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Aerosolized antibiotics are being increasingly used to treat respiratory infections, especial-
ly those caused by drug-resistant pathogens. Their use in the treatment of hospital-ac
quired pneumonia and ventilator-associated pneumonia in critically ill patients is especially
significant. They are also used as an efficient alternative to overcome the issues caused by
systemic administration of antibiotics, including the occurrence of drug-resistant strains,
drug toxicity, and insufficient drug concentration at the target site. However, the ratio-
nale for the use of aerosolized antibiotics is limited owing to their insufficient efficacy
and the potential for underestimated risks of developing side effects. Despite the lack of
availability of high-quality evidence, the use of aerosolized antibiotics is considered as an
attractive alternative treatment approach, especially in patients with multidrug-resistant
pathogens. In this review, we have discussed the effectiveness and side effects of aero-
solized antibiotics as well as the latest advancements in this field and usage in the Repub-
lic of Korea.
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INTRODUCTION

which pose challenges in treatment and pathogen eradi-
cation. According to the Korean National Healthcare-asso-

Respiratory infections, including hospital-acquired pneumo-
nia (HAP) and ventilator-associated pneumonia (VAP), are
important causes of morbidity and mortality in intensive care
units (ICUs) despite the improvements in prevention and
treatment [1-3]. HAPN/AP also leads to prolonged ICU stay,
and increased medical costs and mortality rates, particularly
when it is associated with infections caused by multidrug-re-
sistant (MDR) strains [4]. The majority of VAP-related deaths
occur as a direct consequence of the infection, with cases
caused by glucose non-fermenting gram-negative bacilli
(GNB) such as Pseudomonas aeruginosa and Acinetobacter
baumannii, exhibiting a higher mortality rate [5-7]. More-
over, there has been a significant increase in the occurrence
of infections caused by MDR gram-negative pathogens,
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ciated Infections Surveillance (KONIS) data, A. baumannii
and P. aeruginosa were isolated from 33.1% and 13.0%,
respectively, of the clinical samples obtained from patients
admitted in the ICU with respiratory infections, as the caus-
ative organism, while the carbapenem resistance rates were
89.3% and 52.7%, respectively [8]. This emphasizes the
need for ensuring an appropriate use and development of
new strategies to enhance the effectiveness of antibiotics.
Depending upon the type of antibiotics used, antibiotics
administered via systemic administration may not penetrate
the parenchymal lung tissue and bronchial secretions, result-
ing in insufficient drug concentration at the target site [9].
Moreover, altered antibiotic pharmacokinetics in critically ill
patients has been recognized as an important factor that
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Table 1. FDA-approved aerosolized antibiotics
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FDA-approved year

Availability in the Repub-

Drug Indication Dose/Frequency lic of Korea
Tobramycin (TOBI®/Bethkis®) CF 1997/2012 300 mg twice a day No
AZLI (Cayston®) CF 2010 75 mg three times a day No
ALIS (Arikayce®) MAC-LD 2018 590 mg once a day No

FDA, U.S. Food and Drug Administration; CF, cystic fibrosis; AZLI, aztreonam lysine inhalation solution; ALIS, amikacin liposome
inhalation suspension; MAC-LD, Mycobacterium avium complex lung disease.

compromises optimal drug penetration [10]. Inadequate
concentration of antibiotics at the infection site may result
in poor treatment outcomes, particularly when MDR patho-
gens are the etiology [11]. Therefore, there is a requirement
for drugs that can demonstrate the achievement of high
concentrations at the site of infection, while also reducing
the risk of systemic toxicity caused by intravenously admin-
istered antibiotics. Accordingly, aerosolized antibiotics have
been used as a rescue or adjuvant therapy in patients who
do not exhibit responses to systemic treatment alone [3].

Since aerosolized antibiotics were first reported in the
1940s, tobramycin and aztreonam have been approved
for inhalation in cystic fibrosis (CF), and amikacin liposome
inhalation suspension (ALIS) was approved for use in My-
cobacterium avium complex lung disease (MAC-LD) by the
U.S. Food and Drug Administration (FDA) in 2018 (Table 1)
[12-14]. Although not FDA-approved for inhalation, inhaled
colistin is also being used to treat patients with CF or VAP.
Similarly, the European Cystic Fibrosis Society Consensus
Group recommended the use of aerosolized antibiotics for
eradication of early P. aeruginosa infection and prevention
of chronic P. aeruginosa infection in CF patients [15]. To-
bramycin and colistin preparations are recommended for in-
halation either as monotherapy or in combination with sys-
temic antibiotics. Since its role in CF has been established,
there is an increase in the exploration and utilization of
aerosolized antibiotics among intensivists, although clinical
evidence regarding their efficacy in the treatment of respi-
ratory infections in critically ill patients is limited. Particularly,
treatment with aerosolized antibiotics has emerged as an
important adjunctive therapy to increase the treatment effi-
cacy and tissue concentration of antibiotics, and to prevent
systemic toxicity during the treatment of respiratory infec-
tions caused by MDR pathogens.

In this review, we have focused on the effectiveness of
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aerosolized antibiotics and considerations for their use, es-
pecially in HAP/VAP in critically ill patients. Additionally, we
have discussed the recent advances in this field and their
utilization in the Republic of Korea.

EFFECTIVENESS

To overcome the limitations of intravenous (IV) antibiotics,
aerosolized antibiotics were suggested as a promising alter-
native approach for drug delivery in respiratory infections.
These antibiotics demonstrate potential applicability in the
prevention or treatment of HAP/VAP, and aminoglycosides
and colistin are considered representative drugs.

Aminoglycosides

Aminoglycosides have a narrow therapeutic index and hy-
drophilic concentration-dependent kill characteristics. In
critically ill patients, aminoglycosides frequently result in an
increased volume of distribution (Vd) that can reduce their
maximum concentration (Cmax) [16,17]. In fact, IV antibiot-
ics administered are often underdosed, resulting in insuffi-
cient lung tissue distribution in critically ill patients with VAP
[18]. Furthermore, several in vitro and in vivo studies have
reported that the concentration of nebulized aminoglyco-
sides in lung interstitial space fluid and median epithelial
lining fluid (ELF) is higher than that of IV aminoglycosides,
with no evidence of systemic toxicity [19-23]. Niederman et
al. [24] investigated 69 mechanically ventilated patients with
gram-negative pneumonia who received inhaled amikacin
solution (BAY 41-6551) in combination with systemic an-
tibiotics. The findings of this randomized control trial (RCT)
revealed that amikacin distributed well throughout the lung
parenchyma, with extremely high tracheal and alveolar con-
centrations, while sustaining IV concentrations below the
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Table 2. Clinical studies on aerosolized antibiotics
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No. of pa-
Study Design tients/type of Intervention Outcomes
infection
loannidou et al. (2007) Meta-analysis (5 176/HAP AS or endotracheally instilled High success rates with intervention; no
[25] RCTs) aminoglycosides vs. place-  difference in mortality, microbial erad-
bo, with IV or IM antibiotics ication rate, and drug-related adverse
event
Sole-Lleonart et al. Meta-analysis 826/VAP or AS aminoglycosides or colis- High clinical cure rates with AS antibiotics
(2017) [26] (6 RCTs + 5 VAT tin £ IV aminoglycosides in VAP with drug-resistant pathogens,
observational or colistin vs. IV aminogly-  less nephrotoxicity; no difference in
studies) cosides or colistin, with IV mortality, MV duration; compromised
antibiotics MV in hypoxemic patients
Hassan et al. (2018) Open label RCT 133/Postcardiac  AS amikacin 400 mg BID vs.  High clinical cure rates with AS amikacin
[27] surgery, HAP, IV amikacin 20 mg/kg once  on day 7, shortened ICU stay and MV
or VAP daily, with IV piperacillin/ duration, less nephrotoxicity; no differ-
tazobactam ence in mortality
Kollef et al. (2017) Double-blind RCT ~ 143/VAP AS amikacin 300 mg/fosfo-  Few positive tracheal cultures on days 3
[28] mycin 120 mg BID vs. place- and 7 with AS amikacin/fosfomycin; no
bo, with IV meropenem or  difference in CPIS change, mortality, and
imipenem clinical relapse rates
Niederman et al. (2020) Double-blind RCT ~ 725/Gram- AS amikacin 400 mg BID vs.  No difference in survival until day 28-32,
[29] negative placebo, with IV antibiotics ~ pneumonia-related mortality, duration
pneumonia of MV and ICU stay, and drug-related
under MV adverse events
Rattanaumpawan et al. Open label RCT 100/VAP AS colistin (CBA 75 mg) BID  High microbial eradication rate with AS
(2010) [43] vs. placebo, with IV antibi-  colistin; no difference in clinical outcome
otics overall
Abdellatif et al. (2016)  Single-blind RCT 149/VAP AS colistin 4 MIUTID vs. IV Improvement in respiratory failure (PaO,/
[44] colistin LD 9 MIU + 4.5 MIU  FiO, ratio), shortened time to microbial
BID, with IV imipenem eradication, early weaning from MV,
less nephrotoxicity with AS colistin; no
difference in clinical cure rates, length of
stay, and 28-day mortality
Valachis et al. (2015) Meta-analysis 690/VAP AS colistin + IV colistin vs. IV Improvement in clinical response, micro-
[45] (7 observation- Colistin alone bial eradication rate, and infection-re-
al cohort or lated mortality with AS + IV colistin; no
case-control stud- difference in overall mortality
ies + 1 RCT)

RCT, randomized control trial; HAP, hospital-acquired pneumonia; AS, aerosolized; 1V, intravenous; IM, intramuscular; VAP, ventila-
tor-associated pneumonia; VAT, ventilator-associated tracheobronchitis; MV, mechanical ventilation; BID, twice daily; ICU, intensive
care units; CPIS, clinical pulmonary infection score; CBA, colistin base activity; MIU, million international units; TID, three times dai-

ly; LD, loading dose.

threshold of renal toxicity. Based on these findings, several
experimental and clinical studies were conducted to evalu-
ate the effects of aerosolized aminoglycosides in HAP/VVAP.

In a meta-analysis of five RCTs that involved the admin-
istration of adjunctive aminoglycosides or alternatives via
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the respiratory tract in intubated patients with HAP caused
by gram-negative bacteria, the administration via respirato-
ry tract therapy showed a high success rate compared to
the control (odds ratio [OR], 2.39; 95% confidence interval
[Cl], 1.29 to 4.44) (Table 2) [25]. However, it did not exhib-
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it any statistically significant difference in mortality rates. A
systemic review and meta-analysis of 11 studies including
six RCTs reported that treatment with aerosolized aminogly-
cosides and colistin could be highly effective in respiratory
infections, especially in those caused by resistant pathogens
(OR, 1.96; 95% Cl, 1.30 to 2.96), with decreased nephro-
toxicity, but could compromise mechanical ventilation, es-
pecially in hypoxemic patients [26]. However, the results did
not demonstrate any significant reduction in mortality rates
or mechanical ventilation duration. In the study reported by
Hassan et al. [27], the efficacy of nebulized (400 mg twice
daily) versus IV (20 mg/kg once daily) amikacin, in adjunct
with IV piperacillin-tazobactam, in HAP/VAP caused by MDR
GNB strains, was evaluated in a prospective RCT involving
133 postcardiac surgery patients. The nebulized amikacin
group showed better clinical cure rates and shorter ICU stays
compared to the IV group. However, this study also did not
demonstrate significant differences in mortality rates.
Meanwhile, other randomized trials did not present fa-
vorable results. An RCT conducted on adjunctive treatment
with 300 mg amikacin/120 mg fosfomycin inhalation in 143
VAP patients with gram-negative infection (IASIS trial) did
not yield effective results regarding the improvement of clin-
ical outcomes compared to the treatment with standard IV
antibiotics, despite demonstrating a reduction in the bacte-
rial burden [28]. In this study, a well-designed formulation
containing amikacin, with optimum particle size to ensure
deposition in lung tissue, was administered using the high-
ly efficient vibrating mesh nebulizers. The treatment group
presented with significantly fewer positive tracheal cultures
on days 3 and 7 compared to the placebo group, especially
for pan-drug-resistant Acinetobacter. However, similar to
the results reported by other studies, this study also showed
no difference in either mortality or clinical improvement rates
between the two groups at day 14. The recently concluded
INHALE program, a global phase Ill RCT of inhaled amikacin
solution (BAY 41-6551) in mechanically ventilated patients
with gram-negative pneumonia, did not demonstrate the
superiority of standard of care and aerosolized antibiotics
compared to the placebo [29]. This program involved 725
patients with gram-negative pneumonia, who were admin-
istered with either 400 mg of aerosolized amikacin or saline
placebo, both of which were administered every 12 hours
for a period of 10 days, along with administration of stan-
dard of care IV antibiotics. The results did not demonstrate
between-group difference in survival until days 28 to 32
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(OR, 0.84; 95% Cl, 0.55 to 1.28; p = 0.43). Furthermore,
the inhaled amikacin group showed no significant benefits
for the secondary endpoints, including pneumonia-related
mortality, and duration of mechanical ventilation and ICU
stay. Subgroup analyses revealed that no population group
benefitted from the use of inhaled amikacin.

The effectiveness of aerosolized antibiotics is affected not
only by the drug, but also by the types of nebulizers. In gen-
eral, vibrating mesh nebulizers deliver antibiotics more effi-
ciently than jet or ultrasonic nebulizers [30-32]. This is be-
cause jet nebulizers remain a large amount of medication in
its chamber at the end of nebulization, and ultrasonic nebu-
lizers can overheat the antibiotic solution and thus, degrade
heat-sensitive drugs. In addition, in terms of application
of the nebulizers, inspiratory synchronization of nebulizers
is better reduces drug loss than continuous nebulization
[33,34]. Therefore, to optimize the delivery of antibiotics by
nebulization in mechanically ventilated patients, vibrating
mesh nebulizers and inspiratory synchronization should be
employed. However, there exists a practical difficulty when
vibrating mesh nebulizers are not available.

Colistin

Colistin, a formerly ‘abandoned’ antibiotic, is gradually
gaining popularity because of its potential to overcome VAP
caused by MDR pathogens. Owing to physicochemical char-
acteristics, such as high molecular weight, hydrophobicity,
and cationic nature of the decapetide, it exhibits low lung
tissue penetration when administered through the IV route
[9]. Moreover, IV colistin is also associated with incidences
of increased nephrotoxicity and neurotoxicity [35]. In studies
conducted on animals, colistin administered via inhalation
demonstrated higher concentrations in the lung tissue or
ELF compared with IV administration [36,37]. Furthermore,
several small retrospective studies that evaluated the effects
of inhaled colistin in mechanically ventilated patients with
MDR pneumonia, reported high rates of clinical response
and pathogen eradication [38-40]. These encouraging find-
ings have increased expectations that aerosolized colistin
may contribute to the treatment of VAP that does not ex-
hibit responses to conventional treatment methods.

In a pharmacokinetics study conducted on nebulized
colistin, a single dose of 80 mg of colistimethate sodium
(CMS) (equivalent to 30 mg of colistin base activity [CBA])
led to the achievement of high colistin concentrations in the
ELF for up to 4 hours (median 6.7 and 3.9 pg/mL at 1 and
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4 hours, respectively), and concentrations were higher than
the minimum inhibitory concentration (MIC) breakpoint
(2 pg/mL) for A. baumannii and Klebsiella pneumoniae as
indicated by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [41]. However, the median
concentration at 4 hours was below the MIC breakpoint (4
pg/mL) for P. aeruginosa. In another study, Boisson et al.
[42] showed that following administration of a dose with 2
million international units (MIU) of inhaled CMS (equivalent
to 60 mg of CBA), the concentrations of colistin in the ELF
were even higher (9.53 to 1,137 mg/L) than those in the
plasma (0.15 to 0.73 mg/L), which indicated low systemic
exposure and toxicity.

Several clinical studies that have evaluated the benefits
of aerosolized colistin in patients with pneumonia have
reported mixed results, with randomized trials not demon-
strating any significant improvements in clinical cure rates.
A randomized trial compared aerosolized colistin with saline
in addition to IV antibiotics among 100 patients with VAP
caused by MDR P. aeruginosa and/or A. baumannii [43]. Al-
though aerosolized colistin increased microbial eradication
(60.9% vs. 38.2%, p = 0.03), no difference was observed in
the clinical outcomes (51% vs. 53.1%, p = 0.84). In anoth-
er randomized single-blind trial involving 149 patients with
gram-negative VAP, aerosolized colistin plus IV imipenem
administration resulted in a more favorable improvement in
respiratory failure (PaO,/FiO, ratio 349 vs. 316 at day 14,
p = 0.012), shortened time to microbial eradication (9.89
days vs. 11.26 days, p = 0.023) and earlier weaning from
ventilator compared to IV colistin plus IV imipenem admin-
istration [44]. However, no difference was observed in the
clinical cure rates (67.1% vs. 72%, p = 0.59), the length
of stay, and the 28-day mortality between the two groups.
Moreover, the study findings showed that the efficacy of
aerosolized colistin was not inferior to that of IV colistin ad-
ministered in the treatment of VAP caused by MDR bacilli,
with lower nephrotoxicity.

Similarly, in the meta-analysis conducted by Valachis et
al. [45], adjunctive therapy with aerosolized colistin showed
significant improvements in clinical outcome (OR, 1.57;
95% Cl, 1.14t0 2.15; p = 0.006), microbial eradication (OR,
1.61; 95% Cl, 1.11 to 2.35; p = 0.01), and infection-relat-
ed mortality (OR, 0.58; 95% Cl, 0.34 to 0.96; p = 0.04),
compared to IV administration only. However, adjunctive
therapy with aerosolized colistin did not improve the overall
mortality (OR, 0.74; 95% Cl, 0.54 to 1.01; p = 0.06).
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Despite the above-mentioned limitations, the clinical and
microbiological findings of these studies seem to be encour-
aging. Thus, further investigation is warranted to consider
an approach based on inhaled colistin for the treatment of
respiratory infections caused by MDR P. aeruginosa and A.
baumannii.

Prophylaxis

The use of aerosolized antibiotics for the purpose of pro-
phylaxis for VAP has not been well established, and there
are many concerns regarding antibiotic resistance. In the
meta-analysis conducted by Falagas et al. [46], the authors
reviewed eight comparative trials (five RCTs and three non-
RCTs) that evaluated the prophylactic effects of several anti-
biotics administered via the respiratory tract. Among these,
analysis of the five RCTs showed a low prevalence of ICU-ac-
quired pneumonia among patients who received antibiotic
prophylaxis (OR, 0.49; 95% Cl, 0.32 to 0.76), whereas no
difference in mortality was observed between the compared
groups (OR, 0.86; 95% Cl, 0.55 to 1.32). However, analysis
of the data for evidence regarding antibiotic resistance was
not conducted for this study.

Karvouniaris et al. [47] conducted an RCT involving 168
subjects to ascertain whether prophylactic aerosolized colis-
tin would reduce the prevalence rates of VAP caused by
gram-negative pathogens. The results did not demonstrate
a significant difference in VAP incidence between the colis-
tin group and saline group (16.7% vs. 29.8%, p = 0.07).
Additionally, there was no significant difference in the in-
cidence of ventilator-associated tracheobronchitis and col-
onization rates. Evidence of increased colistin or multidrug
resistance was also not reported in the study. Recently, a
systematic review and meta-analysis conducted by Povoa et
al. [48] presented an evaluation of the role of aerosolized
antibiotics in the prevention of VAP in mechanically ventilat-
ed patients. Six comparative trials involving 1,158 patients
were included in the analysis and it was concluded that the
prophylactic use of aerosolized antibiotics reduced the oc-
currence of VAP (OR, 0.46; 95% Cl, 0.22 to 0.97), without
any significant change in ICU mortality or incidence of VAP
caused by MDR pathogens. However, the current guidelines
of both United States and Europe do not recommend the
use of aerosolized antibiotics for prophylactic treatment
[3,49].

www.kjim.org 5


www.kjim.org

KJIM™

Guidelines

As per the recent HAP/VAP guidelines (2016) of the In-
fectious Diseases Society of America (IDSA) and American
Thoracic Society (ATS), adjunctive therapy with aerosolized
antibiotics is recommended along with the administration
of systemic antibiotics rather than systemic antibiotics alone
for patients with gram-negative VAP (not HAP) ‘only’ sus-
ceptible to aminoglycosides or colistin [3]. They also sug-
gested that this therapy could be provided as a last resort
for patients who do not exhibit responses to IV antibiotics
alone, whether the irrespective of the drug resistance status
of the infecting organism. In 2017, the European Society of
Clinical Microbiology and Infectious Diseases (ESCMID) rec-
ommended that the use of aerosolized antibiotics should be
avoided in clinical practice because of insufficient evidence
regarding their efficacy and high potential for underestimat-
ing risks of developing side effects [50]. Currently, there are
no recommendations available for using aerosolized antibi-
otics as routine adjunctive therapy in HAP/VAP patients.

Studies conducted in the Republic of Korea
Currently, there is no insurance coverage for inhaled an-
tibiotic therapy in the Republic of Korea, and aerosolized
formulations of antibiotics are not commercialized. Never-
theless, there have been several retrospective studies con-
ducted in Korea regarding the nephrotoxicity caused by
aerosolized colistin use and the effects of inhaled colistin
monotherapy and, more recently, a comparative study on
the use of loading dose (LD) with inhaled or IV colistin has
been reported.

In one retrospective study, therapy with adjunctive aero-
solized colistin resulted in a high negative bacterial con-
version rate (84.6%) and was relatively safe in terms of
nephrotoxicity [51]. A daily dose of 300 mg of CBA was
administered to 25 patients with VAP caused by MDR
gram-negative bacteria in the ICU. Min et al. [52], in a ret-
rospective study, compared the incidence of nephrotoxici-
ty following administration of IV versus aerosolized colistin
in a cohort of 464 patients. The results showed that the
aerosolized colistin group exhibited a significantly lower in-
cidence of nephrotoxicity compared to the IV group (7.84%
vs. 20.26%, p < 0.001).

In another retrospective study that was conducted to in-
vestigate the efficacy of nebulized colistin monotherapy,
219 patients with VAP due to carbapenem-resistant A. bau-
mannii were treated with either IV (n = 93) or aerosolized
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colistin (n = 126) and were evaluated through propensity
score matching [53]. The findings showed that the aerosol-
ized colistin group was not inferior to the IV group in terms
of clinical failure (adjusted OR [aOR], 0.48; 95% Cl, 0.19 to
1.19, p = 0.11) or ICU mortality rates (aOR, 0.36; 95% Cl,
0.12 to 1.09; p = 0.070), while a significantly lower inci-
dence of acute kidney injury was observed in the aerosolized
colistin group (18% vs. 49%, p = 0.004). Recently, Choe et
al. [54] reviewed the retrospective progress in 191 critically
ill patients with HAP/VAP caused by carbapenem-resistant
gram-negative bacteria. The patients were divided into the
following three groups: LD IV group (IV colistin with LD),
non-LD IV group (IV colistin without LD), and additional
aerosolized (AS)-LD group (AS colistin and IV colistin with
LD). No difference was observed in the clinical outcomes of
the three groups. However, the microbial eradication rate
was markedly higher in the AS-LD group than that in the
LD IV and non-LD IV groups (60%, 33%, and 31%, respec-
tively; p = 0.010). Additionally, patients in the AS-LD group
demonstrated a significantly lower all-cause mortality rate at
30 days than the patients treated with [V colistin alone (aOR,
0.338; 95% Cl, 0.132 to 0.864; p = 0.024). However, no
change in nephrotoxicity was observed in the LD or AS-LD
groups (p = 0.100).

However, all such studies are single-center and retro-
spective, and since these studies did not report the use of a
standardized dose or inhalation method, the limitations are
evident.

Additionally, because of the pharmacokinetic/pharma-
codynamics (PK/PD) data of colistin for Koreans were still
insufficient, the dose standardization should be prioritized
and conduction of a well-designed RCT is warranted to
standardize an appropriate antibiotic inhalation protocol.

ADVERSE EFFECTS

Inhalational drug administration is known to reduce serious
side effects and safety risks, compared to administration by
injection. However, there is a potential for the development
of systemic toxicity and localized side effects related to in-
halation.

Systemic effects

Through inhalation, the concentration of drugs that enter
the systemic blood circulation can be significantly reduced,
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thereby preventing the occurrence of serious side effects,
the most important of which is nephrotoxicity.

In an RCT of HAPAVAP among postcardiac surgery pa-
tients conducted by Hassan et al. [27], nebulized amikacin
therapy demonstrated reduced nephrotoxicity associated
with lower deterioration in kidney function compared to
systemic amikacin therapy. However, caution should be ex-
ercised in patients with impaired baseline kidney function.
Although aerosolized aminoglycosides are generally safe
for usage under normal circumstances, systemic absorption
may be substantial in patients with renal dysfunction, and
thus drug monitoring is recommended for aminoglycoside
use [55,56].

In the study conducted by Min et al. [52], although aero-
solized colistin was not associated with any significant risk
factors for nephrotoxicity, the duration of colistin use and
underlying renal function might affect the development
of nephrotoxicity. Therefore, the authors recommended a
short-term use of aerosolized colistin and evaluation of un-
derlying renal function before treatment to reduce nephro-
toxicity. Another retrospective study reported that although
aerosolized colistin was considered to be safe for usage, and
the incidence of acute kidney injury was high when it was
administered with other nephrotoxic drugs, especially ami-
noglycosides [51].

In summary, aerosolized antibiotics are generally safe in
terms of systemic side effects, especially nephrotoxicity.
However, the duration of drug administration and under-
lying renal conditions may affect drug toxicity. Additionally,
caution should be exercised when other nephrotoxic drugs
are used concurrently, and drug monitoring should be con-
ducted.

Local side effects

Nebulization can lead to the development of direct mucosal
toxicity. Particularly, long-term exposure to high concen-
trations of inhaled antibiotics can cause bronchial toxic-
ity and alveolar damage. Though transient benign cough
is common, bronchospasm is a more serious but rare side
effect that is reportedly occurs during antibiotic nebuliza-
tion [23,43,57,58]. In an RCT involving 74 patients with
bronchiectasis, along with identification of P. aeruginosa in
sputum, patients who were administered with aerosolized
tobramycin reported increased cough, wheezing, dyspnea,
and non-cardiac chest pain as local side effects, compared
to placebo patients, but the symptoms did not pose limita-
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tions to the treatment [58]. In another RCT involving 100
patients with gram-negative VAP, all patients received sys-
temic antibiotics and were randomized to receive an addi-
tional therapy with nebulized colistin or sterile normal saline
for the entire duration of the systemic antibiotic therapy.
Bronchospasm was observed in 7.8% of the colistin group
and 2.0% of the control group, but there was no statisti-
cal significance reported (p = 0.36) [43]. The occurrence of
bronchospasm can be diminished by conducting pretreat-
ment with a short-acting bronchodilator. In general, preven-
tive treatment with bronchodilators is not necessary for all
patients, although the occurrence of bronchospasm results
in aerosol interruption, which necessitates the conduction
of bronchodilator nebulization. In this regard, European
Respiratory Society guidelines for bronchiectasis state that
prior treatment with a bronchodilator is advisable [59].

In conclusion, therapy with aerosolized antibiotics often
causes local side effects including mild respiratory symp-
toms, although the occurrence of serious side effects such
as bronchospasm is rare. Therefore, in patients with a high
probability of bronchospasm, preventive treatment with
bronchodilator may be considered.

Other related complications
In addition to the potential toxicity associated with system-
ic absorption and local side effects, complications related
to nebulization also should be considered. Filtering devices
are used during mechanical ventilation to avoid dysfunction
of flow and pressure transducers and to contain airborne
microorganisms [60,61]. Residual nebulization particles
may cause ventilator dysfunction and circuit obstructions.
These particles are usually larger than mist and can cause
obstruction of the filters, which may lead to increased resis-
tance, and thus, this resistance may serve as auto-positive
end-expiratory pressure, leading to increased airway pres-
sure [62,63]. In a randomized phase Il trial conducted on
VAP caused by P. aeruginosa, nebulization with amikacin
or ceftazidime resulted in the obstruction of the exhalation
filter in three out of 20 patients [57]. One of these patients
experienced cardiac arrest due to the obstruction but recov-
ered completely after cardiopulmonary resuscitation.
Additionally, nebulization is a potential hazard due to the
generation of aerosols and droplets that cause infection
transmission. In particular, in the current coronavirus disease
2019 (COVID-19) pandemic, concerns about the risk of virus
transmission to healthcare workers when using aerosolized
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antibiotics should be fully considered. According to an in
vitro study, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) remains viable and infectious in aerosols for 3
hours post-nebulization, and is stably maintained on plastic
surface for up to 72 hours [64]. In the same context, Glob-
al Initiative for Asthma (GINA) guidelines (updated 2021)
recommended avoiding aerosol generating procedures,
including nebulization, where possible, to reduce the risk
of spreading the virus during the COVID-19 pandemic [65].
Nevertheless, if nebulization therapy is required, as a way
to reduce transmission of infection to the ambient environ-
ment, the use of HEPA filters on the exhaled limb of the
ventilator and/or a disposable nebulizer is recommended
[66,67]. In addition, maximum protection of the healthcare
workers is required for more than 3 hours post-nebulization,
and the risk of contamination of the ambient environment
by nebulized aerosols should also be considered.

In brief, aerosolized antibiotic usage may cause complica-
tions such as exhalation filter obstruction and, therefore, it
is necessary to regularly monitor the saturation level of the
filter, in addition to frequent changes in cases where opti-
mal ventilation is critical. Furthermore, it should be borne in
mind that nebulization can pose a potential hazard due to
the generation of aerosols and droplets that cause infection
transmission.

DRUG RESISTANCE

The grave concern regarding antibiotic use is the emergence
of antimicrobial resistance [68-70]. Aerosolized antibiotics
are generally recommended for administration via adjuvant
therapy with systemic antibiotics rather than as a monother-
apy, as their role in the emergence of new drug resistance
is unclear.

In a meta-analysis conducted in 2007 involving five RCTs,
loannidou et al. [25] found that three (6.5%) out of the
46 patients who received antibiotic therapy via the respi-
ratory tract, presenting with an initially susceptible patho-
gen, demonstrated the presence of a resistant pathogen
after the completion of the treatment. In a double-blind,
randomized, placebo-controlled single-center trial conduct-
ed on patients with VAP, Palmer and Smaldone [71] found
that the conduction of adjunctive therapy with aerosolized
antibiotics successfully eradicated existing MDR pathogens
while also reducing the emergence of new drug resistance,
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compared to the use of systemic antibiotics alone. In this
study, the use of aerosolized antibiotics eradicated the orig-
inal resistant organism present in the cultures and gram
stains of samples in 14 out of the 16 patients, compared
with only one out of the 11 patients in the placebo group (p
< 0.001). While new resistance to aerosolized antibiotics did
not occur, there was a significant increase in resistance to
systemic antibiotics in the placebo group (p = 0.03).

Aerosolized antibiotics caused fewer cases of drug resis-
tance compared to systemic administration; however, the
risk increases with the increase in the duration of use. In
an RCT involving 520 patients with CF, the patients were
treated with either aerosolized antibiotics (tobramycin) or
placebo. It was seen that the percentage of patients from
whom P. aeruginosa, with the MIC of tobramycin great-
er than or equal to 8 pg/mL, was isolated, increased from
25% to 32% in the tobramycin group, while it decreased
from 20% to 17% in the placebo group, at week 0 and
24, respectively [72]. Long-term follow-up of cases in this
study in an open-labeled clinical trial showed that the re-
sistance to tobramycin continued to develop and increase
with the passage of time [73]. At the end of 12 treatment
cycles (92 weeks), the percentage of patients with an MIC
above 16 pg/mL for tobramycin, in the most tolerant iso-
lates, increased from 10% to 41%. Despite these findings,
the patients exhibited clinical benefits such as improved pul-
monary function and weight gain.

Though the use of aerosolized antibiotics tends to reduce
the emergence of new drug resistance, it should be noted
that resistance may develop with long-term use.

CONCLUSIONS

Many studies have been conducted to test the efficacy and
safety of aerosolized antibiotics, including aminoglycosides
and colistin, in the treatment of HAP/VAP. Though these
studies have demonstrated a good efficacy and bacterial
eradication, information on their effect on mortality is still
insufficient. Hence, aerosolized antibiotics should not be
used in routine empirical therapy and may only be consid-
ered as rescue or adjuvant therapy in patients with resistant
pathogens not exhibiting responses to systemic treatment
alone.

Although high-quality evidence remains limited, the use
of aerosolized antibiotics may represent an attractive alter-
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native treatment approach, particularly for patients with
MDR pathogens. Further studies should be conducted to
investigate various drugs and methods for the use of aero-
solized antibiotics. Non-standardized antibiotic inhalation
should be conducted with caution, and further research is
warranted to validate their use in clinical practice. Addition-
ally, research on the PK/PD data of antibiotics for Koreans
with well-designed RCTs should be conducted to validate
the use of aerosolized antibiotics in Korea.
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