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Background: Although there have been studies regarding the role of nebulized colistin as adjunctive
therapy of ventilator-associated pneumonia (VAP) caused by carbapenem-resistant Acinetobacter baumannii
(CRAB), a paucity of information on the efficacy of nebulized colistin as monotherapy is available.
Methods: We retrospectively reviewed 219 patients with VAP caused by CRAB treated with either
intravenous (n=93) or nebulized colistin (n=126), from March 2010 to November 2015. Factors related to
clinical failure was assessed using propensity-score-matched analysis.

Results: Of 219 patients, 39 patients from each group (n=78) were matched after covariate adjustment
using propensity score. There were no significant differences in baseline characteristics as well as the rates
of clinical failure between the propensity-score-matched groups [Odds ratio (OR), 0.48; 95% confidence
interval (CI), 0.19-1.19; P=0.11], while a significantly lower rate of acute kidney injury (AKI) during colistin
therapy (18% vs. 49%, P=0.004) was observed in nebulized colistin group. In addition, multivariable analysis
revealed that nebulized colistin did not significantly alter the rate of clinical failure [adjusted odds ratio (aOR),
0.36; 95% CI, 0.12-1.09; P=0.070]. Instead, medical intensive care unit (ICU) admission (aOR, 7.14; 95%
CI, 1.60-32.00; P=0.010), and septic shock (aOR, 3.93; 95% CI, 1.27-12.17; P=0.018) were independent risk
factors for clinical failure.

Conclusions: Our findings suggest that nebulized colistin-based therapy, even without concurrent
administration of intravenous colistin, may be an effective and safe treatment option for VAP caused by

CRAB.
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Introduction

Carbapenem resistance in Acinetobacter baumannii (CRAB)
infection has become increasingly prevalent worldwide and
has been associated with high mortality rate (1-3). Patients
with ventilator-associated pneumonia (VAP) caused by
carbapenem-resistant CRAB, the incidence of which has been
rising substantially, may be predisposed to poor outcome
because of limited therapeutic options and the likelihood of
inappropriate empirical antibiotic therapy (4,5).

Colistin (polymyxin E) is one of the few agents that
can be used for treatment of CRAB infections, and there
is considerable evidence regarding the efficacy of colistin
for VAP caused by CRAB (6,7). In addition, recent studies
revealed that nebulized colistin, as adjunctive therapy
simultaneously administered with intravenous colistin, was
significantly associated with improved rate of clinical cure
and reduced duration of mechanical ventilation without
noticeable adverse events in patients with VAP due to
CRAB (8,9). The use of nebulized colistin in critically ill
patients may be supported by previous reports suggesting
that it effectively achieved high concentrations in the lungs,
with minimal systemic exposure (10,11). However, there
is a paucity of data to evaluate the efficacy of nebulized
colistin as monotherapy for pneumonia of multidrug-
resistant gram-negative bacteria (12-14). Exploration of this
approach is worthwhile because acute kidney injury (AKI)
during intravenous colistin therapy remains a great concern,
particularly in elderly patients in intensive care units (ICU)
with impaired renal function and concomitant use of other
nephrotoxic agents (15,16).

In this study, we present our experience in using
nebulized colistin, without concurrent intravenous colistin,
in the treatment of VAP caused by CRAB. The aim of
our current study was to compare the clinical outcomes of
VAP caused by CRAB treated with nebulized colistin wvs.
intravenous colistin. A further objective was to assess the
optimal use of nebulized colistin to improve outcomes.

Methods
Study design and population

This retrospective study was conducted at Inje University
Haeundae Paik Hospital and Inje University Busan Paik
Hospital, 1,000-bed and 900-bed university-affiliated
hospitals, respectively, in Busan, Korea. We reviewed
the medical charts of patients admitted to the medical or
surgical ICU between March 2010 and November 2015.
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Eligibility criteria were as follows: (I) adult patients
(>18 years of age) who were diagnosed with pneumonia
defined as a new or progressive pulmonary infiltrates
on chest radiograph with at least two findings of fever
>38 °C or hypothermia <35.5 °C with no other identified
cause, leukocytosis (white blood cells >12,000x10°/L) or
leukopenia (white blood cells <4,000x10°/L), purulent
tracheal secretions, a decrease in oxygenation (17); (II)
culture-documented monomicrobial VAP caused by CRAB
with onset (the date of the index culture study) after >48 h
of mechanical ventilation (18); (III) positive results of CRAB
cultures from at least two sets of tracheobronchial secretions
and/or one sample of bronchoalveolar lavage (BAL) fluid; IV)
intravenous or nebulized colistin administered for >3 days
and initiated within a period of 5 days before or after the
date of index culture study. Patients who had concurrent
CRAB bacteremia and/or received both nebulized and
intravenous colistin simultaneously were excluded.

Data collection and definitions

The acute physiology and chronic health evaluation
(APACHE) II score on the day of VAP onset that coincided
with the collection date of the index culture study was
calculated. Clinical Pulmonary Infection Score (CPIS) with
a range of 0 to 12 was used for the diagnosis of VAP (19).
The severity of sepsis was graded using the American
College of Chest Physicians/Society of Critical Care
Medicine consensus criteria (20).

Immunosuppressive therapy was defined as use of
corticosteroid for at least 10 days, chemotherapy or
radiotherapy during the last 30 days, or other recognized T cell
immunosuppressants such as TNF-a blockers and calcineurin
inhibitors during the last 30 days. Empirical therapy was
considered as appropriate if at least one susceptible antibiotic
against CRAB was administered during initial therapy, and
combination therapy with colistin was defined as at least 3 days
of concomitant use of other antibiotics.

Clinical failure was defined as persistence or worsening
of signs or symptoms of pneumonia and lack of
improvement of radiologic pulmonary infiltrates. Clinical
outcomes were assessed at the end of colistin therapy or
at the time of discharge from ICU, whichever was earlier.
Data was independently reviewed by one physician in the
Division of Infectious Diseases (Y.K.K) and two physicians
in the Division of Pulmonology and Critical Care Medicine
(J.H.L and H.Y.L)). To avoid inaccurate decisions regarding
clinical outcomes, cases which initially had conflicting
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results of interpretation between reviewers were classified as
indeterminate. The cases initially classified as indeterminate
were discussed in a conference, and a consensus was reached by
the reviewers who were not aware of patients’ therapy group.

Microbiological failure was considered if at least two
consecutive cultures from tracheobronchial secretion
specimens and/or at least one from BAL fluid specimen had
failed to reveal no growth of CRAB by the end of colistin
therapy. If regrowth of CRAB during colistin therapy was
observed after at least two negative results of culture, it was
also classified as microbiological failure.

In patients with normal renal function, AKI was defined
as a serum creatinine level >2 mg/dL, or a >50% decrease in
the glomerular filtration rate compared with the initial value
at the start of treatment, or a deterioration of renal function
that needed renal replacement therapy (8). In patients with
preexisting renal dysfunction, AKI was defined as >50% of
the baseline serum creatinine or a reduction in the calculated
creatinine clearance of 50% compared with the initial value (8).

Microbiological studies and treatment regimens

Semiquantitative cultures (moderate or heavy growth)
of tracheobronchial specimens with the presence of >25
neutrophils, 10< epithelial cells per low-power field with
compatible gram stain findings and BAL specimens are
required to define the causative CRAB isolates. The results
of in vitro susceptibility tests were interpreted according
to the Clinical Laboratory Standards Institute (CLSI)
guidelines (21). CRAB isolates were considered susceptible
to colistin and tigecycline if the minimum inhibitory
concentrations (MICs) <2 mg/L were observed in the broth
microdilution method.

The daily dose of nebulized colistin colistimethate sodium
(CMS) ranged from 75 mg colistin base activity (CBA) every
12 hours to 150 mg CBA every 8 hours, and each dose was
diluted in 5 mL sterile normal saline. It was administered
over 30 min via a conventional jet nebulizer connected to the
inspiratory limb of ventilator circuit (Sileo 54, Macjin Medical).
Bronchodilator, such as salbutamol, was routinely used
30 minutes prior to administration of nebulized colistin. In
terms of CBA, the dose of intravenous colistin was 5 mg/kg/day
(divided into 2 doses) in patients with creatinine clearance of
>80 mI/min, 2.5-3.8 mg/kg/day (divided into 2 doses) in patients
with creatinine clearance ranging from 50 to 80 mL/min.
Intravenous colistin of 2-2.5 mg/kg/day (divided into 2 doses)
or 1-1.5 mg/kg every 36 hours was administered in patients
with creatinine clearance ranging from 30 to 50 mL/min or
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from 10 to 30 mL/min, respectively. No initial loading dose
of intravenous colistin was used.

Statistical analysis

All statistical analyses were performed using SPSS for
Windows software package, version 21 (SPSS Inc., Chicago,
IL, USA). Categorical variables were compared using the
x> or Fisher’s exact test, and continuous variables were
compared using the Mann-Whitney U test, as appropriate.
All tests of significance were two-tailed and a P<0.05
was considered to indicate statistical significance. The
propensity score for the probability of treatment with
nebulized or intravenous colistin was estimated using a
logistic regression using baseline and clinical characteristics
listed in Table 1. Variables considered independent for the
propensity scores included age, chronic kidney disease,
medical or trauma-related ICU admission, APACHE II
score, septic shock, colistin monotherapy, carbapenem use,
minocycline use, amikacin use. Patients were matched in
a 1:1 ratio using nearest neighbor method. To evaluate
risk factors of clinical failure in patients after propensity
score matched data set, and in a selected group of patients
treated with nebulized colistin-based therapy, all variables
with P<0.1 in the univariable analysis were included in a
multivariable logistic regression model.

Results

During the study period, we identified 219 patients who met
the eligibility criteria. Of these 219 patients, 126 patients
were treated with nebulized colistin and 93 were treated
with intravenous colistin (Table 1). Patients in the nebulized
colistin group were older; however, they were less likely
to have chronic kidney disease (6% vs. 14%; P=0.032).
Patients with trauma-related admission were more likely
to receive intravenous colistin (23% wvs. 10%; P=0.008),
and patients who were admitted to medical ICU received
nebulized colistin more frequently (80% vs. 59%;
P=0.001). Significant differences in severity of sepsis and
combination therapy with other antibiotics were observed
between the two groups. The nebulized colistin cohort
included a smaller number of patients with septic shock
(45% wvs. 62%, P=0.012), but concomitantly received other
susceptible antibiotics against CRAB more frequently
(55% vs. 17%, P<0.001). Minocycline and amikacin
were the most commonly used agents if they had in vitro
susceptibility, and administered significantly more often
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Table 1 Demographic, clinical characteristics, and antibiotic therapy of 219 patients included in the study

Variable® Colistin nebulizer (n=126) Colistin intravenous (n=93) P
Age, median years (IQR) 70 [59-78] 65 [52-74] 0.010
Male gender 76 [60] 63 [68] 0.26

Underlying comorbidity

Cardiovascular disease 70 [56] 42 [45] 0.13
Cerebrovascular disease 21 [17] 16 [17] 0.92
Chronic pulmonary disease 18 [14] 7 (8] 0.12
Chronic liver disease 5 [4] 5 [5] 0.62
Connective tissue disease 5 [4] 2 [2] 0.70
Diabetes mellitus 32 [25] 20 [22] 0.50
Chronic kidney disease 7 6] 13 [14] 0.032
Malignancy 22 [18] 15[16] 0.80
Immunosuppressive therapy® 10 [8] 12 [13] 0.23
Type of ICU admission
Medical 100 [80] 55 [59] 0.001
Surgical 14 [11] 17 [18] 0.13
Trauma-related 12 [10] 21 [23] 0.008
APACHE Il score, median (IQR)° 20 [17-24] 21 [16-25] 0.88
Presentations of VAP
CPIS, median (IQR)° 6 [5-7] 6 [4-7] 0.20
Septic shock 57 [45] 58 [62] 0.012
Colistin-only susceptible isolates 8 [6] 3[3] 0.36
Treatment of VAP
Appropriate empiric therapy 22 18] 12 [13] 0.36
Colistin monotherapy 22 [18] 36 [39] <0.001
Colistin + only with antibiotics for synergy 34 [27] 41 [44] 0.008
Colistin with 1 other susceptible antibiotics 52 [41] 15[16] <0.001
Colistin with 2 other susceptible antibiotics 18 [14] 1[1] <0.001
Other antibiotics use
Carbapenems 58 [46] 44 [47] 0.85
Tigecycline 14 [11] 11[12] 0.87
Minocycline 31 [25] 3 [3] <0.001
Ampicillin/sulbactam 13 [10] 2 [2] 0.027
Amikacin 43 [34] 2[2] <0.001
Dose of colistin nebulizer, mg CBA/day, median (IQR) 300 [225-300] 0 N/A
Days of colistin nebulizer, median (IQR) 17 [10-25] 0 N/A
Dose of colistin iv, mg CBA/day, median (IQR) 0 250 [150-300] N/A
Days of colistin iv, median (IQR) 0 10 [7-16] N/A

Table 1 (continued)
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Variable® Colistin nebulizer (n=126) Colistin intravenous (n=93) P

Outcomes
Clinical failure 49 [39] 53 [57] 0.008
Microbiologic failure® 50/115 [43] 36/68 [53] 0.22
ICU mortality 51 [40] 55 [59] 0.006
Days of MV after VAP onset, median (IQR) 18 [12-29] 20 [14-27] 0.52
Days in ICU after VAP onset, median (IQR) 22 [15-35] 23 [18-34] 0.39
AKI during colistin therapy 20 [16] 35 [38] <0.001

Data are presented as No. (%) unless indicated otherwise. ® AKI, acute kidney injury; APACHE, acute physiology and chronic health
evaluation; CBA, colistin base activity; ICU, intensive care unit; IQR, interquartile range; MV, mechanical ventilation; VAP, ventilator-
associated pneumonia; °, defined as use of corticosteroid for at least 10 days, chemotherapy or radiotherapy during the last 30 days, or
other recognized T cell immunosuppressants such as TNF-a blockers and calcineurin inhibitors during the last 30 days; °, on the day of
VAP onset that coincided with the collection date of the index culture; ¢, 11 patients in colistin nebulizer group and 25 patients in colistin iv
group were excluded from the analysis because of not adequately performed following sputum culture study.

in the nebulized colistin cohort (25% vs. 3%; P<0.001 and
34% vs. 2%; P<0.001, respectively). All patients treated
with colistin-carbapenem combination (imipenem for
41 patients, and meropenem for 61 patients) received
carbapenems with intermittent bolus dosing and standard
dosage regimens, regardless of severity of sepsis.

Table 1 shows that clinical failure and ICU mortality
were significantly associated with use of intravenous colistin
(57% vs. 39%; P=0.008 and 59% vs. 40%; P=0.006,
respectively). In addition, AKI during colistin therapy was
significantly more common in the intravenous colistin
cohort (38% wvs. 16%; P<0.001). Neither dose reduction
nor discontinuation of colistin was observed in 20 patients
who developed AKI in nebulized colistin group, and none of
patients required renal replacement therapy. In contrast, all
35 patients with AKI during therapy in intravenous colistin
group had dose reduction. Nine patients discontinued
colistin therapy, and three patients required initiation of renal
replacement therapy. Six patients died without recovery of
renal function. Bronchospasm, the common side effect of
nebulized colistin, was not observed in the study patients, and
neurotoxicity was observed only one patient with an episode
of seizure in intravenous colistin group. Days of mechanical
ventilation and ICU stay after VAP onset did not differ
between the two groups (P=0.52 and P=0.39, respectively).

Propensity-score-matched analysis

Of 219 patients, 39 patients in each group were matched
by propensity score. Tuble 2 shows comparisons of
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demographic, clinical characteristics, and antibiotic therapy
between the propensity score-matched groups. There
were no significant differences in baseline and clinical
characteristics, such as chronic kidney disease (5% wvs. 8%,
P>0.99), medical ICU admission (72% vs. 72%, P>0.99),
septic shock (56% vs. 54%, P=0.82), concurrent active
systemic antibiotics, between the matched groups. There
were no significant differences in the rates of clinical failure
between the two groups [Odds ratio (OR), 0.48; 95%
confidence interval (CI), 0.19-1.19; P=0.11]. However, a
rate of AKI during colistin therapy was significantly lower
in nebulized colistin group (18% wvs. 49%, P=0.004).

The effect of nebulized colistin on clinical failure and the
risk factors associated with clinical failure were analyzed in
the propensity score-matched set (7zble 3). In multivariable
analysis, there was no significant difference in clinical failure
between the two groups [adjusted odds ratio (aOR), 0.36;
95% CI, 0.12-1.09; P=0.070]. The independent risk factors
for clinical failure were medical ICU admission (aOR, 7.14;
95% CI, 1.60-32.00; P=0.010), and septic shock (aOR, 3.93;
95% CI, 1.27-12.17; P=0.018).

Risk factors for clinical failure in subgroup of nebulized
colistin cobort

Table 4 shows the analysis of risk factors for clinical failure
in a selected group of patients treated with nebulized
colistin. In multivariable analysis performed with variables
with P<0.1 as determined using univariable analysis,
connective tissue disease (P=0.039), septic shock (P=0.002),
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Table 2 Demographic, clinical characteristics, and antibiotic therapy of 78 patients included in the propensity-score-matched analysis

Variable Colistin nebulizer (n=39) Colistin intravenous (n=39) P
Age, median years (IQR) 67 [58-74] 66 [52-77] 0.88
Male gender 22 [56] 30 [77] 0.06
Underlying comorbidity
Cardiovascular disease 21 [564] 16 [41] 0.26
Cerebrovascular disease 6 [15] 8 [21] 0.56
Chronic pulmonary disease 2 [5] 4[10] 0.68
Chronic liver disease 2 [5] 2 [5] >0.99
Connective tissue disease 31[8] 11[3] 0.62
Diabetes mellitus 5[13] 6 [15] 0.75
Chronic kidney disease 2 [5] 31[8] >0.99
Malignancy 8 [21] 4[10] 0.35
Immunosuppressive therapy 2 [5] 4[10] 0.68
Type of ICU admission
Medical 28 [72] 28 [72] >0.99
Surgical 6 [15] 5[13] 0.75
Trauma-related 5[13] 6 [15] 0.75
APACHE Il score, median (IQR) 21 [19-24] 20 [16-24] 0.42
Presentations of VAP
CPIS, median (IQR) 6 [5-7] 6 [5-7] 0.29
Septic shock 22 [56] 21 [54] 0.82
Colistin-only susceptible isolates 5[13] 11[3] 0.20
Treatment of VAP
Appropriate empiric therapy 10 [26] 6 [15] 0.26
Colistin monotherapy 13 [33] 13 [33] >0.99
Colistin + only with antibiotics for synergy 17 [44] 21 [54] 0.37
Colistin with 1 other susceptible antibiotics 9 [23] 4110] 0.22
Colistin with 2 other susceptible antibiotics 0 11[3] >0.99
Other antibiotics use
Carbepenems 18 [46] 20 [51] 0.65
Tigecycline 7[18] 31[8] 0.31
Minocycline 31[8] 2 [5] >0.99
Ampicillin/sulbactam 5[13] 2 [5] 0.43
Amikacin 0 0 N/A
Dose of colistin nebulizer, mg CBA/day, median (IQR) 300 [300-300] 0 N/A
Days of colistin nebulizer, median (IQR) 14 [9-24] 0 N/A
Dose of colistin iv, mg CBA/day, median (IQR) 0 250 [175-300] N/A
Days of colistin iv, median (IQR) 0 10 [7-22] N/A

Table 2 (continued)
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Variable Colistin nebulizer (n=39) Colistin intravenous (n=39) P

Outcomes
Clinical failure 14 [36] 21 [64] 0.11
Microbiologic failure 20 [51] 19 [49] 0.82
ICU mortality 14 [36] 22 [56] 0.07
Days of MV after VAP onset, median (IQR) 16 [12-27] 20 [14-27] 0.44
Days in ICU after VAP onset, median (IQR) 22 [15-34] 23 [19-40] 0.33
AKI during colistin therapy 7[18] 19 [49] 0.004

Data are presented as No. (%) unless indicated otherwise. AKI, acute kidney injury; APACHE, acute physiology and chronic health
evaluation; CBA, colistin base activity; ICU, intensive care unit; IQR, interquartile range; MV, mechanical ventilation; VAP, ventilator-

associated pneumonia.

combination therapy with carbapenem (P=0.011), and
AKI during colistin therapy (P=0.028) were significantly
associated with clinical failure.

In terms of doses of nebulized colistin, despite the lack of
statistical significance, univariable analysis revealed that doses
of nebulized colistin less than 300 mg CBA/day showed a
tendency toward an increased rate of clinical failure (OR, 1.74;
95% CI, 0.83-3.61; P=0.14).

Discussion

In the present study, we reviewed patients with VAP due
to CRAB treated with either intravenous or nebulized
colistin, and not administered concurrently, over a period
of 5 years. Although there have been reports of the efficacy
of nebulized colistin as monotherapy for nosocomial
pneumonia caused by gram-negative bacteria, the main
drawbacks of the previous studies were small number of
patients, lack of a control group, and different causative
microorganisms (12,13,22,23). One recent study reinforced
the efficacy and safety of aerosolized colistin in the
treatment of gram-negative VAP (24). However, in that
study, the causative organisms are various, and patients with
septic shock were excluded. To the best of our knowledge,
this is the largest study that included patients treated with
nebulized colistin without concurrent intravenous colistin in
the treatment of VAP caused by CRAB. Notably, nebulized
colistin in combination with other susceptible antibiotics
showed comparable efficacy to intravenous colistin. In
addition, nebulized colistin was associated with a lower rate
of AKI during therapy, although its effect on clinical failure
was not significant in our study.
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The optimal treatment for VAP due to CRAB is still
controversial. Colistin is usually recommended as a first-line
agent based on proven efficacy and safety (6,7,25,26).
Recent meta-analyses showed the benefits of nebulized
colistin for VAP caused by multidrug-resistant pathogens;
however, the role of this form of colistin might be adjunctive
to intravenous colistin (27-29). We posit that the use of
nebulized colistin can be supported by pharmacokinetic-
pharmacodynamic (PK-PD) data regarding antimicrobial
efficacy and delivery to the lungs (10,11,30), and that our
present study has important implications which suggests
that nebulized colistin may be used for VAP caused by
CRAB, even without concurrent intravenous administration.
However, nebulized colistin should be considered to be
used with other systemic antibiotics active against CRAB
isolates until further well-designed clinical trials based on
randomization confirm the efficacy of nebulized colistin
monotherapy in the treatment of VAP due to CRAB. In
addition, cautious interpretation of the results in patients
with septic shock should be applied because only four
patients received nebulized colistin monotherapy and 50%
(274) of patients died.

One of the important findings of our study is that the
dosing regimen of nebulized colistin should be intensified
because of the presumed survival benefit of a higher inhaled
dose. Although there are limited data on appropriate
dosing regimens of nebulized colistin to enhance treatment
outcomes, recent studies suggest that a sufficient inhalation
dose, of at least a total daily dose of 480 mg CMS, should
be recommended for severe pulmonary infections, which
may be reinforced by our data (26,31). Furthermore, the
results of our study support previous pharmacokinetic data
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Table 3 Univariate and multivariate analyses of risk factors associated with clinical failure in 78 patients with VAP caused by CRAB included in
the propensity-score-matched analysis

Variable Clinical failure Clinical cure Univariate analysis Multivariate analysis
(n=35) (n=43) OR (95% Cl) P aOR (95% Cl) P
Age, median years (IQR) 69 [63-77] 65 [49-74]  1.01 (0.99-1.05) 0.30
Male gender 21 [60] 31[72] 0.58 (0.23-1.50) 0.26
Underlying comorbidity
Cardiovascular disease 16 [46] 21 [49] 0.88 (0.36-2.16) 0.78
Cerebrovascular disease 6[17] 8[19] 0.91 (0.28-2.91) 0.87
Chronic pulmonary disease 4 [11] 2 [5] 2.65 (0.46-15.38) 0.40
Chronic liver disease 2 [6] 2 [5] 1.24 (0.17-9.30) >0.99
Connective tissue disease 2 [6] 2 [5] 1.24 (0.17-9.30) >0.99
Diabetes mellitus 8[23] 3[7] 3.95 (0.96-16.24) 0.056  4.66 (0.82-26.45)  0.082
Chronic kidney disease 411] 11[2] 5.42 (0.58-50.90) 0.17
Malignancy 411] 8[19] 0.57 (0.16-2.06) 0.53
Immunosuppressive therapy 4 [11] 2 [5] 2.65 (0.46-15.38) 0.40
Type of ICU admission
Medical 32 [91] 24 [56] 8.44 (2.24-31.86) 0.001 7.14 (1.60-32.00) 0.010
Surgical 1[9] 10 [23] 0.10 (0.12-0.80) 0.019
Trauma-related 2 [6] 9[21] 0.23 (0.46-1.14) 0.099
APACHE Il score, median (IQR) 22 [19-25] 20 [16-24]  1.12(1.00-1.27) 0.061
Presentations of VAP
CPIS, median (IQR) 6 [5-7] 6 [5-7] 1.00 (0.76-1.31) 0.99
Septic shock 27 [77] 16 [37] 5.70 (2.09-15.52)  <0.001 3.98 (1.27-12.17) 0.018
Colistin-only susceptible isolates 31[9] 3[7] 1.25 (0.24-6.62) >0.99
Treatment of VAP
Appropriate empiric therapy 9 [26] 7[16] 1.78 (0.59-5.40) 0.31
Colistin nebulizer 14 [40] 25 [58] 0.48 (0.19-1.19) 0.11 0.36 (0.12-1.09) 0.070
Colistin monotherapy 9 [26] 17 [40] 0.53 (0.20-1.40) 0.20
Colistin only with antibiotics for synergy 18 [51] 20 [47] 1.22 (0.50-2.98) 0.67
Colistin with 1 other susceptible antibiotics 7 [20] 6 [14] 1.54 (0.47-5.10) 0.48
Colistin with 2 other susceptible antibiotics 11[3] 0 0.45
Other antibiotics use
Carbepenems 18 [51] 20 [47] 1.22 (0.50-2.98) 0.67
Tigecycline 6[17] 419] 2.02 (0.52-7.81) 0.33
Minocycline 2 [6] 3[7] 0.81(0.13-5.13) >0.99
Ampicillin/sulbactam 4 [11] 31[7] 1.72 (0.36-8.26) 0.69
Amikacin 0 0 N/A
AKI during colistin therapy 13 [37] 13 [30] 1.36 (0.53-3.51) 0.52

Data are presented as No. (%) unless indicated otherwise. aOR, adjusted odds ratio; Cl, confidence interval; OR, odds ratio; AKI,
acute kidney injury; APACHE, acute physiology and chronic health evaluation; CBA, colistin base activity; ICU, intensive care unit; IQR,
interquartile range; MV, mechanical ventilation; VAP, ventilator-associated pneumonia.
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Table 4 Univariate and multivariate analyses of risk factors associated with clinical failure in 126 patients with VAP caused by CRAB treated with
nebulized colistin-based therapy

Variable Clinical failure Clinical cure Univariate analysis Multivariate analysis
(n=49) (n=77) OR (95% Cl) P aOR (95% Cl) P
Age, median years (IQR) 70 [63-79] 70 [58-78] 1.01 (0.99-1.04) 0.33
Male gender 24 [49] 52 [68] 0.46 (0.22-0.96) 0.038 0.47 (0.20-1.13) 0.093
Underlying comorbidity
Cardiovascular disease 24 [49] 46 [60] 0.65 (0.31-1.33) 0.24
Cerebrovascular disease 9[18] 12 [16] 1.22 (0.47-3.15) 0.68
Chronic pulmonary disease 8 [16] 10 [13] 1.31 (0.48-3.58) 0.60
Chronic liver disease 3 [6] 2 [3] 2.45 (0.39-15.19) 0.38
Connective tissue disease 4 18] 1] 6.76 (0.73-62.33) 0.075 13.11 (1.13-151.47)  0.039
Diabetes mellitus 13 [27] 19 [25] 1.10 (0.49-2.50) 0.82
Chronic kidney disease 5[10] 23] 4.26 (0.79-22.90)  0.11
Malignancy 7[14] 15 [20] 0.69 (0.26-1.83) 0.45
Immunosuppressive therapy 6[12] 4 [5] 2.55 (0.68-9.53) 0.19
Type of ICU admission
Medical 45 [92] 55 [71] 4.50 (1.45-14.01)  0.006 3.67 (0.96-14.07)  0.058
Surgical 316 11 [14] 0.39 (0.10-1.48) 0.25
Trauma-related 1[2] 11 [14] 0.13 (0.16-1.00) 0.028
APACHE Il score, median (IQR) 22 [18-24] 19 [17-24] 1.09 (1.00-1.20) 0.058
Presentations of VAP
CPIS, median (IQR) 6 [5-7] 6 [5-7] 1.17 (0.90-1.54) 0.24
Septic shock 32 [65] 25 [33] 3.92 (1.84-8.35)  <0.001 4.19 (1.71-10.24)  0.002
Colistin-only susceptible isolates 4 18] 4 [5] 1.62 (0.39-6.81) 0.71
Treatment of VAP
Appropriate empiric therapy 9[18] 13 [17] 1.11 (0.43-2.83) 0.83
Nebulized colistin <300 mg CBA/day 23 [47] 26 [34] 1.74 (0.83-3.61) 0.14
Colistin monotherapy 31[6] 19 [25] 0.20 (0.06-0.71) 0.008
Colistin only with antibiotics for synergy 16 [33] 18 [23] 1.59 (0.72-3.53) 0.25
Colistin with 1 other susceptible antibiotics 22 [45] 30 [39] 1.28 (0.62-2.64) 0.51
Colistin with 2 other susceptible antibiotics 8 [16] 10 [13] 1.31 (0.48-3.58) 0.60
Other antibiotics use
Carbepenems 32 [65] 26 [34] 3.69 (1.74-7.85) 0.001 3.06 (1.30-7.23) 0.011
Tigecycline 7[14] 7 9] 1.67 (0.55-5.08) 0.37
Minocycline 10 [20] 21 [27] 0.68 (0.29-1.61) 0.38
Ampicillin/sulbactam 7[14] 6 [8] 1.97 (0.62-6.26) 0.24
Amikacin 20 [41] 23 [30] 1.62 (0.77-3.43) 0.21
AKI during colistin therapy 12 [25] 8[10] 2.80 (1.05-7.45) 0.035 3.53(1.14-10.88)  0.028

Data are presented as No. (%) unless indicated otherwise. AKI, acute kidney injury; APACHE, acute physiology and chronic health
evaluation; CBA, colistin base activity; ICU, intensive care unit; IQR, interquartile range; MV, mechanical ventilation; VAP, ventilator-associated
pneumonia.
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that higher doses of inhaled colistin were required for better
effectiveness in critically ill patients (10). From our point of
view, further studies to identify the optimal inhaled doses of
colistin and overcome the heterogeneity of practice would
help clinicians treat VAP due to CRAB more effectively (32).

Another important finding of our study was that the
nebulized colistin group had a significantly lower rate of
nephrotoxicity in both overall patients and propensity-
score-matched patients, which was consistent with other
studies (29). Interestingly, however, AKI developed
in 16% (20/126) of patients with nebulized colistin. A
potential explanation for this may be that nebulized
colistin was coadministered with other nephrotoxic drugs,
such as amikacin and nonsteroidal anti-inflammatory drugs
(NSAIDs), in 80% (16/20) of patients. In addition, there
were two patients with baseline renal impairment who
developed AKI during nebulized colistin therapy. Although
AKI during therapy did not significantly affect rates of
clinical failure in our study, there have been conflicting
results on the influence of AKI on mortality (33,34). From
our point of view, there remain concerns about the use of
nebulized colistin in patients with either decreased renal
function or concomitant other nephrotoxic agents because
AKI during therapy may be associated with poor outcomes.
Therefore, caution is needed until more clinical trials and
pharmacokinetic evaluation of nebulized colistin validate its
safety in such conditions.

Efficacy of antimicrobial combination therapy, compared
with monotherapy, against VAP caused by CRAB is another
issue of great interest in this study. Despite some promising
results for combination therapy and synergistic interaction
between colistin and other antibiotics (35,36), the clinical
cure rate in our data did not differ whether or not other
antibiotics were used with colistin. Notably, nebulized
colistin-carbapenem combination led to worse outcomes
in subgroup analysis of this study. The results might be
attributable to insufficient concentrations or suboptimal
methods of administration of the carbapenems in patients
with septic shock. A recent study by Khawcharoenporn
et al. showed that combination therapy of nebulized
colistin and carbapenems was an effective treatment
option if carbapenems were given in a prolonged infusion
fashion (37). In addition, previous studies indicated that
individualized dosing of B-lactam antibiotics should be
considered to increase the likelihood of optimal outcomes
because of altered pharmacokinetics of f-lactam in critically
ill patients (38,39). Because all patients in this study treated
with colistin-carbapenem combination therapy received
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standard dosage regimen for carbapenems with intermittent
bolus dosing, the unexpectedly low efficacy of colistin-
carbapenem combination might occur. Furthermore,
relatively low rate of synergy of imipenem and the effect
of CRAB strains showing a high MIC for meropenem
(MIC 264 mg/L) might have influenced the overall results
(40-42). The possibility of unexpected antagonistic effect
and suboptimal doses of other antibiotics should lead to
a cautious interpretation of the results on combination
therapy (43,44). Taken together, a multidisciplinary
approach by physicians and microbiologists to perform
routine synergy tests to determine the appropriate
combination therapy should be considered. In addition,
colistin-minocycline combination for treatment of VAP due
to CRAB needs consideration based on this present data
and previous reports (45,46).

Our study had several limitations. First, the retrospective
design of our analyses may have introduced information
bias or missed certain changes that influenced the results.
Moreover, uneven baseline clinical characteristics of the
study patients could also have confounded the results. In
addition to systemic data collection and verification, we
attempted to adjust for these drawbacks and control the
bias in treatment assignment by using propensity-score-
matched analysis. Second, different dosage regimen of
intravenous colistin without loading dose, compared with
currently recommended doses, might have had an influence
on clinical outcomes (47). Third, microorganisms other
than Acinetobacter baumannii such as carbapenem-resistant
Pseudomonas aeruginosa were not considered, and only 11
isolates of colistin-only susceptible Acinetobacter baumannii
were included in our analyses. Therefore, our results
cannot ensure the consistency in those pathogens. Finally,
we could not assess the information on the amount of
nebulized colistin delivered to lungs, because we only used
conventional ventilator nebulizers in our study patients.
Despite these limitations, our study is valuable because
of the scarcity of comparative studies that specifically
evaluated the efficacy of nebulized colistin, not concurrently
administered with intravenous colistin, in cases of VAP
due to CRAB. Moreover, our study has strength in having
relatively large number of patients and a control group,
compared with previous studies.

In conclusion, our findings suggest that nebulized colistin,
even without concurrent administration of intravenous
colistin, may provide a useful treatment option to clinicians
confronted with VAP due to CRAB. However, nebulized
colistin needs to be used with other active systemic antibiotics
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until further evidences based on randomized trials confirm
the optimal colistin-based therapy in the treatment of VAP
due to CRAB. To further improve treatment outcomes,
optimal inhaled doses of colistin and appropriate synergy
tests for precise combination therapy should be examined.
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