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Abstract
Introduction: The nebulization of antibiotics allows the delivery of high concentration of medication to the lungs 
without the systemic side-effects. 

Aims: We performed a systematic review and meta-analysis to determine the efficacy and safety of inhaled antibiot-
ics in children with ventilator-associated pneumonia (VAP).

Data sources: We searched Web of Science, SCOPUS, MEDLINE Complete, CINAHL and ClinicalTrials.gov trials registry 
until June 2025. This study was registered (CRD42024504982).

Study selection: We included studies published in the last ten years that recruited children under 18 years old with 
VAP and treated with inhaled antibiotics. We excluded studies of children with tracheostomy and bronchiectasis.

Data extraction: Type of intervention (inhaled ± intravenous (IV) antibiotics), clinical improvement, duration of me-
chanical ventilation (MV) and hospitalization, bacterial eradication, and adverse events were recorded. 

Results: Seven articles (346 patients) reported the use of inhaled antibiotics in VAP, of which four were randomized 
controlled trials. These studies included premature infants, neonates and children. The commonest inhaled antibiotic 
used was colistin (six studies). Meta-analysis revealed that inhaled antibiotics + IV antibiotics versus IV antibiotics +/- 
inhaled normal saline(placebo) resulted in no significant reduction in duration of MV (MD 0.88 days, 95% CI -2.72, 
4.49; p=0.63, I2 = 85%) and ICU stay (MD 0.34[-2.79,3.40]; p=0.83, I2 = 80%). Clinical success (RR 0.68, 95% CI 0.39, 
1.21; p=0.19, I2 =24%), microbiological eradication (RR 1.93, 95%CI 0.97,3.78; p=0.06, I2 = 2%) and mortality (RR 
0.91, 95% CI 0.67, 1.24; p=0.54, I2 =0%) were also not significantly different. Inhaled antibiotics were not associated 
with increased nephrotoxicity (RR 0.91, 95% CI 0.18, 4.61; p=0.91, I2 = 30%)

Conclusion: More robust studies are required to confirm the clinical efficacy of inhaled antibiotics in the treatment of 
VAP. Nonetheless, adjunctive inhaled antibiotics may be safe in children, although close monitoring is still required.
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��Introduction

The treatment of ventilator associated pneumonia 
(VAP) caused by organisms like Pseudomonas aerugi-
nosa, and Acinetobacter spp can be challenging and is 
associated with increased morbidity, mortality and 

healthcare costs [1, 2]. With the rise of antibiotic-
resistant organisms, often treatment with high-dose, 
broad-spectrum antibiotics are required [3-6]. How-
ever, commonly used antibiotics like B-lactams, colis-
tin and aminoglycosides when administered intrave-
nously, have reduced lung bioavailability as shown by 
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reduced concentrations of lung epithelial to plasma 
concentrations [7-9]. Furthermore, prolonged use of 
systemic antimicrobial therapy like aminoglycosides 
and polymyxins are associated with significant side-ef-
fects like nephrotoxicity and ototoxicity in both adults 
and children [7, 10-13].

Delivery of antibiotics through inhalation or nebu-
lization has significant advantages over systemic an-
tibiotic therapy in treating lower respiratory tract 
infections. Nebulized antibiotics can achieve a high 
concentration in the lung tissue, effectively reducing 
the bacterial load of these pathogens while reducing 
the risk of systemic toxic effects [8, 9, 14, 15]. These 
drugs, when nebulized, have shown to have negligible 
to low trough plasma levels [14].

A recent meta-analysis in adults, investigating the 
use of inhaled colistin, in the treatment of VAP, found 
increased microbiological clearance but no signifi-
cant difference in clinical outcomes [16]. Yet in a re-
cent multicenter study in adults, nebulized amikacin 
reduced the risk of developing ventilator-associated 
pneumonia as compared with placebo [17]. While the 
Infectious Disease Society of America [18] supports 
the use of inhaled antibiotics in VAP, the position paper 
by the European Society of Clinical Microbiology does 
not support the use of inhaled antibiotics in ventilated 
adults [19].

The use of inhaled antibiotics in the management of 
children with VAP has rarely been described and the 
practice is varied among intensive care units. Hence, 
we conducted this systematic review and meta-analysis 
to determine the effect of inhaled antibiotics on (a) 
eradicating bacteria, (b) improving clinical outcomes 
(days of intubation, days in ICU), (c) reducing mortal-
ity and (d) risk of adverse effects in children treated for 
VAP.

��Materials and methods
Protocol and Registration

The report follows the framework of the Preferred Re-
porting Items for Systematic Reviews and Meta-analysis 
(PRISMA) 2020 statement [20]. The protocol was reg-
istered in the National Institute for Health and Care 
Research International Prospective Register of System-
atic Reviews (PROSPERO) with registration number 
CRD42024504982. We excluded studies with bronchi-
ectasis and tracheostomy-dependent children as a com-
prehensive review has been recently published [21]. 

PICO definition

The clinical question under the PICO (Patient-Inter-
vention-Comparator-Outcome) framework format 
was: For children with VAP, do inhaled antibiotics ver-
sus other treatment modalities improve the clinical, 
microbiological, and safety outcomes? The PICO ques-
tions are as follows:

Q: Does inhaled antibiotic treatment improve the 
clinical, microbiological and safety outcomes for chil-
dren with VAP?

P: Children ≤ 18 years old with VAP 
I: Inhaled antibiotics 
C: Placebo or no therapy or other therapy (Intrave-

nous and/or oral antibiotics)
O: Microbiological clearance, clinical success, clini-

cal failure, duration of mechanical ventilation, dura-
tion of ICU stay, VAP and other-cause mortality, ad-
verse effects 

Database Sources and Search Strategy 

A comprehensive search of Web of Science, SCOPUS, 
MEDLINE Complete, AND CINAHL Complete online 
databases was done using the search terms (Inhaled 
OR aerosoli* OR nebuli*) AND (antibiotics OR anti-
microbial) AND (pediatric OR pediatric OR child* OR 
neonate OR toddler OR adolescent) AND ventilator-
associated pneumonia OR nosocomial infection OR 
hospital-acquired infection). Results were limited to 
articles published in English from 1st January 2014 to 
30th June 2025. We also searched the ClinicalTrials.gov 
trials registry. 

Study Selection 

Studies that fulfilled the following criteria were includ-
ed: 1) Study design: All observational and randomized 
trials, 2) Participants: All pediatric patients with VAP, 
3) Trials using inhaled antibiotics as intervention were 
compared with placebo, with no treatment or other 
routes of antibiotic administration. Exclusion criteria 
were: 1) Adults >18 years old, 2) Tracheostomy-de-
pendent children and bronchiectasis (including cystic 
fibrosis) and 3) Case reports and case series.

Two authors (SW, AMN) screened all the studies 
identified in the literature search by screening the ti-
tles, abstracts and full texts using EndNote Version 21. 
Any disagreements between the two reviewers were re-
solved by a third author (RZ). 
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Data extraction and Outcomes 

One author extracted data and confirmed it with an-
other. Using a pre-developed data extraction sheet 
in Microsoft Excel, the following data were extracted 
from included studies: the first author’s name, year of 
publication, country of origin, study design, and study 
population (inclusion/exclusion criteria). 

The primary outcomes searched for were the (a) type 
of intervention (medication, dosage and duration), (b) 
clinical and microbiological outcomes, (c) duration of 
mechanical ventilation (MV), (d) duration of stay in 
ICU, (e)eradication of infection and (f) adverse effects 
including nephrotoxicity and bronchospasm, VAP-relat-
ed mortality, all-cause mortality, and study limitations.

Quality assessment 

The risk of bias was assessed using the Strengthening 
the Reporting of Observational Studies in Epidemi-
ology (STROBE) checklist for observational studies 
and the Cochrane risk of bias tool for randomized 
controlled trials [22]. The STROBE statement con-
tains a 22-item checklist that guides the reporting of 
observational studies to facilitate critical assessment 
and interpretation of results. The checklist is divided 
into sections: title, abstract, introduction, methods, re-
sults, discussion, and other information (funding). It 
was decided to have scores of 0 if the item was not ful-
filled, a score of 1 if the item was fulfilled, and a score 
of NA (non-applicable) if the item was not applicable 
for the specific publication. The total number of items 
that fulfilled the criteria was added and divided by the 
total number of items for each study, respectively, and 
multiplied by 100 to get the results in percentages [23] 
. Randomized trials were assessed using the Revised 
Cochrane risk-of-bias tool for randomized trials (RoB 
2) and the Review Manager 5.4 risk of bias tool. The 
tool assessed the following: randomization process, de-
viations from intended interventions, missing outcome 
data, measurement of the outcome, selection of the re-
ported result and overall bias [24]. Each item was grad-
ed to determine whether the studies were considered 
high, low, or unclear risk of bias. An appointed third 
reviewer (RZ) resolved any differences in the assess-
ment process. Studies that had a score of <60% were 
considered as high risk and were excluded.

Data Synthesis 

The meta-analysis was performed when sufficient data 
for each outcome were reported with a similar study 

design. All statistical analyses were performed using 
Review Manager (RevMan) version 5.3 (Cochrane 
Collaboration, London, UK). Data Estimation and 
Conversion for Meta-analysis (DECoMA) version 1.0 
was used for data conversion. Continuous outcomes 
were presented as mean and standard deviation (SD). 
Dichotomous data were presented as risk ratios (RR) 
and 95% confidence interval (CI). Meta-analysis was 
performed using a fixed-effect model if there was no 
heterogeneity between studies or a random-effect 
model if there was significant heterogeneity. Statistical 
heterogeneity was measured through the I2 statistic and 
classified as low (I² < 25%), moderate (I² 25-50%), or 
high (I² > 50%).

��Results 

Search Results and Study Selection 

Our initial search of the literature yielded a total of 343 
searches: Web of Science (212), Scopus (60), MED-
LINE Complete (53) and CINAHL Complete (17). 
We also gathered data from ClinicalTrials.gov for un-
published trials and found one study of interest which 
has not started recruitment yet [25]. This multicenter 
randomized controlled trial study will evaluate the 
benefit of a 3-to-7-day prophylactic course of inhaled 
colistin vs placebo among children with VAP. [25]. 
After screening through duplicated records, titles and 
abstracts, we retrieved 11 potentially relevant full-text 
articles for evaluation. Four articles were excluded for 
reasons stated in Figure 1. Finally, seven studies[26-32]
were selected for inclusion in this review. 

Study Characteristics 

The definitions of clinical, microbiological outcomes 
and adverse events are shown in Table 1. The main 
characteristics and outcomes of the seven included tri-
als are shown in Table 2 [26-31, 33]. One study was a 
retrospective cohort study [27], while two were retro-
spective case control studies [28, 33] and the remain-
ing four were randomized controlled trials [26, 29-31].
Inhaled colistin was used in all six studies [27-31, 33].
while one study used inhaled amikacin [26]. The stud-
ies were from Ukraine, Iran, Turkey, Pakistan, India 
and Taiwan. None were sponsored by pharmaceutical 
companies. Four randomized controlled trials were in-
cluded in meta-analysis [26, 29-31]. 
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Methodological Quality Assessment 

Supplementary Table S1 presents the full risk of bias 
assessments

Outcome measures (See Table 2)

Ventilator-associated pneumonia 

a. Study group (Inhaled + IV Abx) vs Control group (IV 
Abx only) 
Four studies looked at the combination of inhaled and 
intravenous antibiotics versus intravenous antibiotics 
only [26-29]. Two were retrospective [27, 28] while two 
were a randomized controlled study [26, 29]. Results 
are summarized in Table 2.

Two retrospective studies investigated the use of 
inhaled colistin in children with ventilator-associated 

pneumonia (VAP) in the NICU and ICU [27, 28]. Two 
studies included children under one-year-old, and in-
haled colistin was administered at 4mg/kg BD [27, 28]. 
In the study that included children over one-year-old 
too, inhaled colistin was administered at 75mg BD 
[27]. Another study only included children aged 2-18 
years old and administered inhaled colistin 3 to 5mg/
kg every 6 hours for a duration of two to three weeks 
[29]. 

Polat et al. showed a significant reduction in time to 
bacterial eradication (TBE) in the study group com-
pared to the control group (3 vs 6 median days, p<0.001) 
[27]. However, there were no significant differences in 
clinical response, bacterial eradication and mortal-
ity (VAP related mortality and other-cause mortality). 
Conversely, Hussain et al. showed that the use of in-

PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources 
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Fig. 1.  Preferred Items for Systematic Review and Meta-Analysis (PRISMA) screening process. 

https://jccm.ro/wp-content/uploads/2025/11/jccm-2026-0003_supplementary_tableS1.pdf
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haled and IV antibiotics resulted in signifi-
cantly more cases with clinical cure (9 vs 
5 cases, p<0.05) and eradication of infec-
tion (68.8% vs 43.8%, p<0.05) [28]. How-
ever, clinical improvement was similar (4 
vs 4 cases, p>0.999). As for mortality, there 
was a trend towards reduced mortality in 
those with adjunct inhaled antibiotics: VAP 
(12.5% vs 31.3%, p =0.08), overall mortality 
(25% vs 73.8%, p=0.06).

A randomized controlled study recently 
published in 2024 investigated the use of in-
haled colistin in ICU [29]. Khanababee et al. 
showed fever occurrence was higher in con-
trol group compared to study group (7.5% 
vs 2.5%, P =0.04). However, other outcomes 
measured (MV and hospital stay days, mor-
tality, infective blood parameters, fever du-
ration, were not significant). The types of co-
administered intravenous antibiotics which 
were not described in the study. Microbio-
logical outcomes were also not measured. 

Worth mentioning here is another ran-
domized, controlled, single-blind (pilot) 
study which compared the administration 
of adjunctive inhaled antibiotics (amikacin 
500mg BD) for one week combined with 
IV antibiotics versus IV antibiotics only, in 
mechanically ventilated infants with VAP 
[26]. This study investigated the respira-
tory parameters while on a ventilator, MV 
and ICU stay duration, and microbial load 
in the sputum pre-and post-treatment. A 
2-fold increase in resistant organisms and a 
significant increase in peak inspiratory pres-
sure (PIP) values was found in the control 
group. There was a significant reduction in 
early apoptotic and necrosis of circulating 
leukocytes in the study group compared to 
the control group. The average (range) du-
ration of MV was also significantly reduced 
in the study group compared to the control 
group 6 (5-10) vs 7 (6-12) days, p<0.05, 
while the duration of stay in the ICU was 
not significant 7 (6-12) vs 8 (7-14) days, 
p=0.20 (personal communication in author) 
[26].Levchenko et al. also found a significant 
reduction in microbial load in the endotra-
cheal tube cultures of the study group on the Bh
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third day of antibiotic therapy (log (3.59±0.32) CFU/
ml) compared to the control group (log (5.49±0.27) 
CFU/ml) (p<0.001) and the results were reproduced 
on the fifth day as well. This study did not report on 
bacterial eradication nor adverse events [26]. 

b. Study group (Inhaled Abx + IV Abx) vs Control 
group (Inhaled Normal Saline + IV Abx) 
There were two studies that used Inhaled NS in the 
control group [30]. A prospective, randomized, dou-
ble-blind, controlled study compared the concomitant 
use of inhaled colistin (4mg/kg BD) with IV antibiotics 
(n=51) and Inhaled NS with IV antibiotics (n=47) in 
children with VAP in the postoperative period follow-
ing cardiac surgery in a surgical ICU. The study group 
had a significant decrease in the duration of MV (11.2 
vs 18.1 days, p=0.002), postoperative ICU stay (14.04 
vs 22.3 days, p=0.004), and total hospital stay (17.6 vs 
26.2 days, p=0.005) compared to the control group. 
However, there was no significant difference in favora-
ble clinical response (37 vs 31, p=0.696), bacteriologi-
cal outcome (80.4% vs 68.1%, p=0.16). There was a 
trend to reduced risk of VAP-related mortality (3.9% 
vs 14.7%, p=0.07) but not significant other-cause mor-
tality (p=0.64). Adverse effects of inhaled colistin were 
not seen in both groups despite not using prophylactic 
B2 agonists. Regarding nephrotoxicity, differences in 
serum creatinine levels were insignificant between the 
two groups (mean 0.18 vs 0.12, p=0.081). In another 
study by Sachdev et al., who performed a randomized 
controlled trial in 35 children with inhaled colistin 
500,000IU given 8hrly together with IV antibiotics, 
found no significant difference in outcomes (bacterial 
eradication, duration of MV and ICU stay, mortality, 
clinical cure).

c. Study group (Inhaled Abx only) vs Control group (IV 
Abx only) 
Only one study used inhaled antibiotics only in the in-
tervention group [33]. This retrospective case-control 
looked at the role of inhaled colistin monotherapy for 
VAP of Acinetobacter baumannii in premature infants. 
They recruited 31 preterm infants in which eight pa-
tients were given inhaled colistin 33.4mg BD (equiva-
lent to 1 million IU), and 23 patients received IV an-
tibiotics only. Four of the eight patients who received 
inhaled colistin initially received IV antibiotics but did 
not improve; hence, inhaled colistin was started. All 
preterm infants in both treatment groups were report-
ed to be microbiologically cured with Acinetobacter 
baumannii eradicated (at least three negative sputum In
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cultures and each at least one day apart) from airway 
secretions and discharged. This study found that in-
haled colistin was safe to use in prematurity as no clini-
cal or renal function abnormalities were noted. None of 
the patients had adverse events from the inhaled colis-
tin therapy despite not using bronchodilators. 

Adverse effects

Hussain et al. showed acute kidney injury (AKI) was 
more prevalent in the control group compared to the 
study group (31.3% vs 6.25%, p<0.05); this could be 
due to the longer duration of IV colistin given in the 
control group compared to study group (12.5 vs 7.5 
days) [28]. Polat et al. showed that one child developed 
nephrotoxicity in the control group [27]. However, 
this patient also received concomitant vancomycin 
and radiocontrast agents before IV colistin. Bharathi 
et al found no significant differences in serum creati-
nine levels between the two groups (mean 0.18 vs 0.12, 
p=0.081)[30]. Khanababee et al. found no significant 
difference in nephrotoxicity or serum creatinine levels 
between two groups despite the high dose ( 3-5 mg/kg 
inhaled every 6 hrs ) and prolonged use ( 2-3weeks) 
of inhaled colistin [29]. Sachdev et al found no signifi-
cance difference in renal impairment [31]. The study in 
premature infants also found no clinical or renal func-
tion abnormalities [33]. 

Bronchoconstriction was an adverse effect of inhaled 
colistin therapy, as observed in Polat et al., where three 
patients experienced bronchoconstriction and desatu-
ration after receiving the first dose. However, this prob-
lem was alleviated with B2-agonist and well tolerated 
after that [27]. In contrast, Hussain et al, Bharati et 
al and Khanababee et al did not report any broncho-
constriction, although it was not evident in the study 
whether all patients were routinely prescribed B2-ag-
onists before inhaled antibiotics [28-30]. Sachdev et al 
pre-treated patients with hyper-reactive airways with 
inhaled salbutamol. They found no increased risk of 
bronchospasm in the treatment group [31]. The study 
by Levchenko did not comment on side-effects [26]. In 
premature infants, no bronchospasm was noted despite 
not using bronchodilators [33]. 

Polat et al. and Khanababee et al. did not report 
any cases of neurotoxicity. In contrast, Hussain et al. 
reported three cases when comparing both treatment 
arms (one in the study group versus two in the control 
group, p<0.782). 

Finally, in the study that used inhaled colistin in 
premature infants, no clinical or renal function abnor-
malities were noted. None of the patients had adverse 
events from the inhaled colistin therapy despite not us-
ing bronchodilators [33]. 

Quant﻿itative (meta-analysis) and descriptive analy-
sis for VAP in children

We included four randomized controlled studies [27-
29, 31] in the meta-analysis. However, not all of the 
outcomes could be included into the meta-analysis due 
to differential reporting or lack of reporting standard 
deviation or range. Levchenko et al did not report on 
clinical success, bacterial eradication, nor mortality, 
while Khanababee et al did not report on clinical suc-
cess or bacterial eradication. Bharathi et al, did not pro-
vide standard deviation for analysis of MV, ICU stay, 
and lacked details regarding adverse events. We finally 
decided to combine the control arms of IV antibiotics 
with and without inhaled NS when analyzing MV, ICU 
stay, mortality, and nephrotoxicity, as inhaled NS was 
considered a placebo.

We examined the following clinical outcomes: clini-
cal success (cure or improvement), eradication of bac-
teria, duration of MV, nephrotoxicity, and other-cause 
mortality, as shown in Figure 2A-E.

Analyses of studies from Bharati et al. and Sachev et 
al. found no significant improvement in clinical success 
(RR 0.68, 95% CI 0.39-1.21; p = 0.19; I2 = 24%) in the 
groups with inhaled + IV antibiotics (Figure 2A).

Similarly, studies by Bharati et al. and Sachev et al. 
found that the likelihood of eradicating bacteria in the 
combined inhaled + IV antibiotics group (RR 1.93, 
95%CI 0.97,3.78; p=0.06, I2 = 2%) was possibly higher 
than with IV antibiotics +Inhaled NS alone; however, 
the difference did not achieve statistical significance. 
Figure 2B

However, the combination of inhaled + intravenous 
antibiotics compared to intravenous antibiotics +/- in-
haled NS had no significant reduction in the duration 
of MV (MD 0.88 days, 95% CI -2.72, 4.49; p=0.63, I2 = 
85%) and ICU stay (MD 0.34[-2.79,3.40]; p=0.83, I2 = 
80%) (Figure 2C and 2D respectively).

As for VAP-related mortality (RR 0.64, 95% CI 0.24, 
1.66; p=0.36, I2=0%) and other-cause mortality (RR 
0.91, 95% CI 0.36, 2.33; p=0.85, I2=40%), both out-
comes were not significantly different between the two 
treatment groups (Figure 2E).



12 • The Journal of Critical Care Medicine 2026;12(1) Available online at: www.jccm.ro

Adverse events 

Inhaled + IV antibiotics therapy was associated with 
a non-significant reduced risk of nephrotoxicity (RR 
0.20, 95% CI 0.08, 1.14; p=0.08, I2=0%) (Figure 3).

��Discussion 
This systematic review aimed to determine the efficacy 
of inhaled antibiotics in children with VAP, associated 
with gram-negative bacteria (GNB) in children. We  

A

B

C

D

E

Fig. 2. Forest plot for clinical outcomes. (A) Clinical success, (B) Bacterial Eradication (C) Duration of Mechanical Ventila-
tion (D) Duration of intensive care unit (ICU) stay (E) Mortality 
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found seven studies involving neonates and children 
and the commonest antibiotic used was inhaled colis-
tin, which was included in six trials [27-31, 33] , while 
one trial [26] used inhaled amikacin. Four studies used 
Inhaled and IV antibiotics versus IV antibiotics alone 
while the other two used IV antibiotics with inhaled 
normal saline (NS) as a placebo. The meta-analysis in-
cluded four randomized controlled studies, however 
due to difference in reporting outcomes, majority of 
the analysis was on two studies. We found no signifi-
cant improvement in clinical success and no reduction 
in bacterial eradication, mechanical ventilation, ICU 
stay nor mortality. Importantly, there was no signifi-
cant increase in adverse effects. 

Efficacy of Inhaled Antibiotics in VAP 

Mechanical ventilation and intensive care unit stay 
In the meta-analyses, adjunctive inhaled antibiotics did 
not significantly shorten the duration of MV nor ICU 
stay. Others have shown a reduction in MV and ICU 
stay, by about 4 days each, albeit both of these studies 
were retrospective [27, 28]. Bharathi et al. also dem-
onstrated significant reduction in duration of MV by 7 
days, postoperative ICU days by 8 days and total hospi-
talization by 9 days, in the group receiving inhaled and 
intravenous antibiotics compared to the control group 
[30]. However, we could not include Bharathi’s study 
into the meta-analyses as standard deviations were not 
reported in the paper. Considering that Bharathi et al 
had 98 patients in their study, exclusion of this may 
have affected our finding. Also to note was high hetero-
geneity in both these analyses. This may have resulted 
in our negative outcome. Reducing duration of invasive 
ventilation and ICU stay has both clinical and financial 
implications [34]. There may be other factors that in-
fluence duration of ICU stay like central line infections, 
renal failure, tracheostomy, need for external ventricu-
lar shunts and surgical procedures [35, 36]. Only half of 
the studies compared the underlying illness of patients, 
which ultimately may be a confounding factor associ-

ated with the duration of ICU stay and/or mechanical 
ventilation [27, 28, 31, 32]. In adults, two systematic 
reviews by Qin et al (13 studies involving 1733 patients, 
looking at adjunctive use of Amikacin) and Zampieri 
et al (12 studies involving 885 patients, looking at both 
adjunctive and substitutive use of amikacin, colistin 
and tobramycin) showed no significant effect on du-
ration of MV and ICU stay, although there was high 
heterogeneity in both these outcomes [11, 37]. Adults 
have significant co-morbidities like diabetes and poor 
cardiac function that may affect both the duration of 
MV and ICU stay too [38, 39]. 

Clinical success, bacterial eradication & mortality
Our meta-analyses involving studies from Bharati et 
al [30] and Sachdev et al [31] found no significant in-
crease in clinical success. Clinical success was simi-
larly defined in the study by Polat et al and Hussain 
et al [27, 28], of whom only Hussain et al found a sig-
nificant improvement in clinical cure. Hussain differed 
from the others as he studied neonates in the NICU, 
while the others studies patients post cardiac surgery 
or in the PICU with various illnesses. This is probably 
the reason for the difference in findings. As mentioned 
earlier, underlying disease may potentially influence 
clinical outcomes. In adults, the reviews by Qin and 
Zhang found differing results in clinical responses: RR 
1.23 (95% CI 1.13–1.34) and OR 1.39 (95% CI 0.87–
2.20) [11, 16]. 

As for bacterial eradication, the meta-analyses 
showed a trend to increased microbiological clearance 
(RR 1.93, p=0.06), although it did not achieve statisti-
cal significance. In the retrospective studies not includ-
ed in this meta-analysis, both Polat el al and Hussain 
et al found bacterial eradication was increased when 
inhaled colistin was used [27, 28]. Similarly, Levchenko 
et al. found a significant decrease of microbial load in 
sputum from the endotracheal tubes on the third and 
fifth day in the inhaled amikacin + IV antibiotics group 
compared to IV antibiotics only group [26]. The lack of 
significance in bacterial clearance across most studies 

Fig. 3. Forest plot for nephrotoxicity
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could be due to the variation in duration of therapy, 
as most of the studies continued inhaled antibiotics as 
long as IV antibiotics were on board [27, 30]. However, 
Hussain et al., who continued inhaled antibiotic treat-
ment alone for at least 3 days after the cessation of IV 
antibiotics, found significant bacterial eradication [28] 
. Results on bacterial eradication could also be affected 
by when the culture was taken or analyzed e.g. early 
in the course of treatment versus later after treatment, 
whereby recrudescence of bacteria is more likely to oc-
cur. Interestingly, inhaled colistin monotherapy was 
used for VAP of Acinetobacter baumannii in premature 
infants, and all preterm infants reported to be micro-
biologically cured (at least three negative sputum cul-
tures and each at least one day apart) [33]. In children, 
there are no head-to-head studies between colistin and 
amikacin. In adults, the review by Sella et al (11 stud-
ies involving 1472 patients, looking at the adjunctive 
use various inhaled antibiotics (amikacin, polymyxin 
B, colistin and tobramycin), found increased bacte-
rial eradication, with OR 2.63(95% CI 1.36–5.09) [40]. 
They also found that the effect size on bacterial clear-
ance was higher with colistin compared to amikacin 
(OR 2.21 [95%CI 1.25-3.92] vs RR 1.51[95%CI 1.35-
1.69]) respectively [40]. 

As for VAP-related mortality and other-cause mor-
tality, we decided to combine the results of studies 
which included inhaled NS as this is a placebo, and 
there was low heterogeneity. Three studies were ana-
lyzed and there were no significant differences between 
the treatment and control groups. This is probably 
due to the small numbers of children with mortality 
in these studies. In adults, effect sizes for pneumonia-
cause of mortality by Qin et al (for amikacin) and 
Valachis et al ( both adjunctive and substitutive use 
of colistin) were RR 1.12 (95% CI 0.82–1.52) and OR 
0.58 (95% CI 0.34–0.96) respectively [11, 41]. As for 
all-cause mortality, the effect size for amikacin by Qin 
et al and colistin by Vardakas et al (13 studies involving 
1135 patients, adjunctive use of colistin) were not sig-
nificant at RR 1.17 (0.98–1.50) and RR 0.94 (0.81–1.08) 
respectively [11, 42]. 

Our negative meta-analysis suggests that studies 
should focus on the use of inhaled antibiotics on spe-
cific populations, such as premature infants alone, solid 
organ transplant recipients, or post-cardiac surgery, 
who have an increased risk for prolonged IMV, hence 
at risk of developing MDR strains, which may result in 
more positive findings. Furthermore, the use of inhaled 

antibiotics for prevention rather than for treatment 
may be a more effective strategy [25, 43]. 

Doses of inhaled antibiotics

Expert opinion recommends that inhaled colistin + 
systemic colistin may be considered for VAP caused by 
XDR GNB especially when the pathogen is only sensi-
tive to colistin and if there is treatment failure with sys-
temic colistin alone [44]. We recommend that the dose 
for adjunctive inhaled colistin in infants and children 
is 4mg/kg BD, as observed in the two studies in infants 
[27, 28] and one study in children [30]. In preterm in-
fants with VAP due to A. baumannii , inhaled colistin 
was administered at 1.0 M IU BD (33.33mg) [33]. This 
is also in line with the recommendation of the Chil-
dren’s Antimicrobial Management Program (ChAMP) 
Monograph by Perth Children Hospital [45]. 

The duration of inhaled colistin observed among the 
four studies on VAP varied greatly [27, 28, 30, 33]. We 
found that cessation of combination treatment follow-
ing resolution of clinical signs and symptoms did not 
achieve significant bacterial clearance based on three 
studies[27, 30, 31]. , while continuing inhaled antibiot-
ics alone after combination therapy for a minimum of 
three days resulted in bacterial clearance, as shown in 
Hussain et al. [28]. Hence, we recommend that dura-
tion of inhaled antibiotics should be continued longer 
than systemic antibiotics to achieve bacterial clearance.

Adverse Events 

Bronchospasm has been reported to occur in patients 
with and without asthma [46]. However, our review 
showed that this can be prevented by using a B2-ag-
onist, without the need to discontinue the drug [27]. 
This review also did not find consistent reporting of 
bronchospasm as an adverse event. Even in children 
with CF, adverse events from the use of inhaled anti-
biotics are rarely reported [47]. This shows that bron-
chospasm from the use of inhaled antibiotics is not 
common in young children. This is different in adults, 
whereby bronchospasm seems to be more common 
with risks of RR 2.55 (95%CI 1.40-4.66) and OR 5.19 
(95% CI 1.05-25.52) [11, 16]. Use of preservative free 
antibiotics do have a lower risk for bronchospasm [48]. 

The common adverse reactions described with intra-
venous colistin treatment are nephrotoxicity and neuro-
toxicity due to its narrow therapeutic index [49]. As for 
nephrotoxicity, this meta-analysis and the other studies 
[27, 28, 30, 33], which were not included in the quantita-
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tive analysis, observed that this risk was not significantly 
different between the study and control groups. Even in 
premature infants, the use of colistin has been report-
ed to be effective [50, 51] and safe [51-53]. Given that 
colistin is negatively charged at human physiological 
pH, the negative charge of the alveolar basement mem-
brane likely contributes to the slow systemic passage 
of colistin into the systemic circulation [54]. Colistin-
associated nephrotoxicity can still occur in up to 10% of 
the cases, as shown in a review involving 104 critically ill 
children with normal renal function and colistin dosage 
administered at 5mg/kg per day in three divided doses 
[55]. Conversely, studies in adults have found reduced 
nephrotoxicity with the use of inhaled antibiotics[56]. 
Nephrotoxicity and neurotoxicity associated with in-
travenous colistin are related to the amount of daily 
maintenance dose and not to the loading or cumulative 
dose and are usually reversible [57]. Higher or excessive 
doses of colistin (>5mg/kg ideal body weight/day) are 
associated with an increased risk of nephrotoxicity and 
often result from the use of actual body weight in obese 
patients [58]. Nonetheless, careful surveillance and the 
use of preventative strategies for antibiotic related toxic-
ity (such as nephrotoxicity and ototoxicity) are still es-
sential to avoid possible toxicity [59]. 

With the use of nebulized antibiotics, antibiotic re-
sistance is a significant concern. This was not reported 
in any of our included studies. In a small study involv-
ing children with tracheostomy, one out of six devel-
oped microbial resistance, after a median duration of 
74 days of inhaled antibiotics. [60]. In adults with VAP, 
the systematic review showed reduced emergence of 
resistant bacteria strains (RR 0.18, 95% CI 0.05-0.64) 
[15]. A systematic review (19 studies) on adults with 
stable NCFB revealed a higher risk of isolating resistant 
organisms with inhaled antibiotic treatment [61]. The 
pooled risk ratio was 1.86 (95% CI, 1.51-2.30; p<0.001, 
I2:6%), and resistance increased regardless of which in-
haled antibiotic was used (p=0.20, I2: 35%) [61]. How-
ever, a review that explored the use of inhaled tobramy-
cin, colistin and gentamicin in adults with NCFB did 
not demonstrate any significant emergence of antimi-
crobial isolates in sputum, and any increase in mini-
mum inhibitory concentrations (MIC) was transient 
with a return to baseline after discontinuation of treat-
ment [55]. Although antibiotic resistance is a concern, 
evidence shows that inhaled antibiotics could eradicate 
existing multidrug-resistant organisms (MDRO) in in-
tubated patients and reduce the pressure for the selec-

tion of new resistant organisms whilst reducing the use 
of systemic antibiotics [62]. 

Drug delivery in ventilated patients

One should be wary of other essential aspects of 
nebulized therapy e.g. type of device used and admin-
istration techniques, to improve drug deposition bal-
anced with safety and patient comfort [8, 63]. An ul-
trasonic mesh nebulizer, placed in the inspiratory limb 
15-40 cm before the Y-piece and removing the heat and 
moisture exchange during therapy, is important. Use of 
a smooth inner surface tubing will also improve drug 
deposition [8]. Placing a filter in the expiratory limb, 
between the ventilator during nebulization, which 
should be changed after treatment, will prevent expira-
tory limb obstruction. 

Limitations 

The limited number of studies with small sample sizes 
and few randomized controlled trials in children with 
VAP will impact the generalizability and reliability of 
the findings. Furthermore, the use of inhaled antibi-
otics in various diseases and populations would have 
impacted the outcome. Our meta-analysis on the four 
RCTs still only included a maximum of three studies, 
with some analyses showing significant heterogeneity 
between these studies. 

��Conclusion and recommendations
Using inhaled antibiotics with systemic antibiotics in 
children with ventilator-associated pneumonia did not 
result in statistically significant outcomes. We observed 
a minor, non-significant decrease in days on bacterial 
eradication, but no notable changes in clinical out-
comes like MV, ICU stay, clinical success, or mortality. 
There was no increase in side effects, such as bronchos-
pasm or nephrotoxicity, however close monitoring of 
each individual patient is still required.

Larger randomized studies on specific populations 
are needed to confirm that inhaled antibiotics improve 
outcomes for children with VAP. Studies directly com-
paring amikacin and colistin are also important to de-
termine if colistin is the best choice.
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