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Abstract

Background: The prevalence of infections due to carbapenem-resistant Acinetobacter baumannii (CRAB) is on the rise
worldwide. Polymyxins are considered as last-resort drugs for CRAB infections, but there is still controversy regarding the
efficacy and safety of polymyxins based therapies in CRAB infections. The present systematic review was designed to
compare the efficacy and safety of polymyxins based therapies versus non-polymyxins based therapies in CRAB infections.

Methods: We performed a systematic literature search in PubMed, Embase, CINAHL, Cochrane Library, and clinicaltrials.
gov to identify eligible studies reporting the clinical outcomes of patients with CRAB infections. The meta-analysis
employed a random-effects model to estimate the odds ratio (OR) and standardized mean difference (SMD) with 95%
confidence interval (Cl). The primary outcome was 1-month mortality for any cause. We also examined clinical response,
microbiological response, length of stay in hospital, and adverse events.

Results: Eleven eligible studies were analyzed (1052 patients in total), including 2 randomized clinical trials. Serious risk of
bias was found in 8 out of the 11 studies. There was no statistically significant difference between polymyxins based
therapies and non-polymyxins based therapies in 1-month mortality for any cause (OR, 0.95; 95% Cl, 0.59 to 1.53),
microbiological response (OR, 3.83; 95% Cl, 0.90 to 16.29) and length of stay in hospital (SMD, 0.24; 95% Cl, — 0.08 to 0.56).
The pooled OR of clinical response indicated a significant difference in favor of polymyxin based therapies (OR, 1.99; 95%
C, 1.31 to 3.03). The pooled OR of adverse events showed that non-polymyxins based therapies were associated with
fewer adverse events (OR, 4.32; 95% Cl, 1.39 to 1348).
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non-polymyxins based therapies.

Conclusion: The performance of polymyxins based therapies was better than non-polymyxin based therapies in clinical
response rate and similar to non-polymyxin based therapies in terms of 1-month mortality and microbiological response
in treating CRAB infections. Due to the limitations of our study, we cannot draw a firm conclusion on the optimal
treatment of CRAB infections, but polymyxins would be a relatively effective treatment for CRAB infections. Adequate and
well-designed large scale randomized controlled trials are required to clarify the relative efficacy of polymyxins based and
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Background

Acinetobacter baumannii is a gram-negative opportunistic
pathogen [1] and a member of the ESKAPE (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter) pathogens. A. baumannii can develop di-
verse mechanisms of resistance and so is capable of escap-
ing from the effects of the commonly used antibiotics [2].
It may cause a range of nosocomial infections, including
pneumonia, bacteremia, wound infection, and post-
neurosurgical meningitis, threatening the lives of patients,
particularly in the setting of intensive care unit (ICU) [3].

Carbapenems are considered as the first-line agents
for treating A. baumannii infections if the isolates are
susceptible. But the widespread use of carbapenems
since 1990 has provoked the emergence of carbapenem-
resistant A. baumannii (CRAB) [4]. Lob et al. reported
that only about 8-26% A. baumannii isolates were sus-
ceptible to carbapenems worldwide [5]. Alarmingly, the
prevalence of CRAB isolates increased from 13.3% in
2004 to 70.5% in 2014 in China [6].

Polymyxins include polymyxin B and polymyxin E
(also known as colistin). They were discovered in 1947
[7] but discontinued shortly thereafter due to high
nephrotoxicity [8]. In recent years, they are reintroduced
into clinical practice for the activity against many
multidrug-resistant gram-negative bacilli. Polymyxins
may provide a synergistic effect with other antibiotic
classes by disrupting the outer membrane of gram-
negative bacteria [9].

Currently, polymyxins are the most commonly used
agents and often considered as the “last resort” or sal-
vage treatments of CRAB infections [10]. However, there
are still many controversies and confusions regarding
the efficacy and safety of polymyxins based therapies in
treating CRAB infections. While numerous reports
showed good therapeutic effects of polymyxins based
therapies [11, 12], some reports linked polymyxins based
therapies with a higher mortality [13, 14]. Other antibi-
otics, such as tigecycline and sulbactam, alternative
therapeutic options against CRAB, also have shown
mixed clinical outcomes [15]. Therefore, it is important
to elucidate whether the polymyxins based therapies are

more effective than other alternative treatments in pa-
tients with CRAB infection.

This meta-analysis was designed to evaluate the effi-
cacy and safety of polymyxins based therapies versus
non-polymyxins based therapies in CRAB infections
based on all the evidence available in the literature.

Methods

The study design of this systematic review and meta-
analysis was consistent with the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis Proto-
cols (PRISMA-P 2015) Guidelines [16].

Search strategies

Databases including PubMed, Embase, CINAHL, Cochrane
Library and clinicaltrials.gov (www.clinicaltrials.gov) were
searched for all the studies reporting the treatment of infec-
tions caused by CRAB from their inception to October
2019. We used the following search string: “poly-
myxin or colistin” and “Acinetobacter baumannii and
drug-resistant” or “Acinetobacter baumannii and car-
bapenem” or “carbapenem-resistant Acinetobacter
baumannii” (see Additional file 1 for detailed search
strategy). Furthermore, references listed in the identi-
fied articles and other reviews were also searched to
select relevant studies. No restrictions of language,
publication year or publication status were applied.

Selection criteria

Studies for inclusion were based on the following cri-
teria: (1) adult patients with CRAB infection, (2) poly-
myxins group was polymyxins based therapy and control
group was non-polymyxins based therapy, (3) random-
ized controlled trials (RCTs) or cohort studies or case-
control studies (whether retrospective or prospective),
(4) at least one active antibiotic was used in treatment
groups, and CRAB isolates were sensitive to polymyxins
in the polymyxins group, (5) carbapenem resistance was
clearly defined as resistant to imipenem and/or merope-
nem (without limitation on definition of cut off value),
(6) 1-month mortality for any cause was reported. Stud-
ies for exclusion were based on the following criteria: (1)
animals, in vitro, pharmacokinetics/pharmacodynamics
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(PK/PD) studies or single-arm studies, (2) polymyxins
were used in all treatment groups, (3) studies in patients
infected with mixed microorganisms, (4) abstracts pre-
sented at conferences, editorials, reviews, systematic re-
views, and meta-analyses, (5) less than five cases per
treatment group were reported. We attempted to con-
tact the authors for details if the data were unclear or
missing.

Full-text articles were retrieved for the studies that ful-
filled selection criteria. Two authors (CL & YZ) further
checked the eligibility of each study independently.

Outcomes

In this study, the primary outcome was 1-month (28-30
days) mortality for any cause (1-month mortality). The
secondary outcomes were clinical response, microbio-
logical response, length of stay in hospital and adverse
events. Clinical response was defined as complete reso-
lution of at least two signs of infection (such as abnor-
mal temperature, leukocytosis or leukopenia) at the end
of treatment. The signs of infection varied due to the site
of infection. Clinical judgment was made by the clinician
according to local guidelines. The microbiological re-
sponse was defined as a negative microbiological culture,
which was obtained at the end of treatment. Length of
stay in hospital was measured from the date of the infec-
tion was diagnosed to the date of discharge or death.
Adverse events included nephrotoxicity, hepatotoxicity,
skin rash, and diarrhea.

Data extraction and quality assessment

The information of first authors, publication years, study
years, countries, study designs, patient demographics (in-
cluding age, gender, resistance profile of the bacteria,
disease, and APACHE II score), clinical settings, sample
sizes, interventions (including regimen and route of ad-
ministration) and clinical outcomes were extracted from
individual studies. All data extraction was done inde-
pendently and checked by two authors (CL and YZ)
using a pre-defined data extraction form and then com-
pared for verification. The risk of bias of individual stud-
ies was assessed by four authors (CL, YZ, XL & JW)
using the Risk of Bias in Non-randomized Studies of
Interventions (ROBINS-I) tool endorsed by Cochrane
Scientific Committee for observational studies [17]. We
assessed the risk of bias for seven domains including bias
due to confounding, selection of participants into the
study, classification of the intervention, deviations from
intended interventions, bias due to missing data, meas-
urement of outcomes, and selection of the reported re-
sult. The rating of each domain ranged from low,
moderate, serious, to critical risk, and no information
(NI). The rating of risk of bias was based on the data we
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used for meta-analysis rather than the data in publica-
tions. Any discrepancies were settled by consensus.

Statistical analysis

We performed a meta-analysis using the Mantel-
Haenszel method (random-effects model) and inverse
variance approach (random-effects model) to estimate
the Odd Ratio (OR) and standardized mean difference
(SMD) with 95% confidence interval (CI) to compare
polymyxins based therapies with non-polymyxins based
therapies. Dichotomous variables including 1-month
mortality, clinical response, microbiological response,
and adverse events were described by OR and CI. Con-
tinuous variable, length of stay in hospital, was described
by SMD and CI. Heterogeneity between studies was
assessed by the Q statistics and I* tests (P < 0.05 and I* >
50% suggesting significant heterogeneity). Sensitivity
analyses were performed on efficacy outcomes to iden-
tify the source of heterogeneity by excluding the studies
with serious risk of bias, excluding studies published be-
fore 2010, excluding studies with small sample size and
excluding studies with inadequate balance in baseline
characteristics. The leave-one-out analysis was con-
ducted to ensure that no single study unduly influenced
the overall effect size. A funnel plot was used to measure
the publication bias. Egger’s test and Peters’ test were
used to evaluate the asymmetry of funnel plot [18]. Sub-
group analyses were done to compare the efficacy split
by infection site, route of administration and region. All
the above analyses were performed with Review Man-
ager (RevMan) software, Version 5.3, (Copenhagen: The
Nordic Cochrane Centre, The Cochrane Collaboration,
2014.) except the analysis of publication bias, which was
done with STATA software, Version 13.0. (StataCorp
LLC, 2013).

Results

The selection of included studies

A total of 271 studies were identified through the elec-
tronic database search and 15 studies were identified
through manual search. After removing the duplicate re-
cords between databases, the abstracts of the remaining
262 articles were retrieved for a preliminary screening.
Thirty-four studies with full texts were further assessed
for eligibility, of which 13 studies were excluded because
of insufficient information of carbapenem-resistance, 5
were excluded due to the unavailability of the data of 1-
month mortality, 4 were excluded because patients were
co-infected with other bacteria and 1 study was excluded
because patients in control group did not receive active
treatments. Finally, a total of 11 studies were included in
our meta-analysis. Additional data were obtained from
the author of the paper published by Raz-Pasteur and
colleagues in 2019 [19]. The data were adequate for
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comparing colistin with ampicillin-sulbactam and com-
paring colistin with trimethoprim-sulfamethoxazole sep-
arately in two independent sets of data. Therefore, a
total of 12 datasets were analyzed. A flowchart of study
selection is shown in Fig. 1.

Study characteristics

The meta-analysis was performed with 11 studies [13,
14, 19-27], including a total of 1052 patients (496 pa-
tients in polymyxins group and 556 patients in control
group). The characteristics of the included studies are
listed in Table 1. These 11 studies consisted of 8 retro-
spective studies [13, 14, 19, 22, 24-27], 2 RCTs [20, 21]
and 1 prospective study [23]. The research hospitals are
in North America and Europe (USA, Greece, Spain,
Turkey, and France), Middle East (Iran, and Israel) and
Asia (Taiwan, China, and Thailand). Two studies [25,
26] assessed patients with intracranial infections (such as
meningitis). One study [13] reported on patients with
intra-abdominal infection. Five studies examined pneu-
monia [14, 20-22, 24], including hospital-acquired pneu-
monia (HAP) and ventilator-associated pneumonia
(VAP). Three studies [19, 23, 27] included more than
one site of infection. In polymyxins group, colistin was
administered in 10 studies [13, 14, 19-24, 26, 27] and
polymyxin B [25] was used in only one study. In the
control group, carbapenems, tetracyclines, cephalospo-
rins, B-lactam/B-lactamase inhibitors, quinolones, ami-
noglycosides and glycylcycline (tigecycline) were the
most commonly used alternative antibiotics. In 7 studies
[13, 14, 19-21, 23, 24], the intravenous (IV) route of ad-
ministration was used in both polymyxins and control
groups. But in the other 4 studies [22, 25-27], patients
in polymyxins group received IV and intrathecal/intrace-
rebral (IT) polymyxins or IV and inhaled (IH) poly-
myxins, while patients in control group were given IV
antibiotics only. One-month mortality was reported in
all studies, clinical and microbiological response was re-
ported in 5 studies. The length of stay in hospital and
adverse events were reported in 4 studies.

Quality assessment

The output of the ROBINS-I tool is summarized in Fig. 2.
The risk of bias was rated as moderate for 2 RCTs [20,21]
and one [14] retrospective study, serious for the remaining
8 studies. Seven studies [19, 22—27] were at serious risk of
bias in the domain of “bias due to confounding”. The
common confounding factors were comorbidities (espe-
cially immunodeficiency), mixed infection sites, antibiotic
susceptibility, severity of disease, and empirical treatment.
Six studies [13, 23-27] were judged to be at serious risk in
the domain of “bias in classification of interventions” be-
cause of lacking records of the dose/loading dose, fre-
quency, and timing of intervention. Only one study was at
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serious risk of bias due to missing 50 records of patients
without explanation [25].

Meta-analysis for 1-month mortality

Eleven studies reporting the 1-month mortality of poly-
myxins based therapies and non-polymyxins based ther-
apies for CRAB infections were included in this meta-
analysis. There was no statistically significant difference
between the two groups in 1-month mortality (OR, 0.95;
95% CI, 0.59 to 1.53; P=0.84). Statistically significant
heterogeneity (P = 0.01, I? = 54%) was observed (Fig. 3).

Meta-analysis for clinical response

Five studies [20-22, 26, 27] involving 449 patients com-
pared the clinical response of two types of therapies. No
statistically significant heterogeneity was observed
among these studies (P = 0.64, P =0.0%). The pooled OR
of clinical response suggested that polymyxins based
therapies may have an advantage over non-polymyxins
based therapies (OR, 1.99; 95% CI, 1.31 to 3.03; P=
0.001) (Fig. 4a).

Meta-analysis for microbiological response

Five studies [20, 21, 25-27] (261 patients) reported the
microbiological response. The microbiological response
rates favored polymyxins group, but the difference was
not statistically significant (OR, 3.83; 95% CI, 0.90 to
16.29; P =0.07) between the two types of therapies. Sta-
tistically significant heterogeneity (P=0.002, I*=76%)
was observed among the five studies (Fig. 4b).

Meta-analysis for length of stay in hospital

Four studies [13, 14, 19, 27] reported the length of stay
in hospital. The heterogeneity observed among 4 studies
was not statistically significant (P =0.24, I* = 28%). The
length of stay in hospital did not differ significantly
(SMD, 0.24; 95% CI, —0.08 to 0.56; P=0.14) between
polymyxins based therapies (210 patients) and non-
polymyxins based therapies (81 patients), but with a
trend of prolonged hospitalization for patients receiving
polymyxins based therapies (Fig. 4c).

Meta-analysis for adverse events

Adverse events were recorded in 4 studies [13, 20, 21, 26]
involving 123 patients. The main adverse events of poly-
myxins based therapies were associated with nephrotox-
icity. Twenty nephrotoxicity-related adverse events were
seen in the 61 patients with polymyxins based therapies,
and 6 in the 62 patients treated with non-polymyxins
based therapies. Our result showed that more adverse
events occurred in polymyxins group than in control
group (OR, 4.32; 95% CI, 1.39 to 13.48; P =0.01) (Fig. 4d).
Statistical heterogeneity was not significant among these
studies (P =0.29, I? = 21%).
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A. Summary of risk of bias of included studies
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Fig. 2 Summary of risk of bias: a Summary of risk of bias of included studies; b Risk of bias in individual studies. The green, yellow and red
represent “low risk of bias”, “moderate risk of bias” and “serious risk of bias’, respectively
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Pan 2018 2 23 21 38  59% 0.08 [0.02, 0.38]

Trottier 2007 12 96 7 20 8.9% 0.27[0.09, 0.80] -

Chusri 2019 4 14 5 14 58% 0.72]0.15, 3.54] - 1

Liang 2018 36 110 48 128 14.1% 0.81[0.47, 1.38] ™

Sipahi 2018 4 8 6 12 50% 1.00[0.17, 5.98] -

Lopez-Cortes 2014 14 52 3 12 6.6% 1.11[0.26, 4.68] -

Khalili 2018 10 24 9 23 84% 1.11]0.35, 3.57] - I

Ozvatan 2016 18 29 109 187 11.5% 1.1710.52, 2.62] N

Raz-Pasteur 2019* 24 59 8 24 97% 1.37]0.51, 3.71] -1

Betrosian 2008 5 15 3 13 54% 1.6710.31,8.93] -1

Raz-Pasteur 2019* 24 59 13 53 11.4% 2.11]0.94, 4.76] |

Zalts 2016 17 66 3 32 74% 3.35[0.90, 12.44] -

Total (95% Cl) 555 556 100.0% 0.95[0.59, 1.53] ‘
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Heterogeneity: Tau? = 0.34; Chi? = 23.84, df = 11 (P = 0.01); I = 54% 0*02 0* 1 ! 1*0 5*0

Test for overall effect: Z=0.21 (P = 0.84)

Fig. 3 The forest plot of studies reporting 1-month mortality. Studies were ranked according to their effect sizes. #Ampicillin—sulbactam was used
in non-polymyxins group. *Trimethoprim-sulfamethoxazole was used in non-polymyxins group
A

Favours [polymyxin] Favours [non-polymyxin]

(clinical response and adverse events) did not change
substantially after subgrouping, which proved the
consistency of our results (Additional file 2: Table S1).

A leave-one-out analysis was also performed to reflect
the effect of individual dataset on the pooled ORs. The
corresponding pooled ORs of our primary outcome were
not changed remarkably (Additional file 2: Table S2).

The funnel plot was constructed to assess the publica-
tion bias of the literature (Additional file 3). There was
no evidence of publication bias based on Egger’s test
(t=-1.21; P=0.253) and Peters’ test (t=-0.18; P=
0.864). The tests could be underpowered due to small
sample size.

Subgroup analyses

Subgroup analyses of 1-month mortality were planned
to split the studies according to infection site, route of
administration or region. Studies were classified into 4
subgroups in terms of infection site, i.e., pneumonia,
mixed infection, intracranial infection, and intra-
abdominal infection. The pooled ORs of 1-month mor-
tality did not differ from the primary analysis remark-
ably. No significant difference was seen between
polymyxins based therapies and non-polymyxins based
therapies after subgrouping. The pooled ORs of pneu-
monia, intracranial infection and mixed infection were
1.10 (95% CI, 0.73 to 1.66), 0.27 (95% CI, 0.02 to 3.35)
and 0.99 (95% CI, 0.39 to 2.50), respectively. Only one
paper reported the intra-abdominal infection caused by
CRAB and the OR was 0.72 with 95% CI (0.15 to 3.54)
(Fig. 5). A subgroup analysis was carried out based on

route of administration to compare the 1-month mortal-
ity between a subset of studies in which antibiotics were
given intravenously in both groups and a subset of stud-
ies in which polymyxins were given by multiple routes.
The pooled OR of studies, in which multiple routes (IV
plus IH/IT) were used for polymyxins administration,
was 0.33 (95% CI, 0.11 to 0.96). The pooled OR was 1.25
(95% CI, 0.85 to 1.83) in studies that antibiotics were ad-
ministered intravenously only (Fig. 6). This result indi-
cated that lower mortality was associated with the direct
delivery of polymyxins to the focus of infection by intra-
thecal/intracerebral ventricle injection or inhalation. A
subgroup analysis was also carried out according to geo-
graphical region in order to understand the regional dif-
ference of 1-month mortality. Interestingly, the result
showed that studies from Middle East region were in
favor of non-polymyxin therapies because of lower mor-
tality rate (OR, 1.79; 95% CI, 1.07 to 2.98) (Fig. 7).

Discussion

Infections due to CRAB require special attention. The
high morbidity/mortality, the potential to cause out-
breaks and the spread of antibiotic resistance are all as-
sociated with CRAB infections [3]. Polymyxins are the
common options for CRAB infections in clinical practice
nowadays. Are polymyxins actually the optimal choice
for treating CRAB infections? We aim to answer this
question by compiling the up-to-date knowledge on the
efficacy and safety of polymyxin-based and non-
polymyxin-base therapies for CRAB infections.
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A. Clinical response

Test for overall effect: Z = 3.22 (P = 0.001)

B. Microbiological response

Test for overall effect: Z = 1.82 (P = 0.07)

C. Length of stay in hospital

Polymyxins  Non-polymyxins Odds Ratio Odds Ratio
Stud: Events Total Events Total Weight M-H. Random,95% Cl M-H, Random. 95% CI
Betrosian 2008 1 15 10 13 59% 0.8210.15, 4.63] —
Khalili 2018 18 24 16 23 10.7% 1.31[0.36, 4.73] - 1
Liang 2018 48 110 36 128 60.5% 1.98[1.15, 3.39] ——
Sipahi 2018 5 8 5 12 52% 2.33[0.37, 14.61] -1 -
Trottier 2007 4 % 10 20 17.7% 3.36[1.24,9.12] -
Total (95% Cl) 253 196 100.0% 1.99 [1.31, 3.03] 4
Total events 156 7 ) . . ,
Heterogeneity: Tau? = 0.00; Chi? = 2.50, df = 4 (P = 0.64); I* = 0% IO.05 012 1 é 20'

Polymyxins  Non-polymyxins Odds Ratio Odds Ratio
_Study  Events Total Events Total Weight M-H.Random.95%Cl  M-H.Random.95%Cl
Khalli 2018 5 4 5 23 27% 0.95[0.23, 3.83] —
Betrosian 2008 10 15 8 13 208% 1.25[0.27, 5.89]  —
Sipahi 2018 6 7 8 10 144%  1.50[0.11,20.68] — T
Trottier 2007 57 &7 421 2B4%  8.07[249,26.16] —
Pan 2018 723 738 200%  46.50[8.79, 246.09] —
Total (95% Cl) 156 105 100.0%  3.83[0.90,16.29] -
Total events 99 32
Heterogeneity: Tau? = 2.00; Chi? = 16.60, df = 4 (P = 0.002); 1= 76% o.=005 0 T 1=0 2(’)0

Favours [non-polymyxin] - Favours [polymyxin]

Favours [non-polymyxin] Favours [polymyxin]

Std. Mean Difference
1V, Random, 95% Cl

Std. Mean Difference
1V, Random, 95% Cl

Polymyxins Non-polymyxins
_Study  Mean SD Total Mean SD Total Weight
Zalts 2016 45 246 66 453 266 32 361%
Raz-Pasteur 2019*  60.15 7526 34 5247 531 15 212%
Trottier 2007 585 384 96 45 451 20 295%
Chusri 2019 67 237 14 40 356 14 142%
Total (95% Cl) 210 81 100.0%

Heterogeneity: Tau? = 0.03; Chi* = 4.16, df = 3 (P = 0.24); I = 28%
Test for overall effect: Z = 1.48 (P = 0.14)

D. Adverse events

Test for overall effect: Z=2.52 (P = 0.01)

Polymyxins  Non-polymyxins Odds Ratio Odds Ratio

Stud Events Total Events Total Weight M-H. Random,95% Cl M-H. Random, 95% CI
Betrosian 2008 6 15 4 13 36.5% 1.50[0.31,7.19] -
Khalili 2018 3 24 1 23 19.7% 3.140.30, 32.65] -1
Chusri 2019 10 14 3 14 31.8% 9.17[1.63, 51.43] &
Sipahi 2018 4 8 0 12 12.0%  25.00[1.11,562.82] T
Total (95% Cl) 61 62 100.0%  4.32[1.39, 13.48] >
Total events 23 8

i Tau2 = 098 Chi? = Z3(P=099) =919 } } } t
Heterogeneity: Tau? = 0.28; Chi? = 3.78, df = 3 (P = 0.29); I*=21% 0,002 Y 1 10 500

Fig. 4 The forest plots of secondary outcomes: a clinical response; b microbiological response; ¢ Length of stay in hospital; d Adverse events.
Studies were ranked according to their effect sizes. #Ampicillin-sulbactam was used in non-polymyxins group
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Favours [polymyxin] Favours [non-polymyxin]

The goal of all medical treatments is to improve the
overall survival of patients. The all-cause mortality is a
measurement of overall survival and an objective end-
point which is not subject to bias. That is why we chose
1-month mortality for any cause as the primary efficacy
outcome in this meta-analysis. And one-month follow-
up period is commonly used in hospitals [28]. One-

month mortality for any cause was 30.6% in polymyxins
group and 42.3% in non-polymyxins group. Our meta-
analysis showed that polymyxins based therapies were
not associated with lower 1-month mortality when com-
paring with non-polymyxins based therapies. Many un-
certainties are related to 1-month mortality. Especially
in our study, 193 patients were in ICU settings with
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Polymyxins  Non-polymyxins Odds Ratio Odds Ratio

Study or Subgroup  Events Total Events Total Weight M-H. Random,95% Cl M-H. Random. 95% ClI
1. Pneumonia
Liang 2018 36 110 48 128 48.5% 0.8110.47,1.38]
Khalili 2018 10 24 9 23 12.0% 1.11[0.35, 3.57]
Ozvatan 2016 18 29 109 187 24.0% 1.1710.52, 2.62]
Betrosian 2008 5 15 3 13 59% 1.67[0.31, 8.93] -
Zalts 2016 17 66 3 32 9.6% 3.35[0.90, 12.44] T
Subtotal (95% CI) 244 383 100.0% 1.10[0.73, 1.66] L 4
Total events 86 172

Heterogeneity: Tau? = 0.02; Chiz=4.29, df =4 (P =0.37); > = 7%
Test for overall effect: Z = 0.45 (P = 0.65)

2. Intracranial infection

Pan 2018 2 23 21 38 51.4%
Sipahi 2018 4 8 6 12 48.6%
Subtotal (95% CI) 3 50 100.0%
Total events 6 27

Heterogeneity: Tau? = 2.58; Chi? = 4.46, df =1 (P = 0.03); 2= 78%
Test for overall effect: Z = 1.02 (P = 0.31)

3. Mixed infections

Trottier 2007 10 87 7 21 24.4%
Lopez-Cortes 2014 14 52 3 12 19.7%
Raz-Pasteur 2019* 24 59 8 24 26.4%
Raz-Pasteur 2019* 24 59 13 53 29.4%
Subtotal (95% CI) 257 110 100.0%
Total events 72 3

Heterogeneity: Tau? = 0.58; Chi? =9.03, df =3 (P = 0.03); I?=67%
Test for overall effect: Z=0.01 (P = 0.99)

Fig. 5 The forest plot of studies reporting 1-month mortality grouped by infection site. Studies were ranked according to their effect sizes.
#Ampicillin-sulbactam was used in non-polymyxins group. *Trimethoprim-sulfamethoxazole was used in non-polymyxins group
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serious comorbidities and complications. Many un-
known and undocumented factors could influence the
outcome of 1-month mortality.

To further comprehend the relative efficacy on a more
specific level, clinical and microbiological responses were
designed as secondary outcomes. Our meta-analysis
demonstrated that the performance of polymyxins based
therapies (desirable clinical response in 61.7% patients)
was better than non-polymyxins based therapies (desir-
able clinical response in 39.3% patients) in terms of clin-
ical response. The percentage of patients achieving a
good microbiological response at the end of treatment
was 63.5% in polymyxins group, which was 2 times
higher than that in non-polymyxins based group

(30.5%). The microbiological response rates favored
polymyxins group, but the statistical significance was not
reached, probably due to small sample size.

Just like previous reports [29], we found that more ad-
verse events were reported in polymyxins group, espe-
cially nephrotoxic events. A total of 23 adverse events
were recorded in polymyxins group, of which 20 were
associated with nephrotoxicity. We cannot emphasize
enough the importance of renal function monitoring
and timely dose adjustment for patients receiving poly-
myxins. The key was to follow the guidelines of poly-
myxins usage to balance the efficacy and safety [30, 31].

The subgroup analysis based on route of administra-
tion showed that direct delivery of polymyxins to the
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Polymyxins  Non-polymyxins Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H. Random,95% Cl M-H. Random. 95% CI
1. Intravenous
Chusri 2019 4 14 5 14 58% 0.720.15, 3.54] —
Raz-Pasteur 2019* 24 59 21 53 255% 1.04[0.49, 2.23] B
Lopez-Cortes 2014 14 52 3 12 7.0% 1.1110.26, 4.68] I
Khalili 2018 10 24 9 23 10.7% 1.1110.35, 3.57] - I
Ozvatan 2016 18 29 109 187  22.6% 1.1710.52, 2.62] B
Raz-Pasteur 2019* 24 59 8 24 14.7% 1.3710.51, 3.71] -
Betrosian 2008 5 15 3 13 52% 1.6710.31, 8.93] -
Zalts 2016 17 66 3 32 85% 3.35[0.90, 12.44] T
Subtotal (95% CI) 318 358 100.0% 1.25[0.85, 1.83] ’
Total events 116 161

Heterogeneity: Tau? = 0.00; Chiz=3.11,df =7 (P = 0.88); I>= 0%
Test for overall effect: Z = 1.14 (P = 0.25)

2. Intravenous+Inhaled/Intrathecal/lntracerebral

Pan 2018 2 2 21 38 20.9%
Trottier 2007 10 87 7 21 27.1%
Sipahi 2018 2 8 5 12 16.7%
Liang 2018 36 110 48 128 35.3%
Subtotal (95% CI) 228 199 100.0%
Total events 50 81

Heterogeneity: Tau? = 0.76; Chi? = 9.73, df = 3 (P = 0.02); I = 69%
Test for overall effect: Z = 2.03 (P = 0.04)

_

Fig. 6 The forest plot of studies reporting 1-month mortality grouped by route of administration. Studies were ranked according to their effect
sizes. # Ampicillin-sulbactam was used in non-polymyxins group. *Trimethoprim-sulfamethoxazole was used in non-polymyxins group

008[0.02,038 —*

0.26 [0.08, 0.80] —

0.47[0.07, 3.34] —
-

0.81[047, 1.3]
0.33[0.11, 0.96]

] ] ] 1
T 1

0.01 0.1 1 10 100
Favours [polymyxin] Favours [non-polymyxin]

focus of infection helps. This was in agreement with the
previous studies reporting the efficacy of IV polymyxins
combined with inhaled or intracranial polymyxins, which
was significantly superior to IV polymyxins alone for
treating CRAB induced pneumonia and meningitis [32—
34]. Limited penetration into alveoli and limited ability
to cross the blood-brain barrier of polymyxins can partly
explain our findings [35, 36].

A previous meta-analysis by Liu et al. in 2014 noted
that polymyxins may be effective for treatment of A.
baumannii infection [37]. However, the cases included
in their analysis did not share a clear definition of carba-
penem resistance. They evaluated the treatments of A.
baumannii infections showing different types of drug re-
sistance or no resistance. Given the importance of dis-
tinguishing drug resistance in antimicrobial treatments,
a clear definition of drug resistance in our study selec-
tion could reduce the heterogeneity of meta-analysis.
Furthermore, only the studies involving adult patients

were included in our analysis, while Liu et al. compiled
studies of both adult and pediatric patients. Considering
the unique physiological and microbiological conditions
of pediatric patients, antimicrobial therapy targeting re-
sistant microorganisms should be discussed in pediatric
patients separately. This report is therefore a more ro-
bust meta-analysis with improved study design.

Several limitations exist in our meta-analysis. First, the
quality of the included studies was low. Only 3 of the 11
studies were at moderate risk of bias and the others were
at serious risk of bias. Second, the studied population
was heterogeneous. The diverse baseline conditions of
infections and comorbidities introduced unknown con-
founding factors. Third, lacking information about drug
use for comorbidity may cause the underestimation of
unknown drug-drug interaction which affected the clin-
ical outcomes. Furthermore, the sample size was small
which could reduce the power of our analysis. Taking
together, the findings must be interpreted with caution.
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Polymyxins  Non-polymyxins Odds Ratio Odds Ratio

Study or Subgroup  Events Total Events Total Weight M-H. Random,95% Cl M-H. Random. 95% ClI

1. Asia

Pan 2018 2 23 21 38 28.7% 008[0.02,038) — &

Chusri 2019 4 14 5 14 28.6% 0.72[0.15, 3.54] - &

Liang 2018 36 110 48 128  42.8% 0.81[0.47,1.38] :

Subtotal (95% CI) 147 180 100.0% 0.40[0.10, 1.61]

Total events 42 74

Heterogeneity: Tau? = 1.10; Chi2=7.79, df =2 (P = 0.02); I = 74%
Test for overall effect: Z=1.29 (P = 0.20)

2. Middle East

Khalili 2018 10 24 9 23 19.2%
Raz-Pasteur 2019* 24 59 8 24 26.3%
Raz-Pasteur 2019* 24 59 13 53  39.4%
Zalts 2016 17 66 3 32 15.2%
Subtotal (95% CI) 208 132 100.0%
Total events 75 33

Heterogeneity: Tau? = 0.00; Chi? = 1.96, df = 3 (P = 0.58); I>= 0%
Test for overall effect: Z =2.23 (P = 0.03)

3. Western

Trottier 2007 12 9% 7 20 24.3%
Sipahi 2018 3 8 5 12 11.3%
Lopez-Cortes 2014 14 52 3 12 16.6%
Ozvatan 2016 18 29 109 187 34.7%
Betrosian 2008 5 15 3 13 13.1%
Subtotal (95% Cl) 200 244 100.0%
Total events 52 127

Heterogeneity: Tau? = 0.17; Chi?=5.67, df =4 (P = 0.23); I?= 29%
Test for overall effect: Z = 0.59 (P = 0.55)

Fig. 7 The forest plot of studies reporting 1-month mortality grouped by geographic region. Studies were ranked according to their effect sizes.
#Ampicillin-sulbactam was used in non-polymyxins group. *Trimethoprim-sulfamethoxazole was used in non-polymyxins group
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Our results may be not representative enough for the
whole picture of the polymyxins based and non-
polymyxins based therapies against CRAB infections.

Conclusion

Although our study cannot provide an answer for the
optimal treatment of CRAB infection, our results did
show that polymyxin could be a relatively effective ther-
apy for CRAB infection. More randomized trials are
needed to address the exact efficacy of different anti-
CRAB treatments. Renal function monitoring to adjust
the dose of polymyxin accordingly could largely improve
the safety of polymyxin treatment [31]. Stewardship of

polymyxin use also helps to prevent the emergence of
polymyxin-resistant bacteria. More importantly, all
healthcare providers should work closely to keep priori-
tizing research and development of new antibiotics.
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