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Administration of medications via aerosolization is potentially an ideal strategy to treat airway diseases.
This delivery method ensures high concentrations of the medication in the targeted tissues, the airways,
with generally lower systemic absorption and systemic adverse effects. Aerosolized antibiotics have been
tested as treatment for bacterial infections in patients with cystic fibrosis (CF), non-CF bronchiectasis
(NCFB), and ventilator-associated pneumonia (VAP). The most successful application of this to date is
treatment of infections in patients with CF. It has been hypothesized that similar success would be seen
in NCFB and in difficult-to-treat hospital-acquired infections such as VAP. This review summarizes the
available evidence supporting the use of aerosolized antibiotics and addresses the specific considerations
that clinicians should recognize when prescribing an aerosolized antibiotic for patients with CF, NCFB,
and VAP. Key words: aerosols; antibacterial agents; cystic fibrosis (CF); bronchiectasis; ventilator-associated pneumonia (VAP). [Respir Care 2015;60(6):762–773. © 2015 Daedalus Enterprises]

Introduction
The delivery of medications to the lungs via inhalation
or aerosolization has long been recognized as a technique
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to ensure high local drug concentration with minimal systemic side effects. This mode of therapy is used successfully to deliver bronchodilators and steroids to patients
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with asthma and COPD and is potentially a compelling
strategy to target antimicrobial therapy in the treatment of
lower respiratory tract infections. The most successful application of this strategy to date is in the treatment of
infections in patients with cystic fibrosis (CF). It has been
hypothesized that similar efficacy would be seen in patients with non-CF bronchiectasis (NCFB) and in difficultto-treat hospital-acquired infections such as ventilator-associated pneumonia (VAP). This review summarizes the
most relevant evidence regarding the use of aerosolized
antibiotics in patients with CF, NCFB, and VAP.
Pharmacokinetics of Aerosolized Antibiotics
The characteristics that make a medication suitable for
aerosolization have been extensively studied.1,2 To ensure
effective delivery of the medication and to achieve the
desired clinical effect with a limited side effect profile,
these medications must have relatively physiologic pH.3
They must also penetrate infected airway secretions, not
be inactivated by the presence of other medications, and
not provoke intolerable adverse effects such as cough,
bronchospasm, and hemoptysis. Aminoglycosides, polymyxins, glycopeptides, ␤-lactams, monobactams, and fluoroquinolones have been evaluated for delivery via aerosolization with variable results (Table 1).
Antibiotics with concentration-dependent effects (ie,
greater area under the curve/minimum inhibitory concentration ratio) are typically chosen for aerosolization, as it is
possible to achieve high concentrations in the airway to
maximize bacterial killing. Different from time-dependent
antibiotics (time over minimum inhibitory concentration
of 90%), concentration-dependent antibiotics do not need
to be present in the target tissue for a long period of time,
usually requiring frequent administration.2 We review the
pharmacokinetics of most commonly used aerosolized antimicrobials, including tobramycin, aztreonam, colistin,
levofloxacin, and ciprofloxacin. Unfortunately, measurement of sputum concentrations is not an ideal method for
monitoring therapeutic delivery of these medications, as it
is not predictive of delivery to the distal airway, which is
often the major site of infection.4 Therefore, these correlations should be interpreted with caution, and studies showing efficacy with regard to clinically relevant end points
should be used to guide clinical decision making.
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Table 1.

List of the Available and Tested Aerosolized Antibiotics
Reported in the Literature for Treatment of Infections
Associated With Specific Clinical Conditions

Antibiotic
Aminoglycosides
Gentamicin
Colomycin
Amikacin
Liposomal amikacin
Neomycin
Sisomycin
Tobramycin
Polymyxins
Colistin/polymyxin B
Glycopeptides
Vancomycin
Monobactams
Aztreonam lysine
␤-Lactams
Ceftazidime
Ticarcillin
Fluoroquinolones
Ciprofloxacin

CF

NCFB

VAP

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes
Yes

Yes

Yes

CF ⫽ cystic fibrosis
NCFB ⫽ non-CF bronchiectasis
VAP ⫽ ventilator-associated pneumonia

Tobramycin
Tobramycin is a bactericidal aminoglycoside antibiotic
with activity against Gram-negative organisms. Aminoglycosides act by binding to the 30 S ribosomal subunit
and causing disruption of peptide synthesis.5 In general,
aminoglycoside antibiotics are chemically stable, have low
background levels of resistance, and exert long post-antibiotic effect.6 Tobramycin has particular additional advantages: it is available in a generic form, levels can be measured with sensitive assays, and it has an acceptable taste
profile. Like other aminoglycosides, tobramycin does not
penetrate the lungs and is not ideal for systemic treatment,
unless there are no other alternatives or there is a high risk
of antimicrobial resistance.2 For these reasons, inhaled tobramycin was first investigated for use in children with CF
in the 1980s.7 Aerosolized tobramycin was shown to be
effective in the treatment of chronic Pseudomonas infection in subjects with CF.6 In the 1990s, a preservative-free,
pH-adjusted formulation of tobramycin solution for inhalation was introduced to the market. Nebulization of tobramycin solution for inhalation results in peak sputum
levels ⬃30 min after administration with minimal, although
somewhat variable, systemic absorption. Levels decrease
to below the in vitro minimum inhibitory concentration at
⬃6 h, but exert a particularly long post-antibiotic effect as
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described by Le Brun et al8 in 1999. The more recently
introduced tobramycin dry powder for inhalation has similar pharmacokinetics.9 Based on its pharmacokinetics,
characteristics, and the available evidence, aerosolized tobramycin (especially in bronchiectasis) appears to be a
good treatment alternative.10 Aminoglycoside-induced renal failure has been reported in subjects with CF receiving
aerosolized tobramycin solution for inhalation alone, suggesting that some subjects will have greater systemic absorption with a risk of kidney injury.11
Aztreonam
Aztreonam is a synthetic bactericidal monobactam with
activity against Gram-negative bacteria, including Pseudomonas aeruginosa. It acts through inhibition of cell wall
synthesis and displays typical ␤-lactam pharmacokinetics,
including a short half-life and slow penetration into bronchial secretions.12 Aztreonam solution for inhalation (Cayston, Gilead Sciences, Foster City, California) has an elimination half-life of ⬃2 h. Approximately 10% of the
delivered dose is ultimately excreted in the urine, and the
remainder is thought to be expectorated from the airways.
Colistin
Colistin is a bactericidal polymyxin antibiotic produced
by strains of Bacillus polymyxa subspecies colistinus and
acts via disruption of the cell membrane of Gram-negative
rods, including P. aeruginosa. Colistin was first discovered in 1949 and introduced into clinical practice in the
1950s. However, it was largely abandoned in the 1980s
due to adverse effects, including nephrotoxicity.13 More
recently, the need to treat patients with highly resistant
P. aeruginosa lung infections has led to reconsideration of
its use as an aerosol. It is used far more commonly in
Europe than in North America, in part due to a large
difference in medication costs, with the cost in Europe
being significantly less (Table 2).14
Ciprofloxacin and Levofloxacin
Fluoroquinolones exert their antibacterial effect through
interference with deoxyribonucleic acid (DNA) synthesis.
These antibiotics have activity against Gram-negative bacteria, including P. aeruginosa, as well as some Gram-positive bacteria, although they do not have reliable activity
against methicillin-resistant Staphylococcus aureus
(MRSA). In general, fluoroquinolones are characterized
by significant tissue penetration. To date, levofloxacin and
ciprofloxacin have been evaluated for delivery via aerosolization in patients with CF, NCFB, and/or VAP.
Aerosolized levofloxacin has been shown to have favorable safety and efficacy profiles in phase-3 clinical
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Table 2.

Treatment Outcomes Suggested to Assess the Efficacy of
Aerosolized Antibiotics for Treatment of Bacterial
Infections in Patients With CF, NCFB, and VAP
Outcome

Survival
Prophylactic
Bacterial eradication
Clinical improvement*
Reduce exacerbations
Improve quality of life
Decrease sputum bacterial load
Decrease local inflammation

CF

NCFB

VAP
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

* Some studies used Clinical Pulmonary Infection Scores.
CF ⫽ cystic fibrosis
NCFB ⫽ non-CF bronchiectasis
VAP ⫽ ventilator-associated pneumonia

trials.15 Earlier phase-1 and phase-2 studies showed that
levofloxacin achieved high airway concentrations with little systemic distribution.16 Similarly, aerosolized ciprofloxacin achieved high sputum concentrations with a prolonged half-life in phase-1 trials.17
Aerosolized Delivery Systems
To optimize delivery of aerosol medications to the airway,
systems are designed with consideration of a number of factors that affect the respirable dose delivered to the patient.18
Among these factors are the aerodynamic size of droplets
produced (expressed as mass median aerodynamic diameter
[MMAD]), the size distribution of the aerosol particles (geometric standard deviation), and the output of the nebulizer.
Ideal droplet size ranges from 1- to 5-m MMAD for airway
deposition and ⬍ 2-m MMAD for parenchymal deposition.
Larger droplets (⬎ 5-m MMAD) are less likely to reach
distal airways and can become trapped in the ventilator circuit or endotracheal tube in mechanically ventilated patients.3
The problem with this is not only the resulting failure to
eradicate and/or suppress bacterial load, but also the possibility of an increase in antimicrobial resistance.
Ilowite et al19 reported the complexity of this issue by
considering the interaction of the type of nebulizer, droplet
size, and the dose of aerosolized antibiotics to the lung.
The authors showed that aerosolized gentamicin deposited
on average 8% of the original amount placed in the nebulizer. They also confirmed high peak sputum concentration of gentamicin and undetectable serum levels.
For spontaneously breathing patients with CF and NCFB,
nebulizer systems have been developed and marketed for
use with specific antibiotics. Examples of this include Cayston, which is administered using the Altera vibrating mesh
nebulizer system (PARI Respiratory Equipment, Midlothian, Virginia), and tobramycin solution for inhalation (mar-
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keted as TOBI, Novartis, New York, New York), which is
administered using only specifically studied and approved
nebulizers. In general, these nebulizer systems are portable
and able to deliver the medications with minimal waste. Cayston administration requires 2–3 min for treatment and is
given 3 times daily. TOBI administration requires 10 –15 min
for nebulization and is given twice daily. To lessen this burden of treatment, dry powder tobramycin for inhalation has
been developed, which decreases treatment time to 2–3 min.
Other antibiotics have been administered via investigational
nebulizers not currently available on the market.16
Ideal methods for delivery of nebulized medications to
mechanically ventilated patients have not been determined.
An important factor that affects drug delivery in these
patients is the humidity within the ventilator circuits. Delivery failure can result from hydroscopic growth and rainout effect within the tubing.20 There are several available
delivery systems in use. The AeroTech II (Biodex Medical
Systems, Shirley, New York) is a classic jet nebulizer that
requires continuous air flow and connection to the ventilator in the inspiratory branch. The AeroTech II can nebulize antibiotics, bypassing the humidification system, and
produces particles with an MMAD of ⬃1.5 m.20
The pulmonary drug delivery system from Bayer HealthCare and Nektar Therapeutics (San Francisco, California)
is a vibrating mesh nebulizer located distal to the ventilator Y-piece. This single-use system is triggered by a pressure-sensing device and delivers drug during inspiration
only. This system is currently in phase-3 trials evaluating
the efficacy of inhaled amikacin.21 Vibrating mesh nebulizers have been shown to be effective in the delivery of
antibiotics to ventilated patients. This is attributed in part
to lower residual volume and the location of the medication reservoir separated from the ventilator circuit, reducing the risk of contamination.22
The PARI eFlow in-line nebulizer system is a vibrating
mesh nebulizer with a stainless-steel vibrating plate placed on
the inspiratory arm of the ventilator. This system uses a bias
flow to perform continuous nebulization while the humidification system is active. After exposure to humidity, the molecules reach an MMAD of ⬃3.2 m. The median delivery
time is 12 min, and it is a multiple-use nebulizer.23
Clinical Indications for Aerosolized Antibiotics
It is hypothesized that aerosolized antibiotics could improve airway inflammation and ultimately lead to improved
clinical outcomes based on the principle that antibiotics
decrease bacterial density in the airways and therefore
decrease inflammation and lung damage.24 We discuss the
most relevant literature regarding the clinical application
of aerosolized antibiotics for patients with CF, NCFB, and
VAP infected with difficult-to-treat pathogens.4,10,25-29
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Cystic Fibrosis
Lo et al28 evaluated the effectiveness of treatment regimens designed to eradicate MRSA in CF and to determine
whether MRSA eradication was associated with better clinical and microbiological outcomes for subjects with CF.
The authors were not able to identify randomized controlled trials (RCTs) that would allow them to make evidence-based recommendations. In contrast, early treatment
for P. aeruginosa infection in children and adults with CF
delayed onset of chronic infection and resulted in clinical
improvement.10 The authors found 49 trials, but included
only trials that evaluated duration of nebulized antibiotics
for between 28 d and 27 months. The authors concluded
that nebulized antibiotics, alone or in combination with
oral antibiotics, were better than no treatment for early
infection with P. aeruginosa. They found insufficient evidence to support that nebulized antibiotics improved morbidity and mortality in subjects with CF.
Tobramycin solution for inhalation is the best-studied aerosolized antibiotic for use in patients with CF and chronic
P. aeruginosa infection. In RCTs, the use of tobramycin solution for inhalation was associated with improved pulmonary function, decreased exacerbation frequency, decreased
density of P. aeruginosa in sputum, improved quality of life,
and decreased hospitalization rates.27,30,31 Long-term follow-up trials have confirmed improvement in lung function
in these subjects as long as treatment is continued.32
The American Thoracic Society (ATS) assigned a
grade-A recommendation to the use of tobramycin solution for inhalation for patients ⱖ 6 y of age with moderateto-severe lung disease and persistent P. aeruginosa growth
from airway cultures.33 This recommendation was based
on pooled data including 1,110 subjects from 6 RCTs and
one randomized crossover trial. In subjects with mild disease who are ⱖ 6 y old, inhaled tobramycin was given a
grade-B recommendation to reduce exacerbations based
on 3 RCTs enrolling 234 subjects.34-36
The outcomes of tobramycin dry powder for inhalation
use in patients with CF are less well studied. The EAGER
trial6 was a large (533 subjects), international, open-label,
non-inferiority RCT that compared tobramycin dry powder and solution for inhalation, with a primary end point of
clinically important change in FEV1. At 24 weeks (3 cycles of 28 d on/28 d off), tobramycin dry powder for
inhalation was found to be non-inferior to tobramycin solution for inhalation. However, a significant number of
participants dropped out from the intervention arm due to
adverse events (particularly cough), and there was no clear
evidence regarding the effect of tobramycin dry powder
for inhalation on exacerbation frequency.27 Therefore, the
non-inferiority of dry powder for inhalation treatments compared with nebulized tobramycin remains unclear.
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Similar to tobramycin solution for inhalation, aztreonam
solution for inhalation has significantly improved clinical outcomes in patients with CF compared with placebo. McCoy
et al37 showed that CF subjects treated with inhaled aztreonam twice daily had a prolonged time to exacerbation compared with placebo (92 vs 71 d, P ⫽ .002) and a significant
absolute improvement in FEV1 as well as improvement in
quality of life. Retsch-Bogart et al38 demonstrated a decrease
in hospital days for CF subjects with moderate-to-severe lung
disease treated with inhaled aztreonam compared with placebo
(0.5 vs 1.5 d, P ⫽ .049) as well as a similar improvement in
FEV1 as in the McCoy study.37 An 18-month open-label investigation suggested that long-term use of inhaled aztreonam every
other month is safe and effective39 and not associated with resistance to aztreonam.40 For these reasons, the ATS guidelines
for management of chronic CF-related pulmonary disease assigned a grade-A recommendation for use of inhaled aztreonam in patients ⱖ 6 y of age with moderate-to-severe lung
disease and persistently positive cultures for P. aeruginosa.
To date, there is one well-designed study of inhaled
aztreonam in subjects with mild CF-related lung disease
(FEV1 of ⬎ 75% of predicted); this study showed a relative improvement in FEV1 compared with placebo and a
modest improvement in quality of life.41 Therefore, the
ATS committee gave the use of inhaled aztreonam in patients with mild disease a grade-B recommendation.
There are insufficient data for other inhaled antibiotics,
including fluoroquinolones, colistin, and gentamicin, to carry
a recommendation from the ATS for chronic use in patients
with CF. We support the Cystic Fibrosis Foundation clinical
practice guidelines33 regarding the prevention and eradication
of initial P. aeruginosa infection; these guidelines recommend inhaled antibiotic therapy for the treatment of initial or
new growth of P. aeruginosa from an airway culture. The
favored antibiotic regimen was tobramycin solution for inhalation at 300 mg twice daily for 28 d. However, they recommended against the use of prophylactic antibiotics to prevent
the acquisition of P. aeruginosa.
Non-Cystic Fibrosis Bronchiectasis
Chalmers et al24 showed a direct correlation between airway bacterial load, airway and systemic inflammation, and
greater risk of exacerbations. They demonstrated that shortterm (14 d) and long-term (up to 12 months) antibiotic therapy reduced markers of airway and systemic inflammation.
Theauthorsconcludedthatmonitoringsputumbacteriologywhen
clinically stable is important and provides evidence for future
interventions with the objective of reducing the bacterial burden
in the airways.24 Based on the efficacy seen in patients with CF,
aerosolized aminoglycosides, aztreonam, and colistin have been
investigated for use in patients with NCFB. Several studies with
inhaled tobramycin have shown a reduction in Pseudomonas
bacterial load.42-46 In addition, studies reported lower exacerba-
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tion or hospitalization rates in subjects receiving inhaled tobramycin.44-46 In a study by Dhar et al,43 nebulized colomycin
appeared to reduce exacerbation frequency, hospitalization, and
sputum volume in P. aeruginosa-colonized subjects with NCFB.
Murray et al47 reported an RCT of twice-daily nebulized
gentamicin compared with placebo that showed long-term
nebulized gentamicin was associated with reduced P. aeruginosa and other bacterial density, less sputum purulence, and
greater exercise capacity. In addition, nebulized gentamicin
was also associated with fewer exacerbations, increased time
to first exacerbation, and improved quality of life.
In contrast to the positive results observed in CF, the use
of aztreonam was not associated with clinical benefit in
subjects with NCFB.48 An ongoing study of dry powder
ciprofloxacin inhalation is likely to have results in the near
future. In a phase-2 Australian/New Zealand multi-center
double-blind placebo-controlled randomized trial in 42 subjects with NCFB, Serisier et al49 demonstrated potent antipseudomonal microbiological efficacy using dual-release
ciprofloxacin for inhalation containing liposomal ciprofloxacin. The medication was well tolerated and delayed
time to first pulmonary exacerbation.
Eradication of bacteria is a complex issue in patients with
NCFB. White et al50 reported a retrospective study of subjects with P. aeruginosa NCFB. Subjects were managed with
nebulized colistin for a 3-month period in addition to intravenous antibiotics, followed by oral ciprofloxacin. These regimens showed 80% P. aeruginosa eradication in expectorated sputum, leading to prolonged clearance and reduced
exacerbation rates. However, it is unclear how much of this
effect was attributed to the use of nebulized colistin.
The British Thoracic Society guidelines for management of patients with NCFB recommend aerosolized antibiotics for patients who are chronically colonized with
P. aeruginosa and experience frequent exacerbations
(ⱖ 3/y) or fewer exacerbations that cause significant morbidity.51 A recent meta-analysis by Yang et al4 identified
8 RCTs recruiting 539 subjects with NCFB. The authors
showed that long-term use of inhaled antibiotics was associated with reduction in sputum bacterial density, and
increased P. aeruginosa eradication, and attenuation of exacerbation risk. However, the use of long-term inhaled
antibiotics was associated with a higher risk of wheeze
(odds ratio of 6.7) and bronchospasm (odds ratio of 2.8).
Similar results were previously reported by Brodt et al,26
suggesting that inhaled antibiotics may provide an effective suppressive antibiotic therapy. However, in contrast,
they concluded that inhaled antibiotics have an acceptable
profile for adult subjects with NCFB and chronic bronchial infection. Therefore, we believe that there is a growing body of literature supporting the use of aerosolized
antibiotics in the treatment of NCFB patients infected with
P. aeruginosa, but important attention should be placed to
bronchospasm in this group of patients.
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Ventilator-Associated Pneumonia
Although the use of aerosolized antibiotics is considered to be standard of care in the management of chronic
CF-related pulmonary disease and is recommended for
some patients with NCFB, there is no clear consensus
about the use of aerosolized antibiotics in patients with
VAP. Aerosolized antibiotics are reserved mainly for adjunctive therapy in these patients with multidrug-resistant
(MDR) pathogens.52
VAP is the leading cause of death related to infection in
mechanically ventilated patients.53 MDR pathogens such
as P. aeruginosa, Acinetobacter subspecies, and S. aureus
represent the most important group of pathogens causing
VAP.54 In pneumonia, adjunctive therapies with aerosolized antibiotics are recommended only for difficult-to-treat
MDR pathogens, especially in cases of clinical failure.52
The antibiotics most commonly used in clinical practice
for patients with VAP include aminoglycosides and colistin/polymyxin B.55 A combination of tobramycin instilled
locally and intravenous therapy showed no improvement
in clinical outcomes but better microbiological eradication
in VAP subjects receiving aerosolized antibiotics.56 Rescue therapy is used for treatment of MDR P. aeruginosa
infections unresponsive to systemic antibiotics.
The major concerns about the use of aerosolized antibiotics in patients with VAP include adverse effects such
as bronchospasm and development of further resistant
pathogens, particularly when used as prophylactic agents
rather than as treatment for acute infection.57 In a metaanalysis of RCTs, Falagas et al13 reported that aerosolized
antibiotics reduced the rate of VAP but had no effect on
mortality and concluded that there is insufficient evidence
to assess the effect on bacterial colonization. However,
this analysis included older prophylactic studies with different delivery systems and different rates of baseline incidence of MDR pathogens, which may not represent the
current epidemiology and ecology of patients with VAP.
Limited data are available regarding the use of aerosolized
antibiotics in treating patients with VAP or ventilator-associated tracheobronchitis. In a meta-analysis of 176 subjects with nosocomial infection in 5 RCTs, Ioannidou et al58
reported that aerosolized antibiotics had no effect on mortality, microbiological eradication, and rate of adverse effects. Therefore, it is recommended that aerosolized antibiotics be considered as adjunctive therapy in subjects
infected with MDR Gram-negative bacteria failing systemic antibiotics.59
Aerosolized Antibiotics in Combination With
Systemic Antibiotics
Limited data are available regarding the concomitant
use of systemic and aerosolized antibiotics. In patients
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with VAP, the use of concomitant treatment with systemic
and aerosolized antibiotics is reserved for those patients
infected with MDR pathogens. Recently, Valachis et al14
published a systematic review and meta-analysis of 16
studies and concluded that concomitant treatment with
colistin was associated with improved outcomes in the
treatment of VAP, but the quality of the evidence was low.
With the evidence that is available today, the recommendation for concomitant treatment should remain for patients with MDR pathogens and in cases in which systemic
antibiotics were not effective.60-64
Adverse Effects of Aerosolized Antibiotics
The most common adverse effects reported with administration of aerosolized antibiotics include cough, wheezing, hemoptysis, and dyspnea with considerable variation
by antibiotic (Table 3). The preparation of inhaled tobramycin that was initially studied included a preservative
that was irritating to the airway. The currently used, FDAapproved, preservative-free preparation of tobramycin solution for inhalation may cause less bronchospasm.65,66
Pretreatment with bronchodilators appears to mitigate this
problem in patients with CF.
Other significantly cited adverse events associated with
tobramycin solution for inhalation are voice alteration and
tinnitus. In the pivotal trials investigating the safety and
efficacy of tobramycin solution for inhalation in subjects
with CF, voice alteration was usually mild to moderate in
severity, improved during off-drug cycles, and decreased
steadily in incidence with increasing tobramycin solution
for inhalation exposure (from 9.1 to 3.9%). Tinnitus was
rare among subjects treated with tobramycin solution for
inhalation, never exceeding a frequency of 3.5%. Most
episodes were transient and mild or moderate in severity.
Audiology testing showed no evidence of objective hearing loss.67 There have also been cases reported in the
literature of acute renal failure,11 hearing loss,68 and vestibular toxicity.69
Unfortunately, patients with severe NCFB seem to have
worse adverse events associated with tobramycin solution
for inhalation compared with patients with CF. In a pilot
study to evaluate the safety and efficacy of tobramycin
solution for inhalation in subjects with severe NCFB, 10 of
41 enrolled subjects withdrew from the study due to adverse events, most commonly cough, wheezing, and
dyspnea.46
Inhaled aztreonam is well tolerated by patients with CF.
The most commonly reported adverse reaction is cough,
which occurs in 15% of patients treated with inhaled aztreonam compared with 10% of patients treated with placebo. In phase-3 studies, subject discontinuation due to
adverse effects was actually higher in the placebo-treated
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Table 3.

Adverse Effects Associated With the Use of Aerosolized Antibiotics in Different Groups of Patients With Cystic Fibrosis, Non-Cystic
Fibrosis Bronchiectasis, and Ventilator-Associated Pneumonia
Frequency Per Antibiotic (%)

Adverse Effect

Nephrotoxicity
Neurotoxicity
Wheezing
Cough
Bronchospasm
Hypersensitivity pneumonitis
Hemoptysis
Others

Aminoglycosides

Others

Gentamicin

Amikacin

Tobramycin

Colistin

Vancomycin

Aztreonam

Ceftazidime

NR
NR
⬍ 10
⬍ 10
21–40
NR
NR
⬍ 10

⬍ 10
NR
⬍ 10
⬍ 10
⬍ 10
⬍ 10
NR
⬍ 10

⬍ 10
⬍ 10
11–20*
11–20*
11–20*
11–20
11–20
⬍ 10

⬍ 10
NR
NR
NR
NR
⬍ 10
NR
⬍ 10

⬍ 10
NR
NR
NR
⬍ 10
NR
NR
⬍ 10

NR
NR
11–20
21–40
⬍ 10
⬍ 10
21–40
⬍ 10

NR
NR
⬍ 10
⬍ 10
NR
NR
NR
⬍ 10

* Reported greater incidence (⬎ 30%) in patients with severe non-cystic fibrosis bronchiectasis.
NR ⫽ not reported

group (16%) than in the inhaled aztreonam-treated group
(7%).12,37-39
The development of resistant strains of bacteria is also
a concern with chronic antibiotic use. However, this has
been shown to be time-dependent and decreases with time
after discontinuation of the antibiotic.70,71

antibiotics in patients with CF and NCFB are usually not
curative but rather more suppressive of bacterial burden.
The treatment effectiveness of aerosolized antibiotics in
patients with bronchiectasis can also be evaluated by measuring the inflammatory response (in sputum or systemically). The adequate control of chronic inflammation has
been associated with improvement in clinical outcomes.24

Monitoring Clinical Efficacy
of Aerosolized Antibiotics

Conclusions

How to monitor the effectiveness of aerosolized antibiotic treatment is not clear, but in general, the clinical response rate (ie, complete or partial resolution of the signs
and symptoms of infection by the end of therapy) is frequently used to determine its effectiveness.14 Additionally,
some researchers have shown that microbiological eradication (ie, no growth of the causative/colonization pathogen at the end of therapy) might be useful, especially in
subjects with CF. Outcomes most frequently used in studies to evaluate the effectiveness of an aerosolized antibiotic are listed in Table 2.
VAP is a complex disease with a wide range of presentations, but in general, patients with VAP are severely ill,
and it therefore follows that clinical outcomes are more
important than microbiological eradication.14 Some studies have shown that microbiological eradication in sputum
or bronchoalveolar lavage may be an effective way to
monitor the effectiveness of VAP treatment.47,63,72 Other
studies have used a pneumonia severity index such as the
Clinical Pulmonary Infection Score to assess clinical improvement with non-conclusive results.62
In contrast, patients with bronchiectasis (with or without
CF) could be chronically colonized with MDR pathogens,
leading to chronic inflammation with multiple complications.47 As a result, treatment strategies for aerosolized

The potential of aerosolized antibiotics to deliver high
concentrations of effective drug directly to the site of infection while minimizing systemic effects is appealing. In
patients with CF and chronic P. aeruginosa infection, aerosolized antibiotics are delivered via portable nebulizer systems and have shown significant impacts on clinical outcomes. For the majority of patients with CF, these
medications are part of a therapeutic regimen that has
increased median survival to ⬎ 40 y. Further advances in
delivery systems and investigation into the efficacy of more
antibiotics are ongoing.
For patients with NCFB, aerosolized antibiotics may
also decrease morbidity. Long-term RCTs of available antibiotics and delivery systems are needed to further inform
the clinician about regular use of these medications, but
for now, aerosolized antibiotics should be considered for
patients with frequent exacerbations or with exacerbations
causing significant morbidity.
The data supporting use of aerosolized antibiotics in
patients with VAP are limited. Ventilator systems interfere
with predictable delivery of medications to these patients’
airways. However, further technological advances may
overcome this challenge and should be pursued. In an era
of increasing infections caused by MDR organisms, the
promise of more efficacious delivery of appropriate anti-
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biotic therapy with minimal systemic absorption is compelling. We look forward to the bright future of research
into aerosolized antibiotics.
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Discussion
Rubin: Great presentation. I want
to throw you a curveball. We’re respiratory therapists here, and we think
about treating infections in the lung—
you focused on CF and non-CF bronchiectasis and ventilator-associated infections—and yet the airways also
include the nose and paranasal sinuses.
Did you have any comments or observations related to treatment of the nose
or sinuses? After you’ve commented,
I’ll also turn that over to Beth [Laube],
who’s studied this.
Restrepo: No, I didn’t really review
upper airway infections, and it’s a very
interesting point. I really don’t have
too much knowledge in that area. I
think, based on what I know about
anesthetics and antibiotics, that they’re
very effective and have good results
in pharyngitis and sinusitis. Most of
these infections are viral. I’m hoping
that by improving the delivery devices
for antibiotic inhalation, efficacy will
be increased. The use of inhalation
therapies may increase just because,
particularly in the pediatric world, everyone who comes with a fever may
receive antibiotics. I think the overuse
of antibiotics is what’s driving the resistance. I’m not so sure what the impact would be, but it’s an interesting
question.
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a long time, but the nasal cavity is
equally important in terms of delivering aerosols. There are many issues,
but the wrong particle size and delivery system can lead to poor deposition in the nasal cavity, just like in the
lung. Certainly, if we’re trying to deposit in the sinuses and target any kind
of infection in the sinuses, that’s probably the most difficult target in the
nasal cavity. However, targeting the
sinuses with aerosolized antibiotics
would probably be very beneficial over
time. I think there are many investigators looking at this now, but one of
the problems is that the orifices to the
sinuses are so small that very few particles reach the sinuses with traditional
nebulizers or dry powder or propellant-driven aerosols. So there is the
need for new devices and new ways
of thinking to improve delivery of
aerosolized drugs to the nasal cavity
and the sinuses.

Rubin: Beth, would you mind commenting on this? I know it’s been an
area of your research.

Willson: I was interested to hear you
talk about prophylaxis and VAP or
ventilator-associated infection. It concerns me quite a bit because I think
that it’s the routine that once there’s
an endotracheal tube, the airway becomes colonized because there is a
biofilm on that tube that’s not going
to be penetrated by antibiotics. My
guess and my concern is—and you
referred to overuse of antibiotics—that
this is a whole area where antibiotics
are overused, and we really don’t understand the pathogenesis very well.
If you would just comment on that?

Laube: I think that intranasal delivery of aerosols is a new frontier for a
lot of investigators. We’ve focused a
good deal on delivery to the lungs for

Restrepo: I am with you; I don’t
think we should be using antibiotics
to prevent these conditions. In addition, you mentioned the word biofilm,
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which I think is a key aspect of what
is a device-related condition. From the
practical point, I don’t think it should
be recommended. I believe the diagnosis of tracheobronchitis that started
emerged because after the change in
policy, nobody can say the word VAP
because you may not get paid. I don’t
have anything against the diagnosis of
tracheobronchitis, and this European
group has done a very good job, but
these data are based on x-rays. So how
good are the x-rays in patients who
are critically ill and on mechanical ventilation compared with computed tomography (CT) scan? How can we
differentiate between tracheobronchitis and VAP? I am a big proponent of
shorter-duration antibiotics and definitely doing inhalational therapy will
increase antibiotic use. These newer
data from Lucy Palmer1 are getting a
lot of publicity, and I’m scared how
this could be interpreted from a very
small number of subjects exposed to
inhaled antibiotic.
* MacIntyre: Can I pursue that a
little bit more? It always seems to me
that it makes more sense to treat tracheobronchitis rather than pneumonia
with an aerosol because aerosols are
better deposited in the airways. So let
me just create a scenario. A patient is
doing better and resolving whatever
the disease was, but purulent sputum
has developed, and suctioning frequency has gone up. A Gram stain
shows Gram-negative bugs. There is
plus/minus fever and plus/minus elevated white blood cell count. Chest
x-ray hasn’t changed; gas exchange
hasn’t really changed. All of this is
limiting our ability to get them off the
vent because guidelines say if you’re
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suctioning people more than once every hour or two, they probably still
need an endotracheal tube. Is that a
scenario where any of you might consider an aerosolized antibiotic? It
would meet my vague definition of
tracheobronchitis, and it seems to be
limiting my ability to get this patient
off the ventilator because of all these
purulent secretions. Not a pneumonia;
but would you treat with an aerosolized antibiotic? I’m not sure I know
the answer.
Restrepo: That’s a great question. I
am also in the ICU, and I have the
same patients you do. I think there are
two important points. One point is,
yes, by giving inhaled antibiotics, we
might be able to suppress the bacteria
and decrease the inflammation, and we
might be able to notice a decrease in
sputum and achieve weaning. But, at
the same time, I wonder how much
of the aerosolized antibiotics can get
into the biofilm. I think that’s the bottom line. Because the bacteria will remain in the biofilm inside the tube,
where complete eradication will not
happen unless you are able to remove
the tracheostomy or endotracheal tube.
I think the future is devices that can
remove the biofilm from inside of the
tube or the use of new silver-coated
tubes or tubes coated with other materials that will prevent biofilm formation from occurring.
* MacIntyre: I agree with you, but
my approach to treating biofilms is to
get the tube out. And so what I’m really focusing on is treating the tracheobronchitis that’s creating the sputum that’s creating the delay in getting
the tube out.
Restrepo: I do not treat tracheobronchitis in my practice. I wait for
the tracheobronchitis to show me that
it’s pneumonia, and then I will treat
the pneumonia because if I start chasing everyone in my ICU who has tracheobronchitis, I will end up using a
lot of antibiotics, and that is not what
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I want to do. Now, will there be a
place for aerosolized antibiotics versus systemic antibiotics addressing
your specific question? The answer is
that I don’t know. Some of these data
suggest that you may; according to
small trials,2 we will be able to achieve
what you are looking for, which is
clinical cure. We have other clinicians
here, so what do you think?
† Fink: Having been involved with
some antibiotic development for delivery to ventilated patients, one of the
big criteria was the minimum inhibitory concentration-specific antibiotic
(the rate at which both the normal and
resistant organisms respond). You
have to reach a certain level of antibiotic in the lung to reach that minimum inhibitory concentration. The
problem with systemic antibiotics is
that maybe 2% of the antibiotics, especially with aminoglycosides, get to
the lung, which means you end up with
close to toxicity levels in the blood,
and you can’t reach the minimum inhibitory concentration in the lung,
which is really the basis for antibiotics on the ventilator. Treating tracheobronchitis is impressive, but the level
of evidence isn’t there to support it as
an indication for treatment. It appears
to make a difference, but the evidence
to say it’s really worth treating
isn’t there (which is 90% of our practice, I think). The focal deposition of
antibiotics with the worst disease with
pneumonia is probably the point at
which most of the aerosol collects, and
if you can get minimum inhibitory concentration to that level and maybe get
some resolution, it speaks to the value
of doing serial dosing rather than one
dose that goes everywhere. Hopefully,
we’ll get more data to show that if we
can have an area of focal deposition
and then after treatment for a day those
foci change, subsequent doses will get
us deeper down the lungs. But with
the endotracheal tube, you probably
don’t get bigger than 2-3-m particles coming out anyway. The data
about 1 m being exhaled is probably

somewhat dated because we now know
that it goes from 40 to 30%, and then
all your nanoparticles go to about 80%.
Having 1-m particles can get you
fairly good deposition; it’s just that
the volume of drug is really low compared with a 3- or 5-m particle.
Hill: Great talk, Marcos. My question has to do with the use of combinations of inhaled and systemic antibiotics, which is done probably most
of the time when inhaled antibiotics
are used. What’s the evidence that
there might be some potentiation of
effect, or are they just overlapping and
not adding much?
Restrepo: As I mentioned before,
the meta-analysis2 suggested that the
combination is better than aerosolized
antibiotics alone. In practice, by the
time you start using aerosolized antibiotics, you are so desperate that you
may have only one antibiotic left due
to antimicrobial resistance. So you’re
not going to get rid of the systemic
antibiotics, but your final clinical outcome may no longer be achieving clinical success. Therefore, I think the reality is that, in common practice, we
cannot use aerosolized antibiotics
alone to treat the whole spectrum of
disease. I believe, and it’s supported
by these data, that two drugs are ideal.
But the cohorts that are included in
that study that received aerosolized antibiotics got it late and in addition to
systemic antibiotics. Therefore, it will
be difficult to see if we are going to be
able to prove that the theory is good.
This is why I think Lucy Palmer’s
study1 is interesting because it uses
the same antibiotics we use in clinical
practice in addition to aerosolized antibiotics. This is the first one to show
that it’s probably not achieving synergistic effects, but it’s just achieving
more accumulation of the medication
in the affected area where the systemic
antibiotics haven’t been able to completely clear and suppress the infection.
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Hill: I can imagine that it depends on
the scenario; I think in the ICU where
you have systemic infections, you need
systemic therapy. In out-patients, it may
be that the suppression you get with inhaled antibiotics as a solo therapy may
have some value. Also, it might have to
do with the antibiotic. For example, gentamicin doesn’t penetrate the lung very
well, and you can imagine that combining systemic with inhaled gentamicin
would be effective. With other antibiotics that have good lung penetration,
maybe not so much.
Restrepo: We were talking so much
about VAP that I answered only for
VAP. I completely agree; this is the reason why most of the RCTs on CF and
non-CF bronchiectasis don’t use systemic antibiotics because they can
achieve good results just with the aerosolized antibiotics. Remember that there
is no resistance when the pathogens die.
One of the big questions is whether you
achieve complete eradication of the
pathogen to the point it will not grow
back. That’s the part that we have not
really been able to answer because we
have focused mainly on all these RCTs
driven by industry. The industry may
have only one product, and they compare that product against placebo. By
the FDA rules, you couldn’t have another antibiotic at the same time as aerosolized antibiotics because otherwise
they will not believe your data. So we
have the constriction where those kinds
of studies are not there just because it’s
part of the exclusion criteria. It’s a problematic part of aerosolized antibiotics.
How much of the effect could be
achieved from 100% on only one antibiotic? It’s a complex issue. I don’t
know, but systemic antibiotics are not
the answer for all these chronic condi-

tions like CF and non-CF bronchiectasis.
Berlinski: Thank you for the nice presentation. One of the problems that I
think that we have as practicing pulmonologists is that new inhaled antibiotics are being approved using the model
approved 20 years ago for one drug
(namely, TOBI). However, when there
was no other drug, it was easy. The problem now is there are two different antibiotics that are approved to do the same
thing. How do you get the third-party
payers to pay for that therapy? I think
we can have the greatest device, we can
have the greatest drugs, but if we don’t
have data that support A is better than B
or worse than C, then those devices or
therapies will not be paid for, and patients will not have access. I understand
from talking to those who develop the
antibiotics that we want our drug to be
approved. We need comparative data,
and I think that something needs to happen at the regulatory level, and the requirement should probably be different.
Also, we need some discussion about
the ethics of using placebos in therapies
that are already proven to work for those
patients.
Restrepo: I agree with you. I think
this is an issue, and I think this is what
the World Health Organization is trying to tell us. We’re running out of
solutions, and we need to invest, but
the industry needs to invest also. What
I believe is happening that, in comparison with CF research, which is
very well structured and very well
done, the non-CF bronchiectasis world
is now moved by the industry, which
happens to be interested because aerosolized antibiotics have the potential
to be given for a long time. So if you’re

going to get something for a long time,
maybe there is money in it for the
industry. The industry is less interested
in investing for something such as antibiotics that will be used for 14 days,
where it is less likely that I’m going to
make money. This is why Nick Hill is
making a life with pulmonary hypertension—there are more medications
than patients! The point is that this
larger cohort is going to help us get
more organized, and I think that the
future of inhaled medication in terms
of antibiotics is exciting thanks to all
these other conditions that go beyond
VAP. I think VAP is a very restricted
topic, and now we’re going a little bit
farther. I believe that industry cannot
drive the science by themselves: there
is a need for investments from organizations and from the National Institutes of Health (NIH) and other institutions to recognize that this is an area
that requires further exploration.
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