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Abstract. – OBJECTIVE: Multidrug-resistant 
pneumonia is a common cause of hospital-relat-
ed morbidity and mortality across the world. The 
high prevalence of multidrug-resistant pneumo-
nia due to resistant gram-negative pathogens has 
led to a re-introduction of colistin. The adverse 
events associated with intravenous colistin can 
be alleviated by administering the drug nasal-
ly (i.e., inhalation) or in a combination including 
both inhalation and intravenous presentations of 
the drug. A review study compared the impact of 
these administration methods on clinical, mor-
bidity, and mortality-related outcomes in patients 
with multiple-drug resistant pneumonia. Howev-
er, the publication of newer cohort trials, warrants 
an update of the state of the evidence. 

To compare the clinical, morbidity, and mor-
tality outcomes in patients with multidrug-re-
sistant pneumonia receiving either intravenous 
colistin or combined drug presentations (ie, in-
haled and intravenous). 

MATERIALS AND METHODS: A systematic 
search of the academic literature was performed 
according to the PRISMA guidelines across five 
databases (Web of Science, EMBASE, CEN-
TRAL, Scopus, and MEDLINE). We conducted 
a random-effect meta-analysis to compare out-
comes such as rate of clinical cure, microbio-
logical eradication, nephrotoxicity, and over-
all mortality in patients with multidrug-resistant 
pneumonia receiving either intravenous colistin, 
inhaled colistin, or a combination of those ad-
ministration routes. 

RESULTS: From 963 studies, we found 16 eli-
gible studies with 1651 patients (61.6 ± 7.7 years) 
with multidrug-resistant pneumonia who had re-
ceived either intravenous, inhaled colistin or a 
combined inhaled/intravenous administration. 
Our meta-analysis revealed higher rates of clin-
ical cure (OR, 1.61) and microbiological eradica-

tion (1.37) in patients receiving combined intra-
venous/inhaled colistin than in those receiving 
intravenous colistin alone. Additional analyses 
revealed higher rates of nephrotoxicity (1.30) 
and mortality (1.44) in patients receiving intrave-
nous colistin than in those receiving combined 
intravenous/inhaled colistin. 

CONCLUSIONS: We provide evidence showing 
improved clinical, morbidity, and mortality out-
comes in patients with multidrug-resistant pneu-
monia receiving inhaled colistin or combined in-
haled/intravenous colistin than those receiving 
intravenous colistin alone. These findings should 
help clinicians stratify the risks associated with 
different colistin administration routes to manage 
multidrug-resistant pneumonia.

Key Words:
Drug resistance, Pneumonia, Colistin, Intravenous, 

Aerosol, Mortality.

Introduction

Acute respiratory drug-resistant pneumococ-
cal infections are considered a leading cause of 
mortality in hospital settings worldwide1-3. Accor-
ding to the World Health Organization, the onset 
of pneumonia in a medical facility is facilitated 
by the presence of multidrug-resistant pathogens 
including Acinetobacter baumannii, Klebsiel-
la pneumoniae, and Pseudomonas aeruginosa4. 
Epidemiological studies5,6 have reported a high 
incidence of multidrug-resistant pneumonia in 
hospital settings, 15% to 24%; and, a recent Glo-
bal Burden of Disease study found that almost 2.3 
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million patients worldwide perish annually due to 
multidrug-resistant pneumonia7,8.

The prevalence of multidrug-resistant pneu-
mococcal infections has been increasing9 due to 
the ineffectiveness of conventional antibiotics 
against drug-resistant pathogens. Therefore, older 
polymyxin antibiotics like colistin have garnered 
attention for the management of multidrug-resi-
stant pneumonia10-12. Studies13,14 have suggested 
that the cationic colistin molecule acts by bin-
ding electrostatically to the negatively charged 
lipid-A of the gram-negative bacteria, thereby 
damaging the cell membrane’s structure of the 
bacteria by displacing its divalent calcium and 
magnesium cations. This ionic change destabili-
zes the phospholipid bilayer of the gram-negative 
bacteria ultimately resulting in a leakage of its 
cellular contents and its destruction15-17. Doshi et 
al. (2013)18suggested that the efficacy of colistin 
is dependent upon its administration route. The-
se authors suggested that while conventional in-
travenous colistin may not permeate to the lung 
parenchyma, the aerosol route could allow larger 
and quicker deposition of the drug at the infection 
site. Many animal studies have confirmed the be-
neficial impact of aerosol/combination (inhalation 
+ intravenous) routes of colistin administration as 
compared to intravenous administration alone19-21; 
however, a consensus of the evidence in humans 
is lacking. 

Many cohort studies22-24 have compared clini-
cal, morbidity, and mortality-related outcomes in 
patients with multidrug-resistant pneumonia recei-
ving colistin via different routes. However, a con-
sensus on the overall mortality according to these 
administration routes has not been reached. We 
found studies18,22,24-26 reporting higher mortalities in 
patients receiving intravenous colistin than in those 
receiving other regimens and we found other studies 
routes27-30 reporting higher mortalities for patients 
receiving colistin via inhalation/combination routes. 
Similarly, the clinical cure rates of the different re-
gimens also remain unclear; while some studies re-
ported higher clinical cure rates in patients receiving 
colistin via combined/inhaled route25-27,31-33, others 
reported the opposite effect28,30,34. 

To the best of our knowledge, one review stu-
dy35 has compared clinical, morbidity, and mor-
tality-related outcomes of the different colistin 
administration routes in patients with multi-
drug-resistant pneumonia. However, since the 
publication of that review, several high-quality 
cohort studies22-24, 27-29, have been published and 
warrant an updated analysis. Thus, we designed 

this systematic review and meta-analysis to syn-
thesize the evidence on the available literature.

We compared the outcomes (clinical cure rate, 
microbiological eradication rate, nephrotoxicity, and 
overall mortality) of these colistin regimens in pa-
tients with multidrug-resistant pneumonia. Our fin-
dings should provide clinicians with a clearer view 
of the morbidity and mortality-related risks associa-
ted with different routes of colistin administration in 
patients with multidrug-resistant pneumonia. 

Materials and Methods

We adhered to the PRISMA (Preferred Repor-
ting Items for Systematic Reviews and Meta-A-
nalyses) guidelines36 while conducting this me-
ta-analysis. 

Data Search Strategy
We performed the literature search in five 

scientific databases (Web of Science, MEDLINE, 
CENTRAL, EMBASE, and Scopus) from incep-
tion till March 2021. We used a combination of 
MeSH keywords including “Colistin”, “inhala-
tion”, “intravenous”, “IV colistin”, “pneumonia”, 
“drug resistance”, “morbidity”, and “mortality”. 
Additionally, we manually searched the biblio-
graphy section of the included studies to identi-
fy further relevant studies. The inclusion criteria 
were the following: 
 - Studies comparing clinical cure, microbiolo-

gical eradication, and nephrotoxicity rates in 
patients with multidrug-resistant pneumonia 
receiving either intravenous colistin or com-
bination regimens with inhaled colistin.

 - Studies comparing the overall mortality 
outcomes in patients with multidrug-resistant 
pneumonia receiving either intravenous coli-
stin or combination regimens with inhaled 
colistin.

 - Studies with human participants.
 - Case-control studies, prospective cohort 

trials, or retrospective cohort trials.
 - Studies published in peer-reviewed scientific 

journals.
 - Studies published in English. 

Two reviewers independently screened the stu-
dies. Cases of disagreements were resolved by di-
scussion with a third independent reviewer.

Quality Assessment
We conducted the risk of bias assessment of 

the included studies using the Newcastle Ottawa 
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scale37. This tool evaluates the outcomes for se-
lective reporting, confounding bias, measurement 
of outcomes, and incomplete data availability as 
threats that can compromise the validity of the 
analysis results. Two reviewers independently 
were in charge of the methodological quality as-
sessment; and again, disagreements were solved 
by arbitration with a third reviewer. 

Data Analysis
We conducted a within-group meta-analysis 

using the Comprehensive Meta-analysis version 
2.0 software38 based on the random-effects model39. 
We calculated the odds ratio to evaluate the odds of 
clinical cure, microbiological eradication, nephro-
toxicity, and mortality in patients receiving either 
intravenous colistin or combined/inhaled colistin 
regimens. We assessed the heterogeneity among 
the studies by computing I2 statistics; we considered 
values between 0 and 25% as indicating negligible 
heterogeneity, between 25% and 75% as indicating 
moderate heterogeneity, and ≥75% as indicating 
substantial heterogeneity40. We used the method li-
sted by Hozo, Djulbegovic, and Hozo41 to convert 
medians and ranges into means and standard devia-
tions. Furthermore, we evaluated publication bias 
using Duval and Tweedy’s trim and fill procedure 
(Duval & Tweedie, 2000), which is characterized by 

imputation of studies from either side of a plotted 
graph to identify unbiased effects. The significance 
level for this study was determined at 5%.

Results

Our search across the five academic databases 
provided 950 studies. We identified an additional 
13 during the screening of the reference sections 
of the included studies. After application of our 
inclusion criteria, we were left with 16 studies (Fi-
gure 1). From all the included studies 13 were re-
trospective cohort studies18,22-24,26,28-30,32,33,42,43, two 
were retrospective case control studies25,44, and 
two prospective cohort studies27,31. We used tables 
to organize the extracted data (Table I).

Participant Information 
We obtained data from 1651 (476F, 1002M) pa-

tients in the 16 studies included. A total of 883 
patients (256F, 539M) received either inhalation/
intravenous or inhalation colistin, and 768 (220F, 
463M) received intravenous colistin only. Two 
studies did not define the gender distribution of 
their sample26,27.

The average age of the participants was as 61.6 
± 7.7 years with the average age of patients recei-

Figure 1. PRISMA flowchart.
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Study Country Type of study Sample descriptive Age (M ± SD years) Pathogen Clinical cure Microbiological 
eradication

Nephrotoxicity Mortality

Zheng et al. 
(2020)

Taiwan Retrospective 
cohort study

INH: 128 (45F, 83M)
IV: 18 (8F, 10M)

INH: 77.5 ± 14.3
IV: 73.4 ± 17.1

A. calcoaceticus, A. bau-
mannii

INH: 102
IV: 9

INH: 95
IV: 9

- INH: 17
IV: 5

Choe et al. 
(2019)

South Ko-
rea

Retrospective 
cohort study

INH: 35 (4F, 31M)
IV: 86 (18F, 64M)

INH: 67
IV: 63

A. baumannii, P. aerugi-
nosa, K. pneumoniae

INH: 17
IV: 36

INH: 21 
IV: 27 

INH: 16 
IV: 23 

INH: 8
IV: 42

Moradi 
Moghaddam 
et al. (2019)

Iran Retrospective 
cohort study

INH+IV: 57 (17F, 40M)
IV: 57 (17F, 40M)

INH+IV: 49.1 ± 21.6
IV: 47.3 ± 18.3

- - - - INH+IV: 8
IV: 9

Jang et al. 
(2017)

South 
Korea

Retrospective 
cohort study

INH: 51 (15F, 36M)
IV: 44 (9F, 35M)

INH: 67.5 ± 12.6
IV: 60 ± 15.2

A. baumannii INH: 5
IV: 4

INH: 33
IV: 26

INH: 8
IV: 26

INH: 10
IV: 6

Kim et al. 
(2017)

South 
Korea

Retrospective 
cohort study

INH: 126 (50F, 76M)
IV: 93 (30F, 63M)

INH: 70
IV: 65

A. baumannii - - - INH: 51
IV: 55

Demirdal et 
al. (2016)

Turkey Retrospective 
cohort study

INH+IV: 43 (10F, 33M)
IV: 80 (30F, 50M)

INH+IV: 66.6 ± 15.4
IV: 62.8 ± 18.8

A. baumannii INH+IV: 16
IV: 30

INH+IV: 20
IV: 40

INH+IV: 21
IV: 43

INH+IV: 23
IV: 38

Abdellatif et 
al. (2016)

Tunisia Prospective co-
hort study

INH: 73
IV: 76

INH: 50 ± 16
IV: 53 ± 17

S. maltophilia, P. aerugi-
nosa, enterobacteria, A. 
baumannii

INH : 61
IV: 44 

- INH : 13
IV : 30

INH: 20
IV: 18

Zah BogoviĆ 
et al. (2014)

Croatia Retrospective 
cohort study

INH+IV: 8 (3F, 5M)
IV: 23 (9F, 14M)

INH+IV: 72.4 ± 11.8
IV: 72.5 ± 12.9

A. baumannii, P. aerugi-
nosa, K. pneumoniae

- INH+IV: 5
IV: 3

INH+IV: 1
IV: 4

INH+IV: 6
IV: 17

Doshi et al. 
(2013)

USA Retrospective 
cohort study

INH+IV: 44 (22F, 22M)
IV: 51 (18F, 33M)

INH+IV: 60.9 ± 15.3
IV: 57.3 ± 15.6

Acinetobacter spp, Pseu-
domonas spp, vancomy-
cin- resistant Enterocco-
cus, methicillin- resistant 
S. aureus, extended spec-
trum beta lactamase

INH+IV : 24
IV : 20

INH+IV: 8 
IV : 11

- INH+IV: 6
IV : 19

Tumbarello et 
al. (2013)

Italy Retrospective 
case-control 
study

INH+IV: 104 (30F, 74M)
IV: 104 (46F, 58M)

INH+IV: 64
IV: 66

A. baumannii, P. aerugi-
nosa, K. pneumoniae

INH+IV: 72
IV: 57 

INH+IV: 53 
IV: 42 

INH+IV: 26
IV: 23

INH+IV: 45
IV:48

Amin et al. 
(2013)

Egypt Prospective co-
hort study

INH+IV: 28 (13F, 15M)
IV: 12 (5F, 7M)

INH+IV: 55.6 ± 21.9
IV: 60.5 ± 4.5

A. baumannii, P. aerugi-
nosa, K. pneumoniae

INH+IV: 22
IV: 7

- - INH+IV: 8
IV:5

Kalin et al. 
(2012)

Turkey Retrospective 
cohort study

INH+IV: 29 (10F, 19M)
IV: 15 (2F, 13M)

INH+IV: 51.1 ± 19.7
IV: 48.1 ± 22.2

A. baumannii INH+IV: 4
IV: 6

INH+IV: 22
IV: 11

INH+IV: 12
IV: 3

INH+IV: 16
IV: 7

Table I. Details of the studies included.

Table continued
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Study Country Type of study Sample descriptive Age (M ± SD years) Pathogen Clinical cure Microbiological 
eradication

Nephrotoxicity Mortality

Naesens et al. 
(2011)

Belgium Retrospective 
cohort study

INH+IV: 9
INH: 6
IV: 5 

INH+IV: 67.9
INH: 62.5 
IV: 64.8

P. aeruginosa INH+IV: 7
INH: 6
IV: 2

- - INH+IV: 3
INH: 3
IV: 5

Pérez-Pedrero 
et al. (2011)

Spain Retrospective 
cohort study

INH+IV: 21 (5F, 16M)
IV: 18 (3F, 15M)

INH+IV: 55.5 ± 19.8
IV: 60.1 ± 17.4

A. baumannii INH+IV: 18
IV: 12

INH+IV: 8
IV: 15

INH+IV: 1
IV: 2

INH+IV: 4
IV: 5

Kofteridis et 
al. (2010)

Greece Retrospective 
case-control 
study

INH+IV: 43 (15F, 28M)
IV: 43 (13F, 30M)

INH+IV: 62 ± 15.1
IV: 62.3 ± 14.9

A. baumannii, P. aerugi-
nosa, K. pneumoniae

INH+IV: 23
IV: 14

INH+IV: 19
IV: 17

INH+IV: 8
IV: 8

INH+IV: 10
IV: 18

Korbila et al. 
(2010)

Greece Retrospective 
cohort study

INH+IV: 78 (17F, 61M)
IV: 43 (12F, 31M)

INH+IV: 60.9 ± 15.7
IV: 59.2 ± 19.2

A. baumannii, P. aerugi-
nosa, K. pneumoniae

INH+IV: 62
IV: 26

- - INH+IV: 31
IV: 19

Legends: M: Mean: SD: Standard deviation, F: Female, M: Male; INH+IV: Inhalation and intravenous, IV: Intravenous, INH: Inhalation

Table I. (Continued). Details of the studies included.



H.-M. Cui, X. Lin, Y.-Y. Liu, Y.-H. Shen

5280

ving a combination regimen colistin or inhalation 
colistin at 62.3 ± 8.3 years and the average age 
of patients receiving only intravenous colistin at 
60.9 ± 7.2 years. 

Quality Assessment for Cohort Studies
We analyzed the risk of bias in the methodology 

of the cohort studies using the Newcastle Ottawa 
scale. Table II shows the results of this analysis. 
We found an overall low risk for the included stu-
dies. Figure 2 depicts the overall risk on a graph.

Publication Bias
We used Duval and Tweedy’s trim and fill 

method to identify missing studies on either side 
of the mean effect of the funnel plot according to 
the random effect model. Our findings indicated 
that two studies were missing on the left side of 
the mean effect. We applied overall random effect 
models to determine the point estimate (1.44) and 
the 95% confidence interval (1.08 to 1.93) for all 
the combined studies; after applying the trim and 
fill model the imputed point estimates were 1.39 
and (1.02 to 1.89). Figure 3 shows the publication 
bias analysis results.

Meta-Analysis Report

Clinical Cure Rate
The odds ratios are presented as black boxes 

and 95% confidence intervals as whiskers. A re-

duced odds ratio represents the higher clinical 
cure rate for the group receiving intravenous co-
listin, a high odds ratio reflects the higher clinical 
cure rate for the group receiving combined/inha-
led colistin (INH+IV, inhaled plus intravenous; 
INH, inhaled only).

We found 12 studies reporting the odds of cli-
nical cure in patients receiving intravenous coli-
stin or combined/inhaled colistin. We observed 
increased odds of clinical cure rate in patients re-
ceiving combined/inhaled colistin than in patien-
ts receiving intravenous colistin (Figure 4) (Odds 
ratio, 1.72; 95% CI, 1.26 to 2.36; p=0.001) with 
negligible heterogeneity (I2, 9.7%).

We conducted an additional sub-group analy-
sis to evaluate differential effects between studies 
comparing the efficacy of colistin when delivered 
via inhalation, intravenously, or in a combined 
regimen. We found nine studies reporting the 
odds of clinical cure in patients receiving intrave-
nous colistin or a combined colistin regimen. We 
observed increased odds of clinical cure rate in 
patients receiving the combined regimen than in 
those receiving intravenous colistin alone (Figure 
5) (Odds ratio, 1.72; 95% CI, 1.15 to 2.59; p=0.008) 
with negligible heterogeneity (I2, 12.4%).

The odds ratios are presented as black boxes 
and the 95% confidence intervals as whiskers. A 
reduced odds ratio represents the higher clinical 
cure rate for the group receiving intravenous coli-
stin; a higher odds ratio represents the higher cli-

Figure 2. Risk of bias according to the Newcastle Ottawa scale for cohort studies.
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The odds of microbiological eradication in pa-
tients receiving intravenous colistin or combined/
inhaled colistin were reported by 12 studies. We 
observed increased odds of microbiological era-
dication rate in patients receiving combined/inha-
led colistin than in those receiving intravenous 
colistin (Figure 7) (Odds ratio, 1.37; 95% CI, 0.80 
to 2.32; p=0.24) with moderate heterogeneity (I2, 
26.7%). 

The odds ratios are presented as black boxes 
and the 95% confidence intervals as whiskers. A 
reduced odds ratio represents the higher micro-
biological eradication rate for the group receiving 
intravenous colistin, a higher odds ratio represen-
ts the higher microbiological eradication rate for 
the group receiving the combined colistin regi-
men (INH+IV, inhalation plus intravenous, INH, 
inhalation only).

We conducted an additional sub-group analy-
sis to evaluate differential effects between studies 
comparing the efficacy of colistin delivered via 
inhalation, intravenously, or a combined regimen. 

nical cure rate for the group receiving inhalation 
colistin (INH+IV, inhaled plus intravenous; INH, 
inhaled only).

Moreover, the odds of clinical cure in patients 
receiving intravenous colistin or inhaled colistin 
were reported by four studies. We observed in-
creased odds of clinical cure rate in patients re-
ceiving inhaled colistin than in those receiving 
intravenous colistin (Figure 6) (Odds ratio, 1.73; 
95% CI, 0.97 to 3.09; p=0.06) with negligible he-
terogeneity (I2, 9.5%).

Microbiological Eradication
The odds ratios are presented as black boxes 

and the 95% confidence intervals as whiskers. A 
reduced odds ratio represents the higher micro-
biological eradication rate for the group receiving 
intravenous colistin, a higher odds ratio repre-
sents the higher microbiological eradication rate 
for the group receiving combined/inhaled colistin 
(INH+IV, inhalation plus intravenous; INH, inha-
lation only).
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(9/9)

Zheng et al. (2020) + 0 + + + 0 + + + 6
Moradi Moghaddam et al. (2019) + 0 0 + + 0 0 + + 5
Choe et al. (2019) + 0 + + + 0 + + + 7
Jang et al. (2017) + 0 + + + 0 + + + 7
Kim et al. (2017) + 0 + + + 0 + + + 6
Demirdal et al. (2016) + 0 + + + 0 + + + 7
Abdellatif et al. (2016) + 0 + + + 0 + + + 7
Zah BogoviĆ et al. (2014) + 0 + + + 0 + + + 7
Doshi et al. (2013) + 0 + + + 0 + + + 7
Tumbarello et al. (2013) + 0 + + + 0 + + + 7
Amin et al. (2013) + 0 + + + 0 + + + 6
Kalin et al. (2012) + 0 + + + 0 + + + 7
Naesens et al. (2011) + 0 0 + + 0 + + + 5
Pérez-Pedrero et al. (2011) + 0 + + + 0 + + + 7
Kofteridis et al. (2010) + 0 + + + 0 + + + 7
Korbila et al. (2010) + 0 + + + 0 + + + 7

Table II. Risk of bias for individual studies based on the Newcastle Ottawa scale.



H.-M. Cui, X. Lin, Y.-Y. Liu, Y.-H. Shen

5282

We found seven studies reporting the odds of cli-
nical cure in patients receiving intravenous coli-
stin or a combined colistin regimen. We observed 
increased odds of clinical cure rate in patients re-
ceiving a combined colistin regimen than in those 
receiving intravenous colistin (Figure 8) (Odds 

ratio, 1.07; 95% CI, 0.55 to 2.10; p=0.83) with mo-
derate heterogeneity (I2: 32.39%).

Moreover, the odds of clinical cure in patients 
receiving intravenous colistin or inhalation coli-
stin were reported by three studies. We observed 
increased odds of clinical cure rate in patients re-

Figure 3. Publication bias by Duval and Tweedy’s trim and fill method.

Figure 4. Forest plot for studies evaluating the rate of clinical cure in patients receiving intravenous colistin or combined/
inhaled colistin.
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ceiving inhalation colistin than in those receiving 
intravenous colistin (Figure 9) (Odds ratio, 2.18; 
95% CI, 1.30 to 3.66; p=0.003) with moderate he-
terogeneity (I2, 53.2%).

Nephrotoxicity
The odds ratios are presented as black boxes 

and the 95% confidence intervals as whiskers. A 
reduced odds ratio represents the higher odds of 
nephrotoxicity for the group receiving combined/
inhaled colistin, a higher odds ratio represents the 
higher odds of nephrotoxicity for the group re-
ceiving intravenous colistin (INH+IV, inhalation 
plus intravenous; INH, inhalation only).

The odds of nephrotoxicity in patients recei-
ving intravenous colistin or combined/inhaled 
colistin were reported by 9 studies. We observed 
increased odds of nephrotoxicity in patients recei-
ving intravenous colistin than in those receiving 
combined/inhaled colistin (Figure 10) (Odds ra-
tio, 1.30; 95% CI, 0.67 to 2.54; p=0.43) without 
heterogeneity (I2, 0%). 

The odds ratios are presented as black boxes 
whereas 95% confidence intervals are presented 
as whiskers. A reduced odds ratio represents a hi-
gher nephrotoxicity rate for the group receiving 
intravenous colistin, a higher odds ratio represen-
ts a higher nephrotoxicity rate for the group recei-
ving a combined colistin regimen (INH+IV, inha-
lation plus intravenous, INH, inhalation only).

Additional sub-group analysis was conducted 
to evaluate differential effects between studies 
comparing the efficacy of colistin delivered via 
inhalation as compared to colistin delivered in-
travenously, and colistin delivered in combination 
(i.e., intravenous and inhalation together) as com-
pared to colistin delivered intravenously. Here, 
the odds of clinical cure in patients receiving in-
travenous colistin or a combined colistin regimen 
were reported by six studies. We observed incre-
ased odds of clinical cure rate in patients recei-
ving a combined colistin regimen than in those 
receiving intravenous colistin (Figure 11) (Odds 
ratio, 1.06; 95% CI, 0.70 to 1.62; p=0.75) without 
heterogeneity (I2, 0%).

Moreover, the odds of clinical cure in patients 
receiving intravenous colistin or inhalation coli-
stin were reported by three studies. We observed 
increased odds of clinical cure rate in patients re-
ceiving inhalation colistin than in those receiving 
intravenous colistin (Figure 12) (Odds ratio, 2.13; 
95% CI, 0.43 to 10.4; p=0.35) with negligible he-
terogeneity (I2: 10.31%).

Mortality
The odds of overall mortality in patients re-

ceiving intravenous colistin or combined/inhaled 
colistin were reported by 17 studies. We observed 
increased odds of mortality in patients receiving 
intravenous colistin than in those receiving com-

Figure 5. Forest plot for studies evaluating the rate of clinical cure in patients receiving intravenous colistin or combined 
regimen. The odds ratios are presented as black boxes and the 95% confidence intervals as whiskers. A reduced odds ratio 
represents the higher clinical cure rate for the group receiving intravenous colistin, a high odds ratio represents the higher 
clinical cure rate for the group receiving a combined colistin regimen (INH+IV, inhaled plus intravenous; INH, inhaled only).
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bined/inhaled colistin (Figure 13) (Odds ratio, 
1.44; 95% CI, 1.08 to 1.93; p=0.01) with moderate 
heterogeneity (I2, 1.23%). 

We also conducted a sub-group analysis to 
evaluate differential effects between studies com-
paring the efficacy of colistin delivered via inha-
lation, intravenously, and in a combination regi-
men. We found eleven studies reporting the odds 
of clinical cure in patients receiving intravenous 
colistin or a combined colistin regimen. We ob-
served increased odds of clinical cure rate in pa-
tients receiving a combined colistin regimen than 

in those receiving intravenous colistin (Figure 14) 
(Odds ratio, 1.26; 95% CI, 0.93 to 1.72; p=0.12) 
with negligible heterogeneity (I2: 0.2%).

The odds of clinical cure in patients receiving 
intravenous colistin or inhaled colistin were re-
ported by six studies. We observed increased odds 
of clinical cure rate in patients receiving inhaled 
colistin than in those receiving intravenous coli-
stin (Figure 15) (Odds ratio, 1.67; 95% CI, 0.93 
to 2.99; p=0.08) with negligible heterogeneity (I2: 
6.49%).

Figure 6. Forest plot for studies evaluating the rate of clinical cure in patients receiving intravenous colistin or inhalation 
colistin. 

Figure 7. Forest plot for studies evaluating the risk of microbiological eradication in patients receiving intravenous colistin 
or combined/inhaled colistin.
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Discussion

This systematic review and meta-analysis pro-
vides a comprehensive comparison of the clini-
cal, morbidity, and mortality-related outcomes in 
patients with multidrug-resistant pneumonia re-
ceiving either intravenous colistin or combined/
inhaled colistin regimens. We found improved 
rates of clinical cure and microbiological eradica-
tion in patients receiving colistin via inhalation or 
combined routes as compared to those receiving 
intravenous colistin. We also provide eviden-
ce showing higher nephrotoxicity and mortality 
outcomes for the patients receiving intravenous 

colistin than for those receiving colistin via inha-
lation/combination routes.

The management of multidrug-resistant pneu-
monia is challenging for clinicians because of 
its poor prognosis and heterogeneous manifesta-
tions45-47. Patients with multidrug-resistant pneu-
monia exhibit poor morbidity and mortality-rela-
ted outcomes due to lack of treatment options2,8. 
Administration of the old polymyxin antibiotic 
“colistin” has been widely recommended to im-
prove these outcomes10,48. Studies have suggested 
that colistin can improve the mortality outcomes, 
the patient’s lung capacity, and the overall quali-
ty of life49. However, the evidence on the admi-

Figure 8. Forest plot for studies evaluating the risk of microbiological eradication in patients receiving intravenous colistin 
or combined colistin regimen.

Figure 9. Forest plot for studies evaluating the risk of microbiological eradication in patients receiving intravenous colistin or 
inhalation colistin. The odds ratios are presented as black boxes whereas 95% confidence intervals are presented as whiskers. 
A reduced odds ratio represents a higher microbiological eradication rate for the group receiving intravenous colistin, a higher 
odds ratio represents a higher microbiological eradication rate for the group receiving inhalation colistin (INH+IV, inhalation 
plus intravenous, INH, inhalation only)
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nistration route with the best prognostic outcome 
for patients with multidrug-resistant pneumonia 
remains unclear.

In this systematic review, we observed that all 
the included studies had reported improved cli-
nical cure and microbiological eradication rates 
in patients receiving colistin via inhalation/com-
bination routes than those receiving intravenous 
colistin. Zheng et al24, in a cohort representative 
of the Taiwanese population, reported higher le-
vels of microbiological eradication in the inhala-
tion group (78.5%) than in the intravenous group 
(50%). The authors further associated this incre-
ase in microbiological eradication with improve-

ments in other clinical outcomes including the 
clinical failure rate (20.3% in the inhaled colistin 
group, 50% in the intravenous colistin group) and 
the treatment length (12.4 ± 4.9 days in the inhaled 
colistin group, and 16.2 ± 7.6 days in the intrave-
nous colistin group). The authors also attributed 
this improved efficacy to the high and fast coli-
stin deposition in the lung epithelial lining fluid 
of the inhaled colistin group. Similarly, Naesens, 
Vlieghe, Verbrugghe, Jorens, and Ieven (2011)26 

reported higher clinical cure rates in the group 
receiving colistin via the inhalation (100%), and 
combined routes (77%) than those receiving in-
travenous colistin (40%), attributing these results 

Figure 10. Forest plot for studies evaluating the risk of nephrotoxicity in patients receiving intravenous colistin or combined/
inhaled colistin.

Figure 11. Forest plot for studies evaluating the risk of nephrotoxicity in patients receiving intravenous colistin or a combined 
colistin regimen.



Colistin regimens for pneumonia

5287

to the better pharmacokinetic profile of the inha-
lation route when compared to that of the intrave-
nous route. Likewise, Tumbarello et al. (2013)44 

reported improved clinical cure and microbiolo-

gical eradication rates in the combined colistin 
regimen group, suggesting that the influence of 
colistin’s route of administration was limited to 
the clinical outcomes, and that the mortality and 

Figure 12. Forest plot for studies evaluating the risk of nephrotoxicity in patients receiving intravenous colistin or inhalation 
colistin. The odds ratios are presented as black boxes whereas 95% confidence intervals are presented as whiskers. A reduced 
odds ratio represents a higher nephrotoxicity rate for the group receiving intravenous colistin, a higher odds ratio represents a 
higher nephrotoxicity rate for the group receiving inhalation colistin (INH+IV, inhalation plus intravenous, INH, inhalation only).

Figure 13. Forest plot for studies evaluating the risk of overall mortality in patients receiving intravenous colistin or combi-
ned/inhaled colistin. The odds ratios are presented as black boxes whereas 95% confidence intervals are presented as whiskers. 
A reduced odds ratio represents higher odds of mortality for the group receiving combined/inhaled colistin, a higher odds ratio 
represents higher odds of mortality for the group receiving intravenous colistin (INH, inhalation only; INH+IV, inhalation 
plus intravenous).
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morbidity outcomes were all similar in all the ad-
ministration route groups. In our meta-analysis, 
we observed that both the clinical cure (OR, 1.61) 
and the microbiological eradication (OR, 1.37) ra-
tes were better in patients receiving inhaled/com-
bined colistin than in those receiving intravenous 
colistin. 

We also assessed the impact of different 
routes of colistin administration on morbidi-
ty and mortality-related outcomes in patients 
with multidrug-resistant pneumonia. We ob-
served a lack of consensus regarding the im-
pact of different routes of administration on 
nephrotoxicity events. Jang et al. (2017)29, in a 

Figure 14. Forest plot for studies evaluating the risk of mortality in patients receiving intravenous colistin or a combined coli-
stin regimen. The odds ratios are presented as black boxes and the 95% confidence intervals as whiskers. A reduced odds ratio 
represents the higher mortality rate for the group receiving intravenous colistin, a higher odds ratio represents the higher mor-
tality rate for the group receiving a combined colistin regimen (INH+IV, inhalation plus intravenous, INH, inhalation only).

Figure 15. Forest plot for studies evaluating the risk of mortality in patients receiving intravenous colistin or inhalation co-
listin. The odds ratios are presented as black boxes and the 95% confidence intervals as whiskers. A reduced odds ratio repre-
sents the higher mortality rate for the group receiving intravenous colistin, a higher odds ratio represents the higher mortality 
rate for the group receiving inhalation colistin (INH+IV, inhalation plus intravenous, INH, inhalation only).
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retrospective cohort study among 95 patients 
with ventilator-associated Acinetobacter bau-
mannii pneumonia, found that the nephrotoxi-
city events rate to be higher in patients recei-
ving colistin via the intravenous route (60.5%) 
than in those receiving inhalation colistin 
(15.7%) and they attributed this result to the 
high dosage of colistin delivered via the in-
travenous route. However, Kalin et al30 found 
more nephrotoxicity events in the inhalation 
group (41%) than in the intravenous group 
(18%) and they suggested this was due to the 
severe disease of their patients at the time of 
admission. In our meta-analysis, we found 
higher levels of nephrotoxicity in patients re-
ceiving colistin intravenously than in those of 
the inhalation/combination route groups (OR, 
1.30). We also observed a lack of consensus 
in terms of mortality and the different routes 
of administration. Doshi et al (2013)18 reported 
higher mortality in patients receiving colistin 
intravenously (70.4%) than in those receiving 
combination regimens (40%), and their sub-
group analysis using high-quality respiratory 
cultures found a higher mortality in the intra-
venous group (66.7%) than in the combination 
group (35.7%). However, Demirdal, Sari, and 
Nemli (2016)28 reported a higher mortality in 
the patients receiving colistin via the combi-
nation route (53.5%) than in those receiving 
intravenous colistin (47.5%). We found higher 
overall mortality in patients receiving colistin 
intravenously (OR, 1.44) than in those recei-
ving inhaled/combined regimens.

We are aware of the limitations in our sy-
stematic review and meta-analysis. First, this 
study was not pre-registered in a systematic 
review repository such as PROSPERO York or 
Joanna Briggs Institute. We understand that 
the lack of prior registration may raise con-
cerns on the validity of our findings50. Howe-
ver, we assure our readers that we made se-
veral attempts to register this review, but the 
registration times at the repositories have been 
extended by more than one year due to the CO-
VID-19 pandemic crisis. Second, we presume 
that the small sample size in a couple of our in-
cluded studies –(26) (n=14), (43) (n=31)– could 
have biased our interpretation of the overall 
clinical, and mortality outcomes. For instan-
ce, for the mortality, we computed extremely 
high odds of 20.42 from the data provided by 
Naesens et al. (2011)26. Similarly, during our 
analysis of the microbiological eradication, we 

observed odds of 11.1 from the data reported 
by Zah Bogović et al (2014)43. Although we did 
not observe substantial heterogeneity in any of 
these analyses, we recommend a careful inter-
pretation of these findings as we cannot rule 
out a type II error51. Future studies with large 
sample sizes are needed to confirm our results 
about the mortality of patients under different 
colistin regimens. 

Conclusions

We found increased risks of mortality and 
nephrotoxicity in patients receiving intrave-
nous colistin than in those receiving inhala-
tion/combined regimens. We found improved 
clinical outcomes such as clinical cure and mi-
crobiological eradication rates for the patients 
receiving colistin via inhalation/combination 
regimens than for those receiving intravenous 
colistin. Our findings suggest that the inha-
lation/combined colistin regimens should be 
preferred for managing patients with multi-
drug-resistant pneumonia.

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Availability of Data and Materials
The datasets used and/or analyzed during the current study 
are available from the corresponding author on reasonable 
request.

Conflict of Interest
The authors declare that they have no competing interests.

Funding
None.

Authors’ Contributions
HC designed the project; XL and YL were involved in data 
collection and data analysis; HC prepared the manuscript; 
YS edited the manuscript; all authors read and approved the 
final manuscript.



H.-M. Cui, X. Lin, Y.-Y. Liu, Y.-H. Shen

5290

Acknowledgments
Not applicable.

References

 1) Bassetti M, Righi E, Vena A, Graziano E, Russo 
A, Peghin M. Risk stratification and treatment of 
ICU-acquired pneumonia caused by multidrug- 
resistant/extensively drug-resistant/pandrug-resi-
stant bacteria. Curr Opin Crit Care 2018; 24: 385-
393. 

 2) Čiginskienė A, Dambrauskienė A, Rello J, 
Adukauskienė D. Ventilator-Associated Pneumo-
nia due to Drug-Resistant Acinetobacter bauman-
nii: Risk Factors and Mortality Relation with Re-
sistance Profiles, and Independent Predictors of 
In-Hospital Mortality. Med Kaunas Lith 2019; 55. 

 3) Laxminarayan R, Van Boeckel T, Frost I, Kariuki 
S, Khan EA, Limmathurotsakul D, Larsson DGJ, 
Levy-Hara G, Mendelson M, Outterson K, Pea-
cock SJ, Zhu YG. The Lancet Infectious Diseases 
Commission on antimicrobial resistance: 6 years 
later. Lancet Infect Dis 2020; 20: e51-e60. 

 4) Organization WH. Weekly Epidemiological Record, 
2013, vol. 88, 35 [full issue]. Wkly Epidemiol Rec 
Relevé Épidémiologique Hebd 2013; 88: 365-380. 

 5) Khan H, Baig F, Mehboob R. Nosocomial in-
fections: Epidemiology, prevention, control and 
surveillance. Asian Pac J Trop Biomed 2017; 7: 
478-482. 

 6) Torres A, Aznar R, Gatell JM, Jiménez P, Gonzál-
ez J, Ferrer A, Celis R, Rodriguez-Roisin R. Inci-
dence, risk, and prognosis factors of nosocomial 
pneumonia in mechanically ventilated patients. 
Am Rev Respir Dis 1990; 142: 523-528. 

 7) GBD 2016 Lower Respiratory Infections Colla-
borators. Estimates of the global, regional, and 
national morbidity, mortality, and aetiologies of 
lower respiratory infections in 195 countries, 
1990-2016: a systematic analysis for the Global 
Burden of Disease Study 2016. Lancet Infect Dis 
2018; 18: 1191-1210. 

 8) Laessig KA. End points in hospital-acquired 
pneumonia and/or ventilator-associated pneu-
monia clinical trials: food and drug administration 
perspective. Clin Infect Dis Off Publ Infect Dis Soc 
Am 2010; 51 Suppl 1: S117-119. 

 9) Peña C, Gómez-Zorrilla S, Oriol I, Tubau F, Do-
minguez MA, Pujol M, Ariza J. Impact of multidrug 
resistance on Pseudomonas aeruginosa ventila-
tor-associated pneumonia outcome: predictors 
of early and crude mortality. Eur J Clin Microbiol 
Infect Dis 2013; 32: 413-420.

10) Florescu DF, Qiu F, McCartan MA, Mindru C, Fey 
PD, Kalil AC. What is the efficacy and safety of 
colistin for the treatment of ventilator-associated 
pneumonia? A systematic review and meta-re-
gression. Clin Infect Dis Off Publ Infect Dis Soc 
Am 2012; 54: 670-680. 

11) Nation RL, Li J. Colistin in the 21st century. Curr 
Opin Infect Dis 2009; 22: 535-543. 

12) Yahav D, Farbman L, Leibovici L, Paul M. Colistin: 
new lessons on an old antibiotic. Clin Microbiol 
Infect Off Publ Eur Soc Clin Microbiol Infect Dis 
2012; 18: 18-29. 

13) Andrade FF, Silva D, Rodrigues A, Pina-Vaz C. 
Colistin Update on Its Mechanism of Action and 
Resistance, Present and Future Challenges. Mi-
croorganisms 2020; 8. 

14) Bialvaei AZ, Samadi Kafil H. Colistin, mechani-
sms and prevalence of resistance. Curr Med Res 
Opin 2015; 31: 707-721. 

15) Bolla JM, Alibert-Franco S, Handzlik J, Chevalier 
J, Mahamoud A, Boyer G, Kieć-Kononowicz K, 
Pagès JM. Strategies for bypassing the membra-
ne barrier in multidrug resistant Gram-negative 
bacteria. FEBS Lett 2011; 585: 1682-1690. 

16) Evans ME, Feola DJ, Rapp RP. Polymyxin B sul-
fate and colistin: old antibiotics for emerging mul-
tiresistant gram-negative bacteria. Ann Pharma-
cother 1999; 33: 960-967. 

17) Falagas ME, Kasiakou SK. Colistin: the revival of 
polymyxins for the management of multidrug-re-
sistant gram-negative bacterial infections. Clin 
Infect Dis Off Publ Infect Dis Soc Am 2005; 40: 
1333-1341. 

18) Doshi NM, Cook CH, Mount KL, Stawicki SP, Fra-
zee EN, Personett HA, Schramm GE, Arnold HM, 
Murphy CV. Adjunctive aerosolized colistin for 
multi-drug resistant gram-negative pneumonia in 
the critically ill: a retrospective study. BMC Ane-
sthesiol 2013; 13: 45. 

19) Lu Q, Girardi C, Zhang M, Bouhemad B, Louchahi 
K, Petitjean O, Wallet F, Becquemin MH, Le Na-
our G, Marquette CH, Rouby JJ. Nebulized and 
intravenous colistin in experimental pneumonia 
caused by Pseudomonas aeruginosa. Intensive 
Care Med 2010; 36: 1147-1155. 

20) Lu Q, Luo R, Bodin L, Yang J, Zahr N, Aubry A, 
Golmard JL, Rouby JJ; Nebulized Antibiotics Stu-
dy Group. Efficacy of high-dose nebulized coli-
stin in ventilator-associated pneumonia caused 
by multidrug-resistant Pseudomonas aeruginosa 
and Acinetobacter baumannii. Anesthesiology 
2012; 117: 1335-1347. 

21) R Rouby JJ, Bouhemad B, Monsel A, Brisson 
H, Arbelot C, Lu Q; Nebulized Antibiotics Study 
Group. Aerosolized antibiotics for ventilator-as-
sociated pneumonia: lessons from experimental 
studies. Anesthesiology 2012; 117: 1364-1380.

22) Kim YK, Lee JH, Lee HK, Chung BC, Yu SJ, Lee 
HY, Park JH, Kim S, Kim HK, Kiem S, Jang HJ. Ef-
ficacy of nebulized colistin-based therapy without 
concurrent intravenous colistin for ventilator-as-
sociated pneumonia caused by carbapenem-re-
sistant Acinetobacter baumannii. J Thorac Dis 
2017; 9: 555-567. 

23) Moradi Moghaddam O, Niakan Lahiji M, Tale-
bi-Taher M, Mahmoodiyeh B. Effect of Inhaled 
Colistin on the Treatment of Ventilator-Associated 



Colistin regimens for pneumonia

5291

Pneumonia due to Multi-drug Resistant Acine-
tobacter. Tanaffos 2019; 18: 66-73. 

24) Zheng JY, Huang SS, Huang SH, Ye JJ. Coli-
stin for pneumonia involving multidrug-resistant 
Acinetobacter calcoaceticus-Acinetobacter bau-
mannii complex. J Microbiol Immunol Infect Wei 
Mian Yu Gan Ran Za Zhi 2020; 53: 854-865. 

25) Kofteridis DP, Alexopoulou C, Valachis A, Ma-
raki S, Dimopoulou D, Georgopoulos D, et al. 
Aerosolized plus intravenous colistin versus 
intravenous colistin alone for the treatment of 
ventilator-associated pneumonia: a matched 
case-control study. Clin Infect Dis Off Publ In-
fect Dis Soc Am 2010; 51: 1238-1244. 

26) Naesens R, Vlieghe E, Verbrugghe W, Jorens 
P, Ieven M. A retrospective observational study 
on the efficacy of colistin by inhalation as com-
pared to parenteral administration for the treat-
ment of nosocomial pneumonia associated with 
multidrug-resistant Pseudomonas aeruginosa. 
BMC Infect Dis 2011; 11: 317. 

27) Abdellatif S, Trifi A, Daly F, Mahjoub K, Nasri R, 
Ben Lakhal S. Efficacy and toxicity of aerosoli-
sed colistin in ventilator-associated pneumonia: 
a prospective, randomised trial. Ann Intensive 
Care 2016; 6: 26. 

28) Demirdal T, Sari US, Nemli SA. Is inhaled co-
listin beneficial in ventilator associated pneu-
monia or nosocomial pneumonia caused by 
Acinetobacter baumannii? Ann Clin Microbiol 
Antimicrob 2016; 15: 11. 

29) Jang JY, Kwon HY, Choi EH, Lee WY, Shim H, 
Bae KS. Efficacy and toxicity of high-dose ne-
bulized colistin for critically ill surgical patients 
with ventilator-associated pneumonia caused 
by multidrug-resistant Acinetobacter bauman-
nii. J Crit Care 2017; 40: 251-256. 

30) Kalin G, Alp E, Coskun R, Demiraslan H, Günd-
ogan K, Doganay M. Use of high-dose IV and 
aerosolized colistin for the treatment of multi-
drug-resistant Acinetobacter baumannii venti-
lator-associated pneumonia: do we really need 
this treatment? J Infect Chemother Off J Jpn 
Soc Chemother 2012; 18: 872-877. 

31) Amin M, alaa rashad M, Fouad A, Azeem A. 
Re-emerging of colistin for treatment of noso-
comial pneumonia due to Gram negative mul-
ti-drug resistant pathogens in critically ill patien-
ts. Egypt J Chest Dis Tuberc 2013; 62: 447-451. 

32) Korbila IP, Michalopoulos A, Rafailidis PI, Nikita 
D, Samonis G, Falagas ME. Inhaled colistin as 
adjunctive therapy to intravenous colistin for the 
treatment of microbiologically documented ven-
tilator-associated pneumonia: a comparative 
cohort study. Clin Microbiol Infect Off Publ Eur 
Soc Clin Microbiol Infect Dis 2010; 16: 1230-
1236. 

33) Pérez-Pedrero MJ, Sánchez-Casado M, Ro-
dríguez-Villar S. [Nebulized colistin treatment of 
multi-resistant Acinetobacter baumannii pulmo-
nary infection in critical ill patients]. Med Inten-
siva 2011; 35: 226-231. 

34) Polat M, Kara SS, Tapısız A, Tezer H, Kalkan 
G, Dolgun A. Treatment of Ventilator-Associa-
ted Pneumonia Using Intravenous Colistin Alo-
ne or in Combination with Inhaled Colistin in 
Critically Ill Children. Paediatr Drugs 2015; 17: 
323-330. 

35) Liu R, Han C, Wu D, Xia X, Gu J, Guan H, Shan 
Z, Teng W. Prevalence of Hyperuricemia and 
Gout in Mainland China from 2000 to 2014: A 
Systematic Review and Meta-Analysis. Bio-
med Res Int 2015; 2015: 762820.

36) Moher D, Liberati A, Tetzlaff J, Altman DG, 
PRISMA Group. Preferred reporting items 
for systematic reviews and meta-analyses: 
the PRISMA statement. PLoS Med 2009; 6: 
e1000097. 

37) Stang A. Critical evaluation of the Newcast-
le-Ottawa scale for the assessment of the qua-
lity of nonrandomized studies in meta-analy-
ses. Eur J Epidemiol 2010; 25: 603-605. 

38) Bax L, Yu L-M, Ikeda N, Moons KGM. A syste-
matic comparison of software dedicated to me-
ta-analysis of causal studies. BMC Med Res 
Methodol 2007; 7: 40. 

39) Higgins JPT, Thompson SG, Spiegelhalter DJ. 
A re-evaluation of random-effects meta-analy-
sis. J R Stat Soc Ser A Stat Soc 2009; 172: 
137-159. 

40) Higgins JPT, Thompson SG. Quantifying hete-
rogeneity in a meta-analysis. Stat Med 2002; 
21: 1539-1558. 

41) Hozo SP, Djulbegovic B, Hozo I. Estimating 
the mean and variance from the median, ran-
ge, and the size of a sample. BMC Med Res 
Methodol 2005; 5: 13. 

42) Choe J, Sohn YM, Jeong SH, Park HJ, Na SJ, 
Huh K, Suh GY, Jeon K. Inhalation with intra-
venous loading dose of colistin in critically ill 
patients with pneumonia caused by carbape-
nem-resistant gram-negative bacteria. Ther 
Adv Respir Dis 2019; 13: 1753466619885529.

43) Zah Bogović T, Baronica R, Tomašević B, Mi-
rić M, Drvar Ž, Pavlek M, et al. Inhalation plus 
intravenous colistin versus intravenous colistin 
alone for treatment of ventilator associated 
pneumonia. Signa Vitae J Intesive Care Emerg 
Med 2014; 9 (Suppl. 1): 29-33. 

44) T Tumbarello M, De Pascale G, Trecarichi EM, 
De Martino S, Bello G, Maviglia R, Spanu T, 
Antonelli M. Effect of aerosolized colistin as 
adjunctive treatment on the outcomes of mi-
crobiologically documented ventilator-asso-
ciated pneumonia caused by colistin-only su-
sceptible gram-negative bacteria. Chest 2013; 
144: 1768-1775. 

45) Breiman RF, Butler JC, Tenover FC, Elliott JA, 
Facklam RR. Emergence of drug-resistant 
pneumococcal infections in the United States. 
JAMA 1994; 271: 1831-1835. 

46) Schreiber MP, Shorr AF. Challenges and op-
portunities in the treatment of ventilator-asso-



H.-M. Cui, X. Lin, Y.-Y. Liu, Y.-H. Shen

5292

ciated pneumonia. Expert Rev Anti Infect Ther 
2017; 15: 23-32.

47) Torres A, Chalmers JD, Dela Cruz CS, Domine-
dò C, Kollef M, Martin-Loeches I, Niederman M, 
Wunderink RG. Challenges in severe commu-
nity-acquired pneumonia: a point-of-view review. 
Intensive Care Med 2019; 45: 159-171. 

48) Kallel H, Hergafi L, Bahloul M, Hakim A, Dam-
mak H, Chelly H, Hamida CB, Chaari A, Rekik 
N, Bouaziz M. Safety and efficacy of colistin 
compared with imipenem in the treatment of 
ventilator-associated pneumonia: a matched 

case-control study. Intensive Care Med 2007; 
33: 1162-1167. 

49) Steinfort DP, Steinfort C. Effect of long-term nebu-
lized colistin on lung function and quality of life in 
patients with chronic bronchial sepsis. Intern Med 
J 2007; 37: 495-498. 

50) PLoS Medicine Editors. Best practice in systema-
tic reviews: the importance of protocols and regi-
stration. PLoS Med 2011; 8: e1001009. 

51) Harmon LJ, Losos JB. The effect of intraspecific sam-
ple size on type I and type II error rates in comparative 
studies. Evol Int J Org Evol 2005; 59: 2705-2710. 




