use, and there is no defined peak inha-
lation flow that is optimal for all DPIs. In fact, DPIs with

a higher resistance tend to provide greater lung deposition
with less variability in the delivered dose compared with
DPIs with a lower resistance.103,104

For each DPI, a minimum turbulent energy must be
achieved for sufficient de-aggregation during an inhala-
tion.105 The minimum acceptable peak inhalation flow
achieved through each DPI, rather than the optimal flow,
is critical for adequate de-aggregation. Inability to achieve
this minimum flow will result in inefficient de-aggrega-
tion. However, the threshold flow will differ for various
DPIs, depending on their resistance. For DPIs with a higher
resistance, the peak inhalation flow needed to achieve a
critical threshold for energy generation will be lower than
that required for a DPI with a lower resistance. For the
Turbuhaler and the Diskus, the minimum effective flow
has been regarded as 30 L/min.106,107 Both in vitro and
in vivo studies have shown that unless this minimum flow
is achieved, the turbulent energy generated is not sufficient
to achieve adequate de-aggregation of the powder, and this
inability to achieve an adequate inspiratory flow could
influence the clinical response to the drug.106,108

The peak inhalation flow achieved by patients through
each DPI is related to clinical efficacy106,107,109,110; how-
ever, the pressure changes inside the inhalation channel of
each DPI111 and the initial acceleration rate of the inhala-
tion maneuver112,113 may be more important than peak
inhalation flow in the generation of the fine-particle dose.
Moreover, inhaled volume is another factor that influences
the quality of the emitted dose,113 particularly in a capsule
formulation114,115 because of the need to empty the cap-
sule. For optimal use of DPIs, it is recommended to seal
the lips around the device and employ a forceful and deep
inhalation that begins from the start of the inhalation ma-
neuver so as to provide adequate de-aggregation, disper-
sion of the drug particles into the airstream, emptying of
the dose from the device, and adequate air flow needed for
drug deposition in the lung.96,111

Some patients may have problems achieving a fast in-
halation rate, and they may be unable to achieve adequate
inspiratory flows for optimal aerosol generation with a

Table 6. Resistance of Various Dry Powder Inhalers

DPI Brand Type of DPI Resistance Level Resistance, (kPa)0.5 (L/min)�1 Resistance, (cm H2O)1/2 (L/min)�1

Aerolizer Capsule Low 0.0207 0.066
Diskus Individual blisters Medium 0.0249 0.079
Ellipta Individual blisters Medium 0.0286* 0.091*
Turbuhaler Multi-dose reservoir Medium/High 0.0335 0.110
Twisthaler Multi-dose reservoir High 0.0432 0.138
HandiHaler Capsule High 0.0494 0.158

1 kPa � 10.1972 cm H2O.
* For the 2-strip configuration.100

DPI � dry powder inhaler
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DPI. Azouz et al116 measured the inhalation profiles of
subjects when they inhaled through 4 different DPIs in an
open-label study. Children with asthma (age 5–17 y), adults
with asthma (age 18–55 y), and COPD subjects � 55 y of
age inhaled through DPIs as they would normally do at
home.

Empty, placebo versions of 4 DPIs, the Aerolizer (No-
vartis, Basel, Switzerland), Diskus (GlaxoSmithKline,
Brentford, United Kingdom), Easyhaler (Orion, Espoo,
Finland), and the Turbuhaler (Symbicort version, Astra-
Zeneca, Södertälje, Sweden), were employed in random
order. The placebo version of the Diskus containing the
foil strips from which the lactose had been discharged was
used. The Aerolizer contained a pierced empty capsule for
each inhalation, because the device resistance is lower
without it.

Flows were converted into pressure changes using the
resistance of the DPI. The inhalation characteristics ob-
tained from each inhalation profile were the peak inhala-
tion flow (in L/min), the time after start of the inhalation
when peak inhalation flow occurred (in s), the maximum
pressure change that occurred inside the DPI (in cm H2O),
the initial acceleration of the inhalation flow (in cm H2O/s),
the inhalation volume (in L), and the duration of the in-
halation (in s) (Fig. 1).

The investigators found a large variability in inhalation
characteristics of subjects. Peak inhalation flow, DPI pres-
sure, and initial inhalation acceleration values were con-
sistent with the order of the inhaler’s resistance. For each
device, the inhalation characteristics were in the order
adults � COPD subjects � children for peak inhalation
flow, pressure change inside the DPI, and initial inhalation

acceleration (P � .001). Measurement of DPI pressure and
inhalation acceleration had an advantage over peak inha-
lation flow values. Overall inhaled volumes were low, and
only one subject achieved an inhaled volume � 4 L and
pressure change inside the DPI � 40.79 cm H2O.116 The
inhalation characteristics highlight that adults with asthma
have greater inspiratory capacity than patients with COPD,
whereas children with asthma have the lowest. Combining
measurement of inhalation profiles with in vitro dose emis-
sion measurements could provide useful information about
the dose that patients inhale during routine use from var-
ious DPIs.

In summary, there has been a great deal of focus on
achieving a high peak inhalation flow when using a DPI.
The inhalation flow needs to be integrated with the resis-
tance of the DPI and to the turbulent energy achieved
within the inhalation channel to better compare the per-
formance of various devices, because higher resistance
devices require lower flows to achieve the same energy
level compared with lower-resistance devices. It also needs
to be stressed that, more than the high peak inhalation
flow, it is the minimum peak inhalation flow that is of
critical importance for optimal aerosol generation from a
DPI. The minimum flow, below which efficient de-aggre-
gation of the powder will not occur, also differs for various
DPIs, depending on their resistance. Furthermore, Azouz
et al116 emphasize that in addition to the flow-dependent
pressure changes achieved within the inhalation channel,
patients need to be trained to appropriately accelerate their
inhalation maneuver and achieve an adequate inhalation
volume to optimize DPI performance.

Fig. 1. A: Distribution of peak inhalation flows of inhalation maneuvers through various DPIs. As expected, adults with asthma generate
the most favorable inhalation maneuver and children with asthma the weakest, and COPD subjects performed slightly better than the
children. Also, as expected, subjects generated higher flows through lower resistance devices (AERO, DSK) as compared to higher
resistance devices (TBH, EASY). B: Distribution of pressure change during each inhalation maneuver through each DPI. In contrast
to the peak inhalation flows (A), the pressure changes tended to be greater for DPIs with a higher resistance (TBH, EASY) than those
with a lower resistance (AERO, DSK). Boxes represent interquartile range with the median, and whiskers show the full range of the
data, with outliers are shown as circles. AERO � Aerolizer, DSK � Diskus, TBH � Turbuhaler, EASY � Easyhaler. From Reference
117, with permission.
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Inhaled Gene Therapy in CF

Cystic fibrosis is a chronic, life-limiting disease caused
by mutations in the CF transmembrane conductance reg-
ulator (CFTR) gene encoding a chloride ion channel that is
active on the apical surfaces of epithelia. CF is a multi-
system disease, primarily affecting the lungs but also in-
volving the pancreas, liver, and gastrointestinal tract, and
is associated with infertility in the majority of males. Lung
involvement occurs from an early age, with intermittent
and then chronic bacterial infection, inflammation, and
eventual bronchiectasis, fibrosis, and death from respira-
tory failure.118,119 The gene responsible for CF is localized
to the long arm of chromosome 7, position 7q21–24.120,121

The CFTR gene encodes a 1,480-amino-acid CFTR pro-
tein122 that when fully processed localizes to the plasma
membrane in normal epithelial cells and acts as a cyclic
adenosine monophosphate-regulated ion channel. CFTR is
a direct conductor of chloride ions, and it also inhibits the
major sodium-absorbing channel, the epithelial sodium
channel. Defects in CFTR lead to reduced chloride secre-
tion, and loss of inhibition of the epithelial sodium channel
leads to increased absorption of sodium. Water absorption
is also increased along with sodium, and this leads to
dehydration of the cell surface123 and acidification of the
airway surface liquid.124 In addition, increased mucin poly-
mer cross-links make the mucus more viscous, and in the
presence of a larger amount of mucus, mucociliary clear-
ance is impaired.125 The inspissated mucus obstructs air-
ways, leading to pulmonary infections and inflammation.126

Massive infiltration of inflammatory cells into the airways
in CF causes tissue damage due to the secretion of exces-
sive amounts of elastase and other proteinases.127 The re-
lease of proteolytic enzymes, such as elastase, causes lung
damage and leads to bronchiectasis and impaired lung func-
tion. Furthermore, DNA released from dead neutrophils
also contributes to the increased viscosity of CF sputum.128

Ultimately irreversible airway scarring, bronchiectasis, and
respiratory failure ensue. A few decades ago, a patient
with CF was not expected to reach adulthood, but inten-
sive efforts, new and more effective treatments, and im-
provements in early diagnosis, nutritional support, and clin-
ical care have dramatically increased the survival rates.
The median predicted survival age for a child born with
CF in the United States is currently �40 y.129

Ivacaftor (Kalydeco, Vertex Pharmaceuticals, Boston,
Massachusetts) is the only licensed therapy targeting the
basic defect in CF,130 but it is currently suitable for only a
minority of patients (4–5%) with a relatively rare CFTR
gene mutation. All of the other clinically available treat-
ments target the consequences of the disease and at best
delay the decline in lung function.

Gene therapy has enormous potential to treat CF. In-
vestigations to replace the defective CFTR gene in the

airway epithelial cells with a normal copy of the CFTR
gene have been ongoing for many years. Several vectors
have been studied for gene transfer. Initially, viral vectors
were employed, but they have the potential to produce
inflammatory and immune reactions in the lung.131,132 Non-
viral vectors, which are generally complexes of plasmid
DNA with liposomes, have the ability to deliver larger
amounts of genetic material than viral vectors, can be
produced on a large scale with high reproducibility and
acceptable costs, and are relatively stable for storage pur-
poses. Non-viral vectors can also be administered repeat-
edly with minimal immune response.133 Most non-viral
vectors comprise cationic lipids and polymers, as well as
peptides, which form compacted DNA nanoparticles.134

These vectors form condensed complexes with negatively
charged DNA through electrostatic interactions, which pro-
tect nucleic acids from enzymatic degradation and facili-
tate their uptake within cells.135 A cationic lipid named
GL67A38, which was designed to facilitate the endosomal
escape of plasmid DNA and to be stable for aerosol ad-
ministration, is currently one of the leading non-viral vec-
tors for CF gene therapy.136

Alton et al137 conducted a randomized, double-blind,
placebo-controlled, phase 2b trial to assess the clinical
efficacy of inhaled non-viral CFTR gene-liposome com-
plex (pGM169/GL67A) in 136 subjects with CF who
were at least 12 y old and had mild-to-moderate lung dis-
ease, with FEV1 between 50 and 90% of predicted. The
non-viral formulation comprised a plasmid, pGM169, en-
coding the CFTR gene driven by a CpG-free human cy-
tomegalovirus enhancer/elongation factor 1a (hCEFI)
enhancer/promoter. pGM169 is a covalently closed, circu-
lar, double-stranded plasmid DNA molecule of 6,549 base
pairs purified from bacteria. The cationic lipid (GL67A) is
made up of 3 components to optimize DNA binding, sta-
bility, and gene transfer. The formulation was nebulized
via a breath-actuated nebulizer, the AeroEclipse II (Trudell
Medical International Europe, Nottingham, United King-
dom). Subjects received 5 mL of pGM169/lipid 67A
(GL67A) (active) or 0.9% saline (placebo) at 28 � 5-d
intervals over 1 y. The primary end point was the relative
change in percent-of-predicted FEV1 over the 12-month
period.

The per-protocol cohort was predefined as those sub-
jects who received at least 9 monthly doses of the trial
formulation; it consisted of 62 subjects who received gene
therapy and 54 who received placebo. The primary end
point of relative change in percent-of-predicted FEV1 at
12 months showed a significant (P � .046) treatment ef-
fect of 3.7% (95% CI 0.1–7.3%).137 The responses were
noted as soon as 1 month after administration and were
irrespective of sex, age, or CFTR mutation class. There
were also significant improvements in FVC and gas trap-
ping on CT scans. The formulation was safe and did not
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lead to the generation of host immune responses. Although
the results are encouraging, the difference in FEV1 be-
tween groups was modest and was not accompanied by
detectable improvement in the quality of life of the sub-
jects. The development of a suitable non-viral vector that
could transfect epithelial cells after inhalation is signifi-
cant for gene therapy in CF and provides hope that gene
therapy strategies for CF based on non-viral vectors will
be available for use in the clinic.

Inhaled Antibiotic Therapy in Non-CF Bronchiectasis

In non-CF bronchiectasis, chronic airway infection and
inflammation lead to symptoms of persistent cough and
expectoration, and recurrent infective exacerbations pro-
duce progressive lung damage, resulting in the character-
istic irreversible dilation of the bronchi.138 The incidence
of non-CF bronchiectasis in the United States is estimated
at 52 cases per 100,000.139 In severe cases, non-CF bron-
chiectasis leads to a decline in lung function, frequent
hospitalizations, reduced quality of life, and increased mor-
tality rates.140,141 The mortality from non-CF bronchiecta-
sis ranges from 10 to 16% over an approximate 4-y ob-
servation period.142

Pseudomonas aeruginosa, Moraxella catarrhalis and
Haemophilus influenzae are frequently identified bacterial
pathogens in sputum isolates from non-CF bronchiectasis
patients.143 P. aeruginosa infections are reported in as many
as one fourth to one half of patients and are associated
with the most severe forms of bronchiectasis with higher
morbidity and mortality.140,141 Other less commonly iden-
tified pathogens include non-tuberculous mycobacteria and
Gram-positive organisms (Streptococcus pneumoniae and
Staphylococcus aureus).144-147 Isolation of P. aeruginosa
has been identified as an independent predictor of accel-
erated lung function decline in patients with non-CF bron-
chiectasis.140,141,148

P. aeruginosa and other Gram-negative organisms are
the primary targets for inhaled antibiotics in patients with
non-CF bronchiectasis. Several classes of inhaled antibi-
otics, including aminoglycosides, cephalosporins, colistin,
and fluoroquinolones, have been employed in patients with
non-CF bronchiectasis with the premise that reducing the
bacterial load could ameliorate the chronic inflammation
and airway damage, reduce the frequency of exacerba-
tions, and stem the resulting decline in lung function and
quality of life.149,150 Administration by inhalation achieves
higher airway concentrations of antibiotics compared with
enteral or parenteral administration. Most of these antibi-
otics have a concentration-dependent killing effect, and
the rationale is to hit hard and hit fast to maximize effi-
cacy, reduce the chances for development of resistance,151

and decrease systemic toxicity compared with the use of
intravenous antibiotic therapy.

Some inhaled antibiotics that are marketed for CF have
also been evaluated for non-CF bronchiectasis. However,
for reasons that remain unexplained, inhalation of tobra-
mycin and colistin, which have been shown to be effica-
cious in patients with CF, have not been effective in pa-
tients with non-CF bronchiectasis and have been associated
with a higher frequency of adverse respiratory effects.152,153

Aztreonam for inhalation solution (AZLI, Cayston,
Gilead Sciences, Foster City, California) is an inhaled an-
tipseudomonal antibiotic. AIR-BX1 and AIR-BX2 were 2
double-blind, multi-center, randomized, placebo-controlled
phase 3 trials, which included subjects age � 18 y who
had bronchiectasis and a history of positive sputum or
bronchoscopic culture for target Gram-negative organ-
isms.154 Subjects were randomized (1:1) to receive either
AZLI or placebo. In both studies, 2 4-week courses of
AZLI (75 mg) or placebo (3 times daily; eFlow nebulizer)
were each followed by a 4-week washout period. The
primary end point was change from baseline quality of
life-bronchiectasis respiratory symptoms scores at 4 weeks.
Quality of life-bronchiectasis respiratory symptoms scores
are 0–100, with high scores representing few symptoms.

In AIR-BX1, 348 subjects were screened; 134 were
randomly assigned to receive AZLI and 132 to receive
placebo. In AIR-BX2, 404 subjects were screened; 136
were randomly assigned to receive AZLI and 138 to re-
ceive placebo. In AIR-BX1, the adjusted mean change
from baseline quality of life-bronchiectasis respiratory
symptoms score with AZLI at 4 weeks did not differ from
placebo (0.8 [95% CI 3.1–4.7], P � .68), but there was a
significant (4.6 [95% CI 1.1–8.2], P � .01) difference in
AIR-BX2.154 However, the 4.6-point difference in quality
of life-bronchiectasis respiratory symptoms score after 4
weeks in AIR-BX2 was not considered to be clinically
important. In both studies, the most commonly reported
treatment-emergent adverse events (dyspnea, cough, and
increased sputum) as well as discontinuations from ad-
verse events were more common in the AZLI group than
in the placebo group.154 AZLI treatment did not appear to
provide significant clinical benefit in non-CF bronchiec-
tasis, as measured by quality of life-bronchiectasis respi-
ratory symptoms score.

DPI ciprofloxacin (one capsule of DPI ciprofloxacin
[32.5 mg] twice daily, using a T-326 breath-actuated in-
haler) is being developed as a long-term intermittent ther-
apy to reduce the frequency of exacerbations in non-CF
bronchiectasis patients colonized with respiratory bacterial
pathogens.143,155,156 Early results with twice-daily inhaled
ciprofloxacin by DPI administered in 12 cycles of 14 d
on/14 d off found a reduction in the number of exacerba-
tions compared with placebo (adjusted hazard ratio 0.53,
P � .001).157 Moreover, one trial (ORBIT-3), in which a
dual-release formulation of ciprofloxacin combining lipo-
somal ciprofloxacin for inhalation (150 mg in 3 mL) with
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free ciprofloxacin (60 mg in 3 mL) (Pulmaquin, Aradigm
Corp, Hayward, California) was administered once a day,
reported that the median time to first exacerbation was
delayed by Pulmaquin compared with a placebo, but the
results were not statistically significant. However, in the
second trial, ORBIT-4, the median time to first exacerba-
tion in subjects receiving Pulmaquin was significantly de-
layed (230 d vs 163 d) compared with those receiving pla-
cebo.158 Further details of the results of these studies are
forthcoming.

The use of inhaled antibiotics in patients with non-CF
bronchiectasis is primarily directed at Gram-negative or-
ganisms, especially P. aeruginosa. Although several
classes of inhaled antibiotics have been employed in pa-
tients with non-CF bronchiectasis, the results have been
inconclusive, and further studies are needed to demon-
strate their efficacy and safety in this clinical setting.

Inhaled Interferon-� in Idiopathic
Pulmonary Fibrosis

IPF is a spontaneously occurring specific form of chronic
fibrosing interstitial pneumonia limited to the lung and
associated with a pattern of usual interstitial pneumonia on
high-resolution computed tomography or histologic ap-
pearance on surgical lung biopsy. The efficacy and safety
of inhaled interferon-� (IFN-�) was determined in 10 sub-
jects with IPF.159 Subjects inhaled 100 �g of IFN-� (Ac-
timmune, InterMune, Brisbane, California; 2 million units
or 100 �g/0.5 mL) 3 times/week for a minimum of 80
weeks. The I-neb adaptive aerosol delivery system (Philips
Respironics, Parsippany, New Jersey), a breath-actuated
vibrating mesh nebulizer, was employed.160 Subjects tol-
erated inhaled IFN-� well, with no systemic adverse ef-
fects. In vivo lung deposition averaged 65.4 � 4.8% of the
nebulizer charge. The slope of decline in total lung capac-
ity and diffusion capacity for carbon monoxide (DLCO)
reversed after beginning therapy.159 Inhaled IFN-� was
found to be effectively delivered to the lung and was not
associated with adverse effects.

One of those 10 subjects was able to obtain the drug and
continued therapy for 7 y. For 5 months before beginning
therapy, his PFTs demonstrated a steady decline in total
lung capacity and DLCO, a finding consistent with active
pulmonary fibrosis. After he started to receive 100 �g
of Actimmune (Horizon Pharma, Deerfield, Illinois), 3
times/week via vibrating mesh nebulizer (I-neb from 2007
to 2010; U22 [Omron Healthcare, Bannockburn, Illinois]
from 2011 to 2014), his PFTs improved. The DLCO showed
the greatest change, with an increase to 81% of predicted
at 1.5 y of therapy and a slow decline to 69% of predicted
at the time of the last observation (Fig. 2).161

These results suggest that inhalation of IFN-� in pa-
tients with IPF may prevent the decline in lung function

that is typically observed in these patients. Comparison
with data before the initiation of therapy revealed that the
rate of decline in lung function was reversed by inhalation
of IFN-�. It is remarkable that this subject actually im-
proved his DLCO significantly after starting treatment. Fur-
ther studies will hopefully shed more light on the efficacy
and safety of inhaled IFN-� in patients with IPF.

Food Flavoring in E-Cigarettes

E-cigarettes have become enormously popular since their
introduction in the early part of the 21st century. It is
estimated that 12.6% of American adults162 and 13.4% of
high school students163 have tried them at least once. Al-
though e-cigarette vapor contains no detectable amounts
of carbonyls, polycyclic aromatic hydrocarbons, tobacco-
specific nitrosamines, volatile organic compounds, or other
toxicants,164 there is an active debate about the effects of
e-cigarette use on people’s health. Besides considerations
about the safety of e-cigarettes, there are increasing con-
cerns that their widespread use may lead to a renormal-
ization of smoking behavior, especially in teenagers and
young adults.165 The current knowledge base is inadequate
to address these important health-related and social con-
cerns, and more extensive studies are needed.

Benzaldehyde, an aromatic chemical utilized in food
and cosmetics, is found in various flavorings and is one of
the chemicals in e-cigarettes. Whereas combustion ciga-
rettes are banned from having non-menthol flavorings, non-
cigarette tobacco products, such as e-cigarettes, are not.166

Benzaldehyde has minimal risks when associated with der-
mal and oral use but has been known to act as an irritant
to the eyes and mucous membranes of the respiratory pas-
sages with occupational exposure.167 These effects of ben-
zaldehyde have raised concerns about the toxicity of fla-
vored e-cigarette aerosols.168

To determine the level of exposure to benzaldehyde in
e-cigarette flavored solutions, Kosmider et al169 measured
benzaldehyde in 145 nicotine-containing solutions using
an automatic smoking simulator set to an inhalation time
of 1.8 s, puff volume of 70 mL, and 17-s intervals between
puffs for 2 series of 15 puffs separated by 5 min. They
analyzed their results with a method proposed by the United
States Environmental Protection Agency.170 The investi-
gators observed that the highest yield of benzaldehyde
(5.129–141.2 �g/30 puffs) was in cherry-flavored prod-
ucts.169 The levels of benzaldehyde in cherry-flavored cig-
arettes significantly surpassed the lower limit of quantita-
tion at 0.025 �g/30 puffs and were higher than the inhaled
dose of benzaldehyde in non-cherry-flavored solutions
(0.025–10.27 �g/30 puffs) and in combustion cigarettes
(0.5–4.5 �g/cigarette).171 The benzaldehyde content of
cherry-flavored nicotine solutions was significantly higher
than for other solutions tested (P � .001).169 Thus, users of
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cherry-flavored e-cigarettes could inhale significantly
higher doses of benzaldehyde compared with other fla-
vored products. Although this study showed elevated lev-
els of benzaldehyde in cherry-flavored products, there is
no information on the long-term physiological effects of
smoking e-cigarettes with full flavoring agents. Shahab
et al172 recently reported that use of e-cigarettes reduced
the exposure to carcinogens and volatile organic compounds
compared with the use of combustible cigarettes. How-
ever, the long-term effects of e-cigarettes with food fla-
vorings versus combustion cigarettes need to be explored
in more detail.

Summary

Inhaled therapies are gaining increasing popularity in a
variety of clinical settings. Here some recent salient pub-
lications related to aerosol therapy are discussed. Long-
acting antimuscarinic agents, such as tiotropium, have been
proposed for treatment of asthma. Somewhat surprisingly,
a 2.5-�g once daily dose of tiotropium administered with
the Respimat was found to have greater efficacy than the
5.0-�g daily dose that is approved for use in COPD. The
demonstration of a reverse dose response serves to caution
us that administering more drug, which has been the goal

of aerosol therapy in many respiratory diseases, does not
always yield the best clinical outcomes. Small-airway in-
flammation contributes to pathogenesis of asthma, espe-
cially severe asthma, but there has been no consensus on
whether the use of small-particle aerosols to target small
airways inflammation improves asthma control. A recent
review of this issue did not provide conclusive evidence in
favor of using small-particle aerosols but noted that clin-
ical outcomes of patients with symptomatic asthma have
been better in real-life studies when fine-particle aerosols
were compared with conventional (large-particle) aerosols.
In patients with COPD, dual bronchodilator therapy with a
long-acting antimuscarinic agent/LABA combination pro-
vides greater bronchodilation than the individual compo-
nents. The FLAME study provides data to show the supe-
riority of a long-acting antimuscarinic agent/LABA
combination in preventing exacerbations compared with
an ICS/LABA combination. Another study in children with
asthma and adults with asthma or COPD attempted to
clarify the relative importance of peak inhalation flow,
pressure change, acceleration of flow, and inhalation vol-
ume when they inhaled from DPIs with varying resis-
tances. The peak inhalation flow must be considered in the
context of the DPI resistance, and it is necessary to achieve
a minimum peak inhalation flow below which a DPI does

Fig. 2. Pulmonary function test (PFT) data over time, 0% indicates PFT at start of inhaled IFN-�. Points are actual data, lines generated by
smoothing. Baseline is defined as start of inhaled IFN-�. Observations before baseline demonstrate decreasing TLC and DLCO. Forced vital
capacity stabilized after start of therapy. Vertical lines show baseline and end of inhaled IFN-�. From Reference 161, with permission.
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not function appropriately. Replacement of the defective
CFTR gene in patients with CF with a normal gene has
been attempted for several years. Investigators from the
United Kingdom have shown modest success with a plas-
mid encoding the CFTR gene packaged within a non-viral
vector. Monthly inhalation of the formulation over a pe-
riod of 1 y stabilized the pulmonary function in subjects
with CF compared with subjects receiving placebo inha-
lation. Also discussed are recent studies of inhaled antibi-
otics in subjects with non-CF bronchiectasis and inhaled
IFN-� in subjects with idiopathic pulmonary fibrosis. The
results of these studies have been encouraging, but their
use remains investigational at the present time. Many peo-
ple smoke e-cigarettes with the belief that the health risks
associated with their use are much less than those associ-
ated with tobacco cigarettes. Some e-cigarettes contain
food flavorings, and benzaldehyde is present in food fla-
vorings. The highest levels of benzaldehyde were shown
in the vapor from cherry flavored cigarettes, raising con-
cerns about the safety of some food flavorings in e-ciga-
rettes.
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