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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-
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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.
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Introduction

Acute respiratory drug-resistant pneumococ-
cal infections are considered a leading cause of
mortality in hospital settings worldwide'>. 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 aeruginosa®.
Epidemiological studies™® 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 pneumonia’*.

The prevalence of multidrug-resistant pneu-
mococcal infections has been increasing® 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 pneumonia'®'2. Studies'*!* 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 destruction'>". Doshi et
al. (2013)'8suggested 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 alone'*?!;
however, a consensus of the evidence in humans
is lacking.

Many cohort studies*?* 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 studies'®**?*2¢ reporting higher mortalities in
patients receiving intravenous colistin than in those
receiving other regimens and we found other studies
routes®*" 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 route*2"313 others
reported the opposite effect?3034,

To the best of our knowledge, one review stu-
dy* 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 studies?*2* 272°, have been published and
warrant an updated analysis. Thus, we designed
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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) guidelines* 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-
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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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scale’. 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 software®® based on the random-effects model™.
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 7 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 heterogeneity*®. We used the method li-
sted by Hozo, Djulbegovic, and Hozo* 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 studies!®?22426.28-3032.33.42.43 " tyy0
were retrospective case control studies**, and
two prospective cohort studies®”*'. 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 sample?®’.

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

Records identified through
database searching
N =950

Additional records identified
through other sources (libraries)
N=13

Records after duplicates removed

N =555
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Full-text articles assessed
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v

Figure 1. PRISMA flowchart.
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Table 1. Details of the studies included.

Study Country |Type of study |Sample descriptive |Age (M = SD years) |Pathogen Clinical cure Microbiological = Nephrotoxicity Mortality
eradication
Zheng etal. | Taiwan Retrospective INH: 128 (45F, 83M) INH: 77.5+ 14.3 A. calcoaceticus, A. bau- |INH: 102 INH: 95 - INH: 17
(2020) cohort study IV: 18 (8F, 10M) IV:73.4+£17.1 mannii Iv: 9 IvV: 9 Iv:5
Choe et al. South Ko- | Retrospective INH: 35 (4F, 31M) INH: 67 A. baumannii, P. aerugi- |INH: 17 INH: 21 INH: 16 INH: 8
(2019) rea cohort study IV: 86 (18F, 64M) 1V: 63 nosa, K. pneumoniae 1V: 36 1v: 27 1V: 23 1V: 42
Moradi Iran Retrospective INH+IV: 57 (17F, 40M) |INH+IV:49.1 £21.6 - - - - INH+IV: 8
Moghaddam cohort study IV: 57 (17F, 40M) IV: 473 +£18.3 IvV: 9
et al. (2019)
Jang et al. South Retrospective INH: 51 (15F, 36M) INH: 67.5+12.6 A. baumannii INH: 5 INH: 33 INH: 8 INH: 10
(2017) Korea cohort study 1V: 44 (9F, 35M) IV: 60+ 15.2 1V: 4 IV: 26 IV: 26 IV: 6
Kim et al. South Retrospective INH: 126 (50F, 76M) INH: 70 A. baumannii - - - INH: 51
(2017) Korea cohort study IV: 93 (30F, 63M) IV: 65 IV: 55
Demirdal et | Turkey Retrospective INH+IV: 43 (10F, 33M) |INH+IV: 66.6 + 154 | A. baumannii INH+IV: 16 INH+IV: 20 INH+IV: 21 INH+IV: 23
al. (2016) cohort study IV: 80 (30F, 50M) IV: 62.8 £18.8 IV: 30 1V: 40 1V: 43 IV: 38
Abdellatif et | Tunisia Prospective co- [ INH: 73 INH: 50+ 16 S. maltophilia, P. aerugi- |INH : 61 - INH : 13 INH: 20
al. (2016) hort study 1V: 76 IV:53+17 nosa, enterobacteria, A. |1V: 44 IV:30 IV: 18
baumannii
Zah BogoviC |Croatia Retrospective INH+IV: 8 (3F, 5M) INH+IV: 72.4 £ 11.8 A. baumannii, P. aerugi- |- INH+IV: 5 INH+IV: 1 INH+IV: 6
et al. (2014) cohort study IV: 23 (9F, 14M) IV: 72.5 £12.9 nosa, K. pneumoniae IV: 3 Iv: 4 Iv: 17
Doshietal. |USA Retrospective INH+IV: 44 (22F, 22M) |INH+IV: 60.9 £ 15.3 Acinetobacter spp, Pseu- |INH+IV : 24 INH+IV: 8 - INH+IV: 6
(2013) cohort study IV: 51 (18F, 33M) 1V: 573 £15.6 domonas spp, vancomy- |1V : 20 v:11 IvV:19
cin- resistant Enterocco-
cus, methicillin- resistant
S. aureus, extended spec-
trum beta lactamase
Tumbarello et | Italy Retrospective INH+IV: 104 (30F, 74M) | INH+IV: 64 A. baumannii, P. aerugi- |INH+IV: 72 INH+IV: 53 INH+IV: 26 INH+IV: 45
al. (2013) case-control IV: 104 (46F, 58M) 1V: 66 nosa, K. pneumoniae 1V: 57 1V: 42 IV:23 1V:48
study
Amin et al. Egypt Prospective co- | INH+IV: 28 (13F, 15M) |INH+IV: 55.6 £21.9 A. baumannii, P. aerugi- |INH+IV: 22 - - INH+IV: 8
(2013) hort study IV: 12 (SF, TM) 1V: 60.5+4.5 nosa, K. pneumoniae Iv:7 IV:5
Kalin et al. Turkey Retrospective INH-+IV: 29 (10F, 19M) |[INH+IV: 51.1 £19.7 A. baumannii INH+IV: 4 INH+IV: 22 INH+IV: 12 INH+IV: 16
(2012) cohort study IV: 15 (2F, 13M) IV:48.1 £22.2 IV: 6 Iv: 11 1v:3 1v: 7
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Table continued



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

Study Country |Type of study |Sample descriptive |Age (M = SD years) |Pathogen Clinical cure |Microbiological |Nephrotoxicity Mortality
eradication

Naesens et al. | Belgium | Retrospective INH+IV: 9 INH+IV: 67.9 P. aeruginosa INH+IV: 7 - - INH+IV: 3
(2011) cohort study INH: 6 INH: 62.5 INH: 6 INH: 3

IV: 5 IV: 64.8 1v: 2 Iv: 5
Pérez-Pedrero | Spain Retrospective INH+IV: 21 (5F, 16M) |INH+IV: 55.5 +19.8 A. baumannii INH+IV: 18 INH+IV: 8 INH+IV: 1 INH+IV: 4
etal. (2011) cohort study IV: 18 (3F, 15M) IV:60.1£17.4 1V: 12 IV: 15 v:2 Iv:5
Kofteridis et | Greece Retrospective INH+IV: 43 (15F, 28M) |INH+IV: 62 + 15.1 A. baumannii, P. aerugi- | INH+IV: 23 INH+IV: 19 INH+IV: 8 INH+IV: 10
al. (2010) case-control IV: 43 (13F, 30M) IV:62.3+£14.9 nosa, K. pneumoniae IV: 14 Iv: 17 Iv: 8 IV: 18

study

Korbila et al. | Greece Retrospective INH+IV: 78 (17F, 61M) |INH+IV: 60.9 + 15.7 A. baumannii, P. aerugi- | INH+IV: 62 - - INH+IV: 31
(2010) cohort study IV: 43 (12F, 31M) IV:59.2+£19.2 nosa, K. pneumoniae 1V: 26 1V: 19

Legends: M: Mean: SD: Standard deviation, F: Female, M: Male; INH+IV:

Inhalation and intravenous, IV: Intravenous, INH: Inhalation
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Figure 2. Risk of bias according to the Newcastle Ottawa scale for cohort studies.

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 (7, 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 (7, 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-
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Table II. Risk of bias for individual studies based on the Newcastle Ottawa scale.

Study

Selection

Comparability = Outcome Total

Representative of the
exposed cohort

Selection of external
cohort

(9/9)

Outcome of interest not
present at start
Main factor
Additional factors
Assessment of outcome
Sufficient follow-up
Adequacy of follow-up

Zheng et al. (2020)
Moradi Moghaddam et al. (2019)
Choe et al. (2019)

Jang et al. (2017)

Kim et al. (2017)
Demirdal et al. (2016)
Abdellatif et al. (2016)
Zah BogoviC et al. (2014)
Doshi et al. (2013)
Tumbarello et al. (2013)
Amin et al. (2013)

Kalin et al. (2012)
Naesens et al. (2011)
Pérez-Pedrero et al. (2011)
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Korbila et al. (2010)
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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 (7, 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).

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

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 (1% 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-

Study name Statistics for each study Odds ratio and 95% Cl

Odds Lower Upper

ratio  limit limit Z-Value p-Value
Zheng et al. (2020) INH 39283 1.416 10872 2628 0.009 i
Choe et al. (2019) INH 1.312 0596 2838 0.674  0.500 —Hl—
Jang et al. (2017) INH 1.087 0273 4326 0.118  0.906
Demirdal et al. (2016) INH+IV 0988 0459 2125 -0.032 0975 —;—
Abdellatif et al. (2016) INH 1299 0643 2623 0.730 0465 —il+
Doshi et al. (2013) INH+IV 1.860 0.821 4212 1488  0.137 -
Tumbarello et al. (2013) INH+IV 1.855 1.051 3274 2133  0.033 r
Amin et al. (2013) INH+IV 2619 0608 11.279 1292 0.196 =
Kalin et al. (2012) INH+IV 0240 0.055 1.051 -1.894  0.058 =
Naesens et al. (2011) INH+IV 5250 0.485 56.801 1.365 0.172 !
Naesens et al. (2011) INH 18200 0.669 494.801 1.722  0.085
Pérez-Pedrero et al. (2011) INH+IV 3.000 0.626 14.371 1.374  0.169 &
Kofteridis et al. (2010) INH+IV 2382 0993 5716 1944  0.052
Korbila et al. (2010) INH+IV 2534 1114 5764 2217 0.027 B

1.725 1.261 2360 3.411 0.001
01 02 05 1 2 5 10

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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Study name Statistics for each study Odds ratio and 95%Cl

Odds Lower Upper

ratio limit limit ZValue p-Value
Demirdal et al. (2016) INH+IV 0.988 0459 2125 -0.032 0.975 .
Doshi et al. (2013) INH+IV 1.860 0.821 4.212 1.488 0.137 -
Tumbarello et al. (2013) INH+IV 1.855 1.0561 3274 2133 0.033
Amin et al. (2013) INH+IV 2619 0.608 11.279 1.292 0.196 i
Kalin et al. (2012) INH+IV 0240 0.055 1.051 -1.894 0.058 i
Naesens et al. (2011) INH+IV 5250 0.485 56.801 1.365 0.172 "
Pérez-Pedrero et al. (2011) INH+IV 3.000 0626 14371 1374 0.169 =
Kofteridis et al. (2010) INH+IV 2382 0993 5716 1944 0.052 il
Korbila et al. (2010) INH+IV 2534 1114 5764 2217 0.027 1

1729 1154 2590 2657  0.008 <P

0.1 0.2 05 1 2 5 10

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).

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 (72, 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 (12, 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 (7, 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 (I?: 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-
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Study name Statistics for each study Odds ratio and 95% CI

Odds Lower Upper

ratio  limit limit Z-Value p-Value
Zheng et al. (2020) INH 3923 1416 10.872 2628 0.009 B
Choe et al. (2019) INH 1312 0596 2.888 0.674 0.500 —
Jang et al. (2017) INH 1.087 0273 4326 0.118 0.906
Abdellatifetal. (2016) INH 1299 0.643 2623 0.730 0.465 —
Naesens etal. (2011) INH 18.200 0.669 494.801 1.722  0.085

1739 0976 3097 1878 0.060 }’
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Figure 6. Forest plot for studies evaluating the rate of clinical cure in patients receiving intravenous colistin or inhalation

colistin.

bined/inhaled colistin (Figure 13) (Odds ratio,
1.44; 95% CI, 1.08 to 1.93; p=0.01) with moderate
heterogeneity (7, 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 (I?: 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 (I*:
6.49%).

Study name Statistics for each study Odds ratio and 95%Cl

Odds Lower Upper

ratio limit limit ZValue p-Value
Zneng et al. (2020) INH 3654 1.317 10140 2488 0.013 N
Choe et al. (2019) INH 3.000 1.323 6.805 2629  0.009 N
Jang et al. (2017) INH 1.045 0436 2506 0.099 0.921
Demirdal et al. (2016) INH+IV 0.870 0414 1827 -0.369 0712 —
Zah Bogovic et al. (2014) INH+IV 11111 1,701 72564 2515 0.012
Doshi et al. (2013) INH+IV 1.164 0.348 3.885 0246 0.805
Tumbarello et al. (2013) INH+IV 1.828 0.980 3.407 1.898  0.058
Kalin et al. (2012) INH+IV 1143 0275 4756 0.184 0.8%4
Pérez-Pedrero et al. (2011) INH+IV 0.123 0.027 0563 -2700 0.007 (
Kofteridis et al. (2010) INH+IV 0826 0350 1.948 -0437 0.662

1.373 0809 2329 1.175 0.240
01 02 05 1 2 5 10

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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Study name Statistics for each study Odds ratio and 95%Cl

Odds Lower Upper

ratio limit limit Z-Value p-Value
Demirdal et al. (2016) INH+IV 0870 0.414 1827 -0369 0.712 ——.—
Zah Bogovic et al. (2014) INH+IV 11111 1.701 72564 2515 0.012
Doshi et al. (2013) INH+IV 1.164 0348 3885 0246  0.805 1
Tumbarello et al. (2013) INH+IV 1.828 0980 3407 1.898 0.058 —.—
Kalin et al. (2012) INH+IV 1143 0275 4756 0.184 0.854 B
Pérez-Pedrero et al. (2011) INH+IV 0123 0.027 0563 -2.700  0.007 |
Kofteridis et al. (2010) INH+IV 0.826 0.350 1.948 -0437 0.662

1.075 0550 2102 0213 0.832 L

01 02 05 1 2 5 10

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

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-
tions®¥. Patients with multidrug-resistant pneu-
monia exhibit poor morbidity and mortality-rela-
ted outcomes due to lack of treatment options*®.
Administration of the old polymyxin antibiotic
“colistin” has been widely recommended to im-
prove these outcomes'®*3, Studies have suggested
that colistin can improve the mortality outcomes,
the patient’s lung capacity, and the overall quali-
ty of life*. However, the evidence on the admi-

Study name Statistics for each study Odds ratio and 95% CI
Odds Lower Upper
ratio  limit limit Z-Value p-Value
Zheng etal. (2020) INH  3.654 1.317 10.140 2488 0.013
Choe et al. (2019) INH 3.000 1.323 6.805 2629 0.009
Jang et al. (2017) INH 1.045 0436 2506 0.099 0.921
2186 1.305 3661 2972 0.003

0102 05 1 2 5 10

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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Statistics for each study

Z-Value p-Value

Study name

Odds Lower Upper

ratio  limit limit
Choe et al. (2019) INH 0.416 0.165 1.050
Jang et al. (2017) INH 7.764 2959 20.373
Demirdal et al. (2016) INH+IV 1.218 0580 2557
Abdellatif et al. (2016) INH 3.010 1.414 6.409
Zah Bogovic et al. (2014) INH+IV 1.474 0.140 15.552
Tumbarello et al. (2013) INH+IV 0.812 0.416 1.584
Kalin et al. (2012) INH+IV 0.354 0.082 1.533
Pérez-Pedrero et al. (2011) INH+IV 2500 0.208 30.118
Kofteridis et al. (2010) INH+IV 1.000 0.337 2963

1.307 0671 2547

Odds ratio and 95% Cl

1.85%  0.063 . _“
4164  0.000 —
0520  0.603 ——

2858  0.004 ———
0323  0.747 -

0611 0.541 -~ —

-1.389  0.165 |
072  0.471 o
0.000  1.000
0788  0.431 L»
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Figure 10. Forest plot for studies evaluating the risk of nephrotoxicity in patients receiving intravenous colistin or combined/

inhaled colistin.

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 al**, 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)%*
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

Study name Statistics for each study Odds ratio and 95%Cl

Odds Lower Upper

ratio limit limit ZValue p-Value
Demirdal et al. (2016) INH+IV 0.821 0391 1725 -0520 0.603 ——.—
Zah Bogovic et al. (2014) INH+IV 0679 0064 7.161 -0.323 0.747 =
Tumbarello et al. (2013) INH+IV 1.231 0631 2402 0.611 0.541 —.——
Kalin et al. (2012) INH+IV 2824 0652 12221 1.389 0.165 =
Pérez-Pedrero et al. (2011) INH+IV 0.400 0.033 4819 -0.722 0471 =
Kofteridis et al. (2010) INH+IV 1.000 0337 2963 0000 1.000

1.068 0.703 1.623 0.307 0.759 L
0.1 0.2 05 1 2 5 10

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

colistin regimen.
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Study name Statistics for each study Odds ratio and 95% ClI

Odds Lower Upper

ratio limit  limit
Choe et al. (2019) INH 0416 0.165 1.050
Jang etal. (2017) INH 7.764 2959 20.373

Abdellatif et al. (2016) INH  3.010 1.414 6.409
2135 0.435 10474

Z-Value p-Value

-1.856  0.063
4.164  0.000
2858 0.004
0.935 0.350

01 02 05 1 2 5 10

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 ¢

to the better pharmacokinetic profile of the inha-
lation route when compared to that of the intrave-
nous route. Likewise, Tumbarello et al. (2013)*
reported improved clinical cure and microbiolo-

olistin (INH+IV, inhalation plus intravenous, INH, inhalation only).

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

Study name Statistics for each study Odds ratio and 95%Cl

Odds Lower Upper

ratio limit limit Z-Value p-Value
Zheng et al. (2020) INH 2511 0795 7938 1568 0.117 i
Choe et al. (2019) INH 3222 1316 7.885 2562 0.010 L
Moghaddam etal. (2019) INH+lV  1.148 0.409 3224 0.263 0.793 il
Jang et al. (2017) INH 0647 0215 1953 -0.772 0.440 L
Y.K.Kim etal. (2017) INH 2128 1234 3672 2715 0.007 ——
Demirdal et al. (2016) INH+IV 0.787 0374 1653 -0.633 0.527 L
Abdellatif et al. (2016) INH 0822 0393 1.720 -0.519 0.603 )
Zah Bogovic etal. (2014) INH+IV  0.944 0.148 6.014 -0.061 0.952 1
Doshi et al. (2013) INH+IV 3563 0949 13371 1.883 0.060 =
Tumbarello etal. (2013) INH+IV ~ 1.096 0594 2.024 0.294 0.769 —h—
Amin etal. (2013) INH+IV 1.786 0436 7.317 0.806 0.420 -
Kalin et al. (2012) INH+IV 0711 0204 2483 -0.535 0.593 L
Naesens etal. (2011) INH+IV 20429 0.855 487967 1.863 0.062
Naesens etal. (2011) INH 11.000 0.426 284305 1.445 0.148
PérezPedrero etal. (2011) INH+IV 1635 0.365 7.326 0.642 0.521 L
Kofteridis et al. (2010) INH+IV 2376 0936 6.031 1.821 0.069 L
Korbila et al. (2010) INH+IV 1200 0565 2550 0475 0.635 L

1446 1081 1936 2483 0.013 <P

0.1 0.2 05 1 2 5 10

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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Study name
Odds
ratio
Moghaddam et al. (2019) INH+IV 1.148
Demirdal et al. (2016) INH+IV 0.787
Zah Bogovic et al. (2014) INH+IV 0.944
Doshi et al. (2013) INH+IV 3.563
Tumbarello et al. (2013) INH+IV 1.096
Amin et al. (2013) INH+IV 1.786
Kalin et al. (2012) INH+IV 0.711
Naesens et al. (2011) INH+IV 20.429
Pérez-Pedrero et al. (2011) INH+IV 1.635
Kofteridis et al. (2010) INH+IV 2.376
Korbila et al. (2010) INH+IV 1.200
1.269

. Cui, X. Lin, Y.-Y. Liu, Y.-H. Shen
Statistics for each study Odds ratio and 95%Cl
Lower Upper
limit limit ZValue p-Value
0409 3224 0263 0.793 -
0.374 1.653 -0.633 0.527 ———
0.148 6.014  -0.061 0.952 o
0949 13371 1.883  0.060 O
0594 2024 0294 0769 ——
0.436 7.317 0.806 0.420 o
0204 2483 -0535 0.593 .
0.855 487.967 1.863  0.062
0365 7.326 0642 0.521 =
0936 6.031 1.821  0.069 L
0565 2550 0475 0.635 —
0.933 1.725 1.519 0.129
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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).

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)*, in a

Study name Statistics for each study Odds ratio and 95% Cl

Odds Lower Upper

ratio  limit limt 2Z-Value p-Value
Zheng et al. (2020) INH 2511 0795 7938 1568 0.117 L
Choe et al. (2019) INH 3222 1316 7.885 2562 0.010 |
Jang et al. (2017) INH 0.647 0215 1.953 -0.772 0.440 L
Y.K.Kimetal. (2017)INH 2128 1234 3.672 2715 0.007 —.—
Abdellatif et al. (2016) INH  0.822 0.393 1.720 -0.519 0.603 ——.—
Naesens etal. (2011) INH 11.000 0.426 284.305 1.445 0.148

1.673 0933 2998 1.728 0.084 ’

01 02 05 1 2 5 10

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 al®** 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)"® 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)*® 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 findings**. 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)%. Similarly, during our
analysis of the microbiological eradication, we

observed odds of 11.1 from the data reported
by Zah Bogovic et al (2014)*. 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 error’'. 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.
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