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Abstract 

Background  The role of prophylactic antibiotics in preventing ventilator-associated pneumonia (VAP) in patients 
undergoing invasive mechanical ventilation (IMV) remains unclear. This network meta-analysis compared the efficacy 
and safety of antibiotic prophylaxis in preventing VAP in an IMV population in intensive-care units (ICUs).

Methods  We searched the PubMed, Web of Science, Embase, and Cochrane Library databases from inception 
to December 2021, to identify relevant studies assessing the impact of prophylactic antibiotics on the incidence 
of VAP, the mortality, and the duration of ICU stays and hospitalization to perform a meta-analysis.

Results  Thirteen studies (2144 patients) were included, 12 of which were selected for the primary analysis, which 
revealed that treatment with prophylactic antibiotics resulted in a lower VAP rate compared with control groups [risk 
ratio (RR) = 0.62]. Bayesian network meta-analysis indicated that aerosolized tobramycin and intravenous ampicillin–
sulbactam presented the greatest likelihood being the most efficient regimen for reducing VAP.

Conclusions  Antibiotic prophylaxis may reduce the incidence of VAP, but not the mortality, for adult patients under-
going IMV in ICUs. Tobramycin via nebulization and ampicillin–sulbactam via intravenous administration presented 
the greatest likelihood of being the most efficient regimen for preventing VAP. However, well-designed randomized 
studies are warranted before definite recommendations can be made.
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Background
Despite advances in the understanding of the contrib-
uting causes, ventilator-associated pneumonia (VAP) 
continues to be a frequent complication in patients 
receiving invasive mechanical ventilation (IMV) in 
intensive-care units (ICUs). Published studies have 
reported a prevalence of VAP ranging from 5 to 40% 
in IMV patients in ICUs, with mortality estimated 
at 13–25.2% [1]. In addition, compared with simi-
lar patients without VAP, it has been demonstrated 
that VAP was associated with longer duration of IMV, 
longer hospital stays, and higher costs [2].

Several strategies have been put forward for prevent-
ing VAP, including regular oral care with chlorhexidine, 
prophylactic probiotics, prophylactic antibiotics, and 
using silver-coated endotracheal tubes [3–5]. Among 
these, the use of prophylactic antibiotics, with a 
research history of more than 30  years, is a subject of 
substantial debate. On the one hand, the use of pro-
phylactic antibiotics may be the most efficient meas-
ure to directly kill many potential pathogenic bacteria 
associated with VAP. On the other hand, there is not 
enough evidence to affirm the efficacy of prophylac-
tic antibiotics and, moreover, the use of prophylactic 
antibiotics may contribute to the emergence of multi-
drug-resistant organisms and cause adverse events, 
such as nephrotoxicity and bronchospasm [4]. Contro-
versy persists, and thus, the American Thoracic Society 
guidelines do not currently recommend the administra-
tion of antibiotic prophylaxis as a conventional treat-
ment for VAP.

A meta-analysis of the use of preventive antibiotics, 
published in 2018, provided evidence of the protective 
effect of antibiotics against VAP [6]. However, that study 
only focused on antibiotic administration via the respira-
tory tract. Prophylaxis through the intravenous adminis-
tration of antibiotics is an essential and inescapable part 
of clinical practice and must be considered when assess-
ing the possible benefits and adverse impacts of prophy-
laxis. Furthermore, no recommendations regarding the 
choice of antibiotic, dose selection, and administration 
route have been made previously; thus, there is a need for 
further investigation to clarify the optimal administration 
route, antibiotic type, and dose. However, the application 
of traditional pairwise meta-analysis, using only a direct-
comparison model, has not been able to address the 
aforementioned issues. Network meta-analysis (NMA), 
which enables comprehensive assessment from direct 
and indirect comparisons, is a useful method for gener-
ating a comprehensive view of the available evidence [7]. 
Therefore, the aim of the present study was to evaluate 
the effect of prophylactic antibiotics for preventing VAP 
in patients undergoing IMV. Furthermore, we used an 

NMA model to investigate the relative efficacy and safety 
of different administration routes and antibiotic types.

Methods
This systematic review and meta-analysis were performed 
under the instruction of PRISMA guidance (http://​www.​
prisma-​state​ment.​org), and the protocol for the research 
was registered at PROSPERO (CRD42022343218).

Study inclusion criteria and outcome measurements
We searched PubMed, the Web of Science, Embase, and 
the Cochrane Library from inception to April 2023, to 
identify comparative trials that compared the effective-
ness and/or safety of antibiotics prophylaxis with placebo 
in adult patients (18 years or older) undergoing IMV in 
ICUs. Only the articles with an English abstract were 
screened. The titles and abstracts were assessed for eli-
gibility, and the full text of studies deemed potentially 
relevant were reviewed. Observational and interven-
tional studies were included if the study provided data 
on at least one of the following outcomes: (1) incidence 
of VAP; (2) mortality; (3) duration of ICU and hospital 
stays; and (4) duration of IMV (details are provided in 
the Additional files). We also checked the reference lists 
of the relevant articles to identify additional studies. The 
search was repeated before the final analyses, to review 
the latest studies.

Data extraction and study quality assessment
Two investigators performed independent data extrac-
tion and analyses, with the third investigators assisting 
in case of discrepancies. The investigators first screened 
the titles and abstracts of the initial citations to exclude 
in vitro, animal, and pharmacokinetic studies, and proto-
col papers. Studies focusing on preterm neonates or pedi-
atric patients were also excluded. The remaining articles 
were subsequently confirmed as eligible if they adhered 
to the inclusion criteria in the full text. The data of the 
final selected studies were extracted using predefined 
standardized forms including first author, publication 
year, study type, total number of participants, number of 
participants in each group, name of the specific antibi-
otic, and route of antibiotic administration. The outcome 
measures were the incidence of VAP, mortality, duration 
of IMV, and duration of hospitalization and ICU stay.

Randomized clinical trials included in the final analy-
ses were scored using the risk-of-bias tool recommended 
by the Cochrane Collaboration, while the observational 
studies were evaluated using the Newcastle–Ottawa 
Scale score (More details are provided in Additional 
file 1).

http://www.prisma-statement.org
http://www.prisma-statement.org
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Statistical analysis
We used the Review Manager V.5.3 software (Cochrane 
Collaboration, Oxford, UK) for pairwise meta-analysis 
to calculate the risk ratio (RR) and the 95% confidence 
interval (95% CI) for dichotomous outcomes (mortality 
and adverse events), and standardized mean differences 
(SMDs) and 95% CI for continuous variables. When 
SMDs were not reported, we calculated the SMDs from 
other measures reported in the study; for example, 
standard error, t-statistics, and p values, according to 
Altman. Heterogeneity was assessed using the Cochran 
Q statistic and the I2 statistic, funnel plots, and sub-
group analyses. The Grading of Recommendations 
Assessment, Development and Evaluation (GRADE) 
method was used to grade the quality or certainty of 

the outcomes and the strength of the recommendations 
[8].

We further performed NMA within a Bayesian frame-
work using JAGS (version 4.3.0), R software (version 
3.6.1), and the rjags and gemtc packages. To derive the 
incidence of VAP, the probability that each preventive 
regimen would be the best among all the preventive strat-
egies was determined by evaluating the rank probabili-
ties. A higher probability of achieving rank = 1 indicated 
a higher probability of that strategy being the best.

Results
Selection and characteristics of the studies
The PRISMA flow diagram is shown in Fig.  1. We ini-
tially screened 7350 articles. From these articles, we then 
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identified 21 highly relevant articles by searching titles 
and abstracts and eliminating repetitions. After exam-
ining the content further, 13 studies comprising 1819 
patients remained. Out of those 13 studies, 9 were ran-
domized clinical trials, and 4 were prospective or retro-
spective cohort studies. The major characteristics of the 
included studies are shown in Table 1. The quality assess-
ment is shown in Additional file  2: Table  S1 and Figure 
S1.

Pairwise meta‑analysis
Incidence of VAP
The incidence of VAP in the antibiotic prophylaxis 
groups versus the control groups is shown in Fig. 2A. A 
total of 12 studies, including 1864 patients, reported the 
incidence of VAP. The pooled results showed that groups 
that received prophylactic antibiotics had a lower VAP 
rate compared with the control groups (RR = 0.62; 95% 
CI 0.54–0.72; P < 0.001; I2 = 53%). Of these 12 studies, 7 
studies (1227 patients) reported the protective effect of 
prophylactic antibiotics provided through the airway, 
versus placebo (RR = 0.70; 95% CI 0.59–0.82; P < 0.001; 
I2 = 55%). The other five studies (637 patients) reported 
the beneficial effect of prophylactic antibiotics by intra-
venous infusion versus placebo, with no evidence of 
statistical heterogeneity (RR = 0.46; 95% CI 0.35–0.62; 
P < 0.0001; I2 = 0%).

Mortality
Twelve studies, including 1879 patients, reported on 
mortality. There was a similar mortality between patients 
receiving prophylactic antibiotics and control groups 
(RR = 1.03; 95% CI 0.89–1.19; P = 0.67; I2 = 15%; Fig. 2B). 
In the subgroup analysis, neither antibiotics adminis-
trated via the veins (RR = 1.13; 95% CI 0.93–1.38; P = 0.21; 
I2 = 17%) nor via the respiratory tract (RR = 0.94; 95% CI 
0.76–1.16; P = 0.55; I2 = 12%) presented a beneficial effect 
relative to placebo.

Duration of IMV and ICU and hospital stays
Eight studies, including 1261 patients, reported the dura-
tion of IMV as an outcome. Both endotracheal and intra-
venous prophylactic antibiotics significantly reduced the 
duration of invasive ventilation in patients (MD =  − 2.28; 
95% CI − 3.42 to 1.13; P < 0.0001; I2 = 72%; Additional 
file  2: Figure S2). Nine studies, including 1034 patients, 
showed a significantly shorter duration of ICU stay in the 
intervention group (MD =  − 1.72; 95% CI − 2.77 to − 0.67; 
P = 0.001; I2 = 24%; Additional file 2: Figure S3) compared 
with the control group, although the positive effect was 
only present in the intravenous group. Six studies of 758 

patients showed no protective effect of prophylactic anti-
biotics on the duration of hospital stay (MD =  − 1.31; 
95% CI − 3.72 to 1.11; P = 0.29; I2 = 37%; Additional file 2: 
Figure S4).

Publication bias and sensitivity analyses
Funnel plot analysis for the incidence of VAP presented 
a relatively symmetric inverted plot (Additional file  2: 
Figure S5), indicating a publication bias for intravenous 
antimicrobial prophylaxis. Sensitivity analyses were 
also conducted to assess the impact of each study on 
the pooled RR; the statistical results were not markedly 
altered after removing any study (Additional file 2: Figure 
S6). The GRADE assessment showed that the quality of 
evidence of the results was moderate (Additional file  2: 
Figure S7).

Network meta‑analysis
Network diagrams of the comparison of the incidence 
of VAP
We showed that both intravenous and inhaled antibiotics 
were likely associated with a reduced prevalence of VAP. 
However, the most protective method remained unclear 
because of the lack of head-to-head trials comparing 
different treatment strategies regardless of administra-
tion route and type of antibiotic. Thus, we conducted an 
NMA to obtain direct comparisons between the various 
strategies (Fig. 3).

Comparison of the effect of the administration route 
on the incidence of VAP
First, an indirect comparison between antibiotics admin-
istrated via the airway tract and intravenously was 
obtained, which showed that there was a lower risk of 
VAP in the intravenous group, but the result was not sta-
tistically significant (OR = 0.66; 95% CI 0.34–1.3). From 
the available data, intravenous antibiotics (91.9% proba-
bility) presented a greater likelihood of reducing the inci-
dence of VAP than did intratracheal/inhaled antibiotics 
(8.03% probability) (Fig. 4).

Comparisons between antibiotics administered 
the respiratory tract
Eight trials, assessing the effect of the prophylactic antibi-
otics given administered the respiratory tract, were then 
pooled to obtain indirect comparisons by comparing 
aerosolized colistin, aerosolized gentamicin, aerosolized 
tobramycin, aerosolized ceftazidime, and aerosolized 
placebo one by one. In the individual comparisons, no 
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statistically significant difference was found between 
each group (Fig.  5a). The assessment of rank probabili-
ties indicated that aerosolized tobramycin (55.6% prob-
ability) presented the greatest likelihood of reducing the 
incidence of VAP of the four antibiotics, followed by gen-
tamicin (15.9% probability), ceftazidime (15.3% probabil-
ity), and colistin (13.1% probability) (Fig. 5b).

Comparisons between antibiotics administered 
intravenously
Finally, five trials assessing intravenous antibiotics 
were pooled for indirect comparisons by compar-
ing intravenous amoxicillin–clavulanate, cefuroxime, 
ampicillin–sulbactam, piperacillin–tazobactam, cef-
triaxone, and placebo one by one. No statistically 

Fig. 2  Forest plots of the effect of prophylactic antibiotics, compared with placebo, on the incidence of VAP (A) and mortality (B). Studies are 
grouped by the route of administration. IV drug administration via intravenous route. IH drug administration via inhaled route
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significant difference was found between each group 
(Fig.  6a). Ranking analysis indicated that ampi-
cillin–sulbactam (42.2% probability) showed the 
greatest effectiveness in lowering the rate of VAP, fol-
lowed by ceftriaxone (36.3%), cefuroxime (14.0%), 

amoxicillin–clavulanate (3.9%), and piperacillin–tazo-
bactam (3.4%) (Fig. 6b).

Fig. 3  Network evidence for antibiotics to prevent VAP. IV drug administration via intravenous route. IH drug administration via inhaled route

Fig. 4  a Network estimates the incidence of VAP for antibiotics delivered via different administration routes. b Rank probabilities of the prophylactic 
antibiotics for the incidence of VAP based on the network meta-analysis. CI confidence interval. IV drug administration via intravenous route. IH drug 
administration via inhaled route
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Discussion
This meta-analysis of 13 studies, which included 1819 
patients requiring IMV in ICU, demonstrated that pro-
phylactic antibiotics were associated with a reduced 
incidence of VAP but similar mortality, compared 
with placebo. The further NMA indicated that antibi-
otic prophylaxis via intravenous administration pre-
sented as slightly more effective in preventing VAP 

than administration via the respiratory tract, but 
the difference was not significant (OR = 0.66, 95% CI 
0.34–1.3). Moreover, we found that tobramycin may 
be the most effective antibiotic against VAP adminis-
tered via the respiratory tract (55.6% probability), and 
ampicillin–sulbactam may be the most effective intra-
venous antibiotic (42.2% probability). Another benefit 

Fig. 5  a Network estimates of the incidence of VAP for different antibiotics delivered via the airway tract. b Rank probabilities of aerosolized 
antibiotics delivered via the airway tract for the incidence of VAP based on the network meta-analysis. CI confidence interval. IV drug administration 
via intravenous route. IH drug administration via inhaled route

Fig. 6  a Network estimates of the incidence of VAP for different antibiotics delivered via intravenous administration. b Rank probabilities 
of the aerosolized antibiotics delivered via intravenous administration for the incidence of VAP based on the network meta-analysis. CI confidence 
interval. IV drug administration via intravenous route. IH drug administration via inhaled route
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of prophylactic antibiotic use was shorter durations of 
IMV and time in an ICU.

This is the first NMA to assess the efficacy of antibi-
otic prophylaxis for preventing VAP in patients under-
going IMV, including providing insights to determine 
the most effective antibiotics based on the NMA. Our 
results were consistent with the results of Póvoa et  al. 
and Falagas et al. [6, 22], who performed meta-analyses 
focusing on the effect of antibiotic prophylaxis admin-
istered via the respiratory tract, and both the analyses 
demonstrated a protective effect of antibiotic prophy-
laxis. Similarly, Badve et  al. and Righy et  al. [23, 24] 
found that there was a protective effect of preventive 
antibiotic via intravenously route on reducing the risk 
of VAP in a post-stroke and comatose population. Dif-
ferent from the studies mentioned above, in the present 
meta-analysis, we focused only on those IMV patients 
in ICU, but did not restrict the patients’ etiology or the 
administration route, in an attempt to provide a more 
comprehensive view of the available evidence regard-
ing preventive antibiotic use. Moreover, a further 
NMA was conducted to obtain an indirect comparison 
between different treatment strategies, and to help to 
determine the best recommendation for the antibiotic 
type and administration route.

Our results contrasted with the meta-analysis con-
ducted by Couper et  al. [25], which demonstrated no 
difference in the incidence of pneumonia between the 
preventive antibiotic group and the control group. Some 
factors may explain this difference. First, the population 
selected in Couper et al.’s study was patients after cardiac 
arrest. A considerable rate of these patients was receiving 
targeted temperature management and the lower body 
temperatures may have reduced inflammatory activation, 
and therefore, a reduced rate of VAP was detected even 
in the controlled group. Second, the post-arrest popula-
tion may present a lower risk of infection, compared with 
the population in the present study that included some 
comatose patients at high risk of aspiration. Third, a cau-
tion was put on the evidence quality, because only three 
randomized clinical trials were included in Couper study.

We found that intravenous and aerosolized antibiotic had 
a comparable effectiveness against VAP. Intravenous admin-
istration has been considered to be the most effective treat-
ment route, with the highest rate of drug absorption. Until 
now, intravenous antibiotic have been the most common 
approach in the treatment of VAP, and only after failure of 
intravenous antibiotics is the addition of inhaled antibiotics 
considered. However, treatment with aerosolized antibiot-
ics is a more promising strategy than intravenous antibiotics, 
because aerosolized antibiotic theoretically provides a higher 

level of drug concentration in the lungs and a lower system-
atic concentration [26, 27]. Therefore, aerosolized antibiotics 
can contribute to a reduction of infected biofilm on the inner 
surface of the endotracheal tube and subsequently decrease 
the colonization of bacterial pathogens [28, 29]. Thus, the 
intravenous and inhaled route are both acceptable and the 
choice of route should be depended on the clinical situation.

Furthermore, by NMA modeling, we found that 
tobramycin via nebulization and ampicillin–sulbactam 
via intravenous administration presented the great-
est probabilities of being the most efficient regimens for 
preventing VAP. This result may be explained by the fact 
that most of the included studies focused on early onset 
VAP, defined as happening within the first 4–7  days of 
hospitalization, which was more likely to be caused by 
bacteria sensitive to ampicillin–sulbactam and tobramy-
cin [30]. Nebulization of tobramycin has frequently been 
clinically validated in the treatment of bronchiectasis 
patients infected with Pseudomonas aeruginosa and has 
been approved by the Food and Drug Administration 
[31]. However, considering the small sample size in the 
relevant study [19], the conclusions should be reviewed 
cautiously and further evaluated in the future.

Theoretically, because the application of antibiotic 
prophylaxis reduced the incidence of VAP, it should be 
associated with a reduction in mortality. However, no 
reduction in mortality was found, from the first study in 
1974 through to the latest study in 2019, either via respir-
atory-tract or intravenous administration. Several factors 
may explain these findings. First, VAP is only responsi-
ble for some of the deaths in ICUs. For example, 82% of 
those receiving targeted temperature management after 
cardiac arrest died of cardiac or neurological failure, 
whereas only 12% of patients died from infections that 
might have benefited from antibiotic prophylaxis [32]. 
Second, the insufficient sample sizes and/or the limited 
extent of the VAP rate reduction might be reflected in the 
lack of effect on the mortality. Third, most of the studies 
that we included focused on the incidence of early onset 
VAP, which is caused by less virulent microorganisms and 
causes less mortality. In a study that compared the differ-
ent impacts on mortality of early and late VAP, late VAP 
was associated with higher ICU mortality. In addition, we 
found that there was an approximately 2-day reduction in 
the duration of the ICU stay or IMV for patients receiv-
ing prophylactic antibiotics, which may be attributed to 
the reduction in the incidence of VAP, and which repre-
sented a likelihood of reduced economic burden.

Some limitations existed in the present study. First, 
because the emergency of multi-drug resistant bacte-
ria (MDRB) was not considered in most of the included 
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studies, we did not obtain sufficient data to assess the risk 
of MDRB between the intervention and control groups. 
However, MDRB was not a major component in the pre-
sent study and none of the included studies presented a 
different risk of MDRB between groups. Second, there 
was a substantial timespan from the first to the most 
recent study; therefore, there was a high possibility that 
changes in clinical practice had occurred over this time. 
For example, intratracheal instillation is no longer per-
formed, whereas nebulization techniques have improved 
considerably [33, 34]. However, this is an unavoidable 
problem for such a research topic with few clinical tri-
als. Moreover, gentamicin (delivered via instillation) did 
not show an apparent difference in the rate of VAP com-
pared with ceftazidime or colistin (delivered via nebuli-
zation mostly). Thus, the type of nebulization technique 
may not have had a considerable impact on our results. 
Third, the heterogeneous design and various underlying 
diseases of patients recruited in included studies may 
be another confounding factor. However, most included 
studies recruiting traumatic, postsurgical or comatose 
patients, rather than those with pre-existing respiratory-
tract infection. Moreover, some studies were non-RCT, 
but sensitivity analysis showed that they imposed no sig-
nificant effect of overall result. Therefore, this confound-
ing factor was acceptable for our research objective. At 
last, NMA only provided indirect comparison between 
different drugs using a blank control (Rouby J-J, 1994) 
and saline group as reference. The potential therapeutic 
effects saline can cause an impact on the study results to 
some certain extent. However, in our sensitivity analysis, 
excluding the results of Rouby J–J’s study did not signifi-
cantly affect the final results. Therefore, we believed that 
the therapeutic effect of saline has a minimal impact on 
the overall results. However, we still need head-to-head 
RCTs to provide more strong evidences.

Conclusions
According to our results, antibiotic prophylaxis may 
reduce the incidence of VAP, but not reduce mortality, for 
adult patients receiving IMV in ICUs; an NMA demon-
strated that tobramycin via nebulization and ampicillin–
sulbactam via intravenous administration presented the 
greatest possibility of being the most effective regimens 
for preventing VAP. However, it should be highlighted 
that, because of the low level of evidence of most of the 
included studies, we cannot make any strong suggestions 
until additional, well-designed randomized studies with 
large sample sizes are conducted.
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