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Abstract

Background For resistant Gram-positive bacteria, evidence suggests that combination therapy is more effective.
However, for resistant Gram-negative bacteria, no consensus has been reached. This study aims to comprehensively
summarize the evidence and evaluate the impact of combination versus monotherapy on infections caused by car-
bapenem-resistant Gram-negative bacteria (CRGNB).

Methods A systematic search was conducted in PubMed, Cochrane library, Web of Science, and Embase up to June
15, 2024, to identify relevant studies. This study included comparisons of monotherapy and combination therapy

for treating infections caused by CRGNB. Topical antibiotics (i.e., inhalational or intratracheal administration) and mon-
otherapy with sulbactam/relebactam was excluded. The primary outcome was mortality, and the secondary out-
comes were clinical success and microbiological eradication. Pooled odds ratios (OR) and 95% confidence intervals
(Cl) were calculated in order to systematically assess effect of treatment on mortality, clinical success and microbio-
logical eradication. Subgroup analyses, publication bias tests, and sensitivity analyses were also performed.

Results A total of 62 studies, including 8342 participants, were analyzed, comprising 7 randomized controlled trials
and 55 non-randomized studies. Monotherapy was associated with higher mortality (OR=1.29, 95%Cl: 1.11-1.51),
lower clinical success (OR=0.74, 95%Cl: 0.56-0.98), and lower microbiological eradication (OR=0.71, 95%Cl: 0.55-0.91)
compared to combination therapy for CRGNB infections. Specifically, patients with carbapenem-resistant Enterobacte-
riaceae (CRE) infections receiving monotherapy had higher mortality (OR=1.50, 95%Cl: 1.15-1.95), comparable clinical
success (OR=0.57,95%Cl: 0.28-1.16), and lower microbiological eradication (OR=0.48,95%Cl:0.25-0.91) than those
receiving combination therapy. For carbapenem-resistant Acinetobacter baumannii (CRAB) infections, no significant
differences were observed in mortality (OR=1.15.95%Cl: 0.90-1.47), clinical success (OR=0.95,95%Cl: 0.74-1.24)

and microbiological eradication (OR=0.78,95%Cl: 0.54-1.12).
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resistant Enterobacteriaceae

Conclusions Monotherapy or combination therapy is controversial. The systematic review and meta-analysis sug-
gested that monotherapy is associated with higher mortality, lower clinical success, and lower microbiological eradi-
cation for treating infection caused by CRGNB. The available evidence suggests that treatment should be selected
based on the specific bacteria and antibiotic used. Monotherapy for CRE infections may lead to adverse outcomes.
For CRAB infections, no significant differences were found between combination therapy and monotherapy.

Systematic review registration PROSPERO CRD42022331861.
Keywords Combination therapy, Monotherapy, Carbapenem-resistant Gram-negative bacteria, Carbapenem-

Introduction

Carbapenem-resistant Gram-negative pathogens carry a
higher risk of mortality and morbidity compared to their
carbapenem-susceptible pathogens [1-3].The increas-
ing number of reports indicating high mortality from
carbapenem-resistant Gram-negative infections has
raised significant concerns [4]. Clinical physicians face
challenges in selecting appropriate antimicrobials due to
the complexity of empiric and guided antibiotic therapy.
It seems difficult to introduce new antibiotics or replace
existing ones, making the optimization of antibiotic utili-
zation imperative.

For resistant Gram-positive cocci, such as Methicillin-
resistant Staphylococcus aureus (MRSA), an increasing
body of evidence supports the superiority of combina-
tion therapy over monotherapy [5]. This has led to the
broader application of combination therapy for resistant
Gram-negative bacilli. Numerous studies have confirmed
that the use of more than one antibiotic active in vitro
against the causative organism leads to lower mortality
rates in infections caused by Gram-negative bacteria [6—
8]. Combination therapy could prevent the development
of resistance, achieve higher clinical improvement, and
allow the use of lower doses or shorter treatment dura-
tions [9].

In recent years, numerous clinical studies have emerged
comparing monotherapy and combination therapy, yield-
ing divergent conclusions. Combination therapy is a
common strategy for treating multidrug-resistant infec-
tions. Despite the strong rationale for improving efficacy
and reducing resistance development, the evidence sup-
porting this approach remains controversial [10]. There
is still insufficient evidence to prove that combination
therapy is superior to monotherapy. The nation that “The
more antibiotics, the better” is not convincing. Combi-
nation therapy may lead to a higher incidence of adverse
events, such as nephrotoxicity. Small-sized meta-analy-
ses indicate that combination therapy is not superior to
monotherapy [11, 12].

Combination therapy or monotherapy? To choose
an anti-infective treatment regimen, recently, numer-
ous recent studies and mate-analyses on infections has

emerged [13-24]. There is no consensus on whether
combination therapy is not superior to monotherapy.
Choosing the appropriate treatment for infection patients
is challenging; understanding which antibiotics to use,
for which organisms, and in what combinations is cru-
cial. We present the findings of a systematic review and
meta-analysis aimed at determining whether combina-
tion antimicrobial therapy reduces mortality in patients
with infections caused by carbapenem-resistant Gram-
negative bacteria (CRGNB). To the best of our knowl-
edge, this is the first large, comprehensive meta-analysis
on infections due to CRGNB.

Methods

Data sources

The protocol was prospectively registered on PROSPERO
with the registration number CRD42022331861. The sys-
tematic review was conducted and presented according
to the general principles recommended in the Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
ysis (PRISMA) Statement [25, 26]. We searched PubMed,
Cochrane library, Web of Science, and Embase to identify
published studies up to March 15, 2022, without language
restrictions. We subsequently updated our search until
June 15, 2024. The following keywords were searched in
combination: Gram-negative bacilli, Enterobacteriaceae,
Klebsiella pneumoniae, Acinetobacter baumannii, Escher-
ichia coli, Salmonella, Shigella, Proteus, Serratia, Citro-
bacter, Pseudomonas aeruginosa, resistan*, carbapenem,
imipenem, meropenem, ertapenem, doripenem. The full
search strategy is available in the Additional File 2. Eth-
ics board approval was no necessity for a meta-analysis of
previously published studies.

Eligibility criteria

Studies were included if they compared monotherapy
regimens with combination therapy regimens for the
treatment of infections caused by CRGNB. Eligible stud-
ies had at least 10 participants and endpoints of mortal-
ity and/or clinical/microbiological response. We included
but was not limited to randomized controlled trials
(RCTs), retrospective, and prospective studies. Studies
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with significant differences in the number of participants
between experimental and control groups were excluded.
Due to the controversial efficiency of topical antibiot-
ics (i.e., inhalational or intratracheal administration), we
only considered interventions administered or orally.
Intravenous administration includes bolus and infusions.
In most of the articles, the route of intravenous admin-
istration was not further classified. Monotherapy with
sulbactam/relebactam was deemed ineligible due to the
indistinguishability between beta-lactamase/beta-lac-
tamase inhibitors and beta-lactamase inhibitors. Trials
involving animals, in vitro studies, or healthy human sub-
jects were excluded, as were case reports, review articles,
and conference abstracts.

Population

We included participants of studies with infections rather
than colonization due to CRGNB and with the age of at
least 16.

Definitions and outcomes

Monotherapy (MT) is defined as the administration of a
single antibiotic agent, while combination therapy (CT)
involves the use of two or more antibiotic agents. These
can include standardized antibiotic regimens (appro-
priate dosage and frequency) and non-standardized
regimens (inappropriate dosage and frequency). Carbap-
enems resistance is defined as non-susceptibility to any
carbapenem antibiotics, including ertapenem, merope-
nem, imipenem, and doripenem. Antimicrobial sensitiv-
ity tests were conducted using disc diffusion or broth/
agar dilution minimum inhibitory concentration (MIC)
tests. The MIC cut-off values varied across different stud-
ies. The specific MIC standards referenced by each study
are detailed in eTable 3 of the Additional file 2.

The primary outcome was mortality, including all-
cause mortality and infection-related mortality at the end
of the treatment (or at a certain time point in the pro-
cess of treatment). The secondary outcomes were clini-
cal success and microbiological eradication at the end of
the treatment (or at a certain time point in the process
of treatment). When data regarding outcomes at the end
of treatment or discharge were not provided, outcomes at
the end of follow-up were extracted.

Data selection and extraction

Citation management was performed using Endnote X9
(Clarivate). Two reviewers (L.C.C. and L.Y.G.) searched
for and examined relevant studies independently. Any
controversial issue was resolved through full discus-
sion and decided by the author (L.C.C.) if necessary.
The following data was extracted from every research:
(1) Characteristics of the study such as author, country,
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year, study design, number of arms, and period of
follow-up; (2) characteristics of settings (i.e., type of
wards, admitted in ICU) and participant such as age
range, gender, number of patients included in the anal-
ysis, type of infection; (3) type of intervention and type
of comparator(s) such as concomitant antimicrobial
intervention characteristics; and (4) outcomes measure
including mortality, clinical success, and microbiologi-
cal eradication.

Risk of bias assessment and quality assessment

Two authors (L.C.C. and M.ZJ.) independently
assessed the bias of RCTs by version 2 (RoB 2) tool
proposed by the revised Cochrane risk of bias [27] and
non-randomized studies interventions (NRSIs) with
Methodological Index for Non-randomized Studies
(MINORS) terms [28]. The Cochrane risk of bias, RoB
2.0, contains several aspects: randomization process,
deviations from intended interventions, missing out-
come data, measurement of the outcome, and selec-
tion of the reported result. A summary of our risk of
bias evaluations with the Cochrane tool is presented
in the Additional File 2 (eFigurel). There are 12 evalu-
ation indicators and each item is rated 0-2 points in
the MINORS tool. At the same time, the two indepen-
dently assessed the quality of evidence at the primary
outcome by the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) system.
Disagreements were resolved by consensus.

Statistical analyses

The meta-analysis was performed with RevMan for
Windows, version 5.4.1 and Stata 16.0. Pooled odds
ratio (OR) and 95% confidence interval (CI) were cal-
culated regarding all outcomes. Statistical heterogene-
ity among studies was assessed using a x2 test (P<0.10
was defined to indicate significant heterogeneity) and I
(>>50% was defined to indicate significant heteroge-
neity). The Mantel-Haenszel fixed effect model (FEM)
was used when there was no significant statistical het-
erogeneity between the studies; otherwise, the ran-
dom effects model was used as appropriate. The test of
publication bias was assessed by egger’s test with Stata
16.0. We conducted sensitivity analyses, Labbe Graph
and Galbraith Plot to check for heterogeneity. For
each subgroup analysis, we used random-effects meta-
regression to investigate the association of subgroup
characteristics with the intervention effect. To investi-
gate potential microorganism-specific effects, we also
did post-hoc exploratory subgroup analyses by bacte-
rial type.
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Results

Studies characteristics

The search process in four databases generated 11,077
articles, following updating our search until June 15,
2024, and included 10 additional trials (Fig. 1). Sixty-two
citations were considered eligible for the analysis at last
[11, 29-89]. Reasons for exclusion were shown in the
Additional File 2 (eTable2).

The characteristics of the eligible studies are pre-
sented in Table 1 and Additional File 2 (eTable3). Seven
studies were RCTs [40, 61, 62, 65, 66, 86, 87], 55 were
NRSIs [11, 29-39, 41-60, 63, 64, 67-85, 88, 89]. Among
these studies, thirty-two studies reported infections
due to Carbapenem-resistant Enterobacteriaceae (CRE)
[11, 29-31, 33-37, 39, 41, 43-46, 49, 51-53, 55, 59,
60, 68-74, 76, 77, 83]. Sixty studies reported mortal-
ity [11, 29-32, 34-43, 45-89], and twenty-four studies
reported clinical response [29, 32, 33, 38, 44, 45, 54, 57,
61-63, 66, 67, 69, 71, 77, 80-83, 85-88], and twenty-
three studies reported microbiological response [29,
36, 40, 44, 45, 54, 57, 61-67, 77, 81-87, 89]. Ten studies
made adjustments for mortality and showed adjusted
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OR or RR [11, 30, 32, 35, 46, 54, 57-60]. Twenty-eight
studies evaluated patients with blood-stream infection/
bacteremia (BSI) (including 27 studies only reporting
BSI and one study reporting BSI subgroup) [29-32,
35, 37, 38, 41-43, 48, 49, 52, 53, 55, 56, 58-60, 64, 68,
70, 71, 73-77], whereas five studies patients with hos-
pital-acquired pneumonia (HAP)/ventilator-associ-
ated pneumonia (VAP) [34, 39, 61, 62, 67], one study
patients with intra-abdominal infection (IAI) [79], two
studies patients with urinary tract infection (UTI) [33,
36], four studies patients with pneumonia [63, 78, 80,
82], two study not reported [50, 57], and the remain-
ing twenty-one studied patients with several types of
infections [11, 31, 40, 44-47, 51, 54, 65, 66, 69, 72, 81,
83-89]. Twenty-seven studies focused on a particu-
lar microorganism, nineteen with K. pneumoniae [29,
30, 37, 39, 43, 46, 49, 51-53, 59, 60, 68, 71-74, 77, 84],
sixteen with A. baumannii [32, 40, 47, 54, 5658, 61—
63, 65, 67, 78, 79, 81, 87], and one with Carbapenem-
resistant Pseudomonas aeruginosa (CRPA) [88]. The
remainder included multiple species of Gram-negative
bacilli [11, 31, 33-36, 38, 41, 42, 44, 45, 48, 50, 55, 64,

PubMed: n=965
Embase: n=249
Web of Science: n=137
Cochrane: n=100

Records identified through
database searching
After March, 2022

Records identified through

PubMed: n=3964
Embase: n=2622
Web of Science: n=2678
Cochrane: n=362

database searching
Before March, 2022

|

l

| 1451 records screened | |

9626 records screened |

166 duplicates removed

—'l 4026 duplicates removed

872 records excluded with reasons:
- 148 Animals or in vitro study

|._
||

duplicates removed

872 records excluded with reasons:

- 148 Animals or in vitro study

5600 records after
duplicates removed

- 86 case reports or conference abstracts
- 47 guidelines, consensuses or letters

- 86 case reports or conference abstracts
- 47 guidelines, consensuses or letters

- 262 systematic reviews, meta analysis

- 335 children or pregnancies 984 records after

preliminary screening

| 1285 records after

preliminary screening

- 262 systematic reviews, meta analysis

4722 records after - 335 children or pregnancies

955 records excluded from titles and
abstracts

4608 records excluded from titles and
abstracts

29 records related to
combination therapy and
monotherapy

114 records related to
combination therapy and

62 records excluded screening full texts:
- 15 non-CRGNB

monotherapy

18 records excluded screening full texts:
- 13 non-infection
- 4 non-CRGNB
- 2irreconcilable outcomes

- 11 the number of participants not up to criteria
- 7 sulbactam/relebactam

- Sinhalational or intratracheal administration

- 4 conclusions but no the raw data

- 3 secondary analysis

- 3 healthy participants

- 2single-arm researches
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- 1 colonization rather than infection
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- 1 most participants overlap with another literature
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‘ 1 studies repeat with search article
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Fig. 1 Flow chart showing the process of literature screening for antibiotic combination therapy versus monotherapy for the treatment
of infections due to carbapenem-resistant Gram-negative bacteria based on eligibility criteria
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66, 69, 70, 75, 76, 80, 82, 83, 85, 86, 89]. Eight studies
only included patients admitted to ICU [38, 39, 62, 64,
67, 68, 75, 78].

Treatments of patients with Gram-negative bacteria
were definite in twenty-five studies, of which 22 com-
pared colistin monotherapy with colistin-based combina-
tion therapy [32, 39, 40, 48, 50, 54, 57, 58, 61-67, 75, 78,
80, 83, 85-87], 6 compared ceftazidime-avibactam with
ceftazidime-avibactam-based combination therapy [45,
69, 71, 72, 84, 89]. Several different antimicrobial agents
were used in the included studies for the treatment of
patients with Gram-negative bacteria; however, the detail
provided in each study regarding the specific antimicro-
bial used varied greatly [79].

Mortality

Sixty studies reported mortality, of which 11 reported
14-day mortality [32, 35, 38, 49, 58, 63, 66, 74, 79, 80,
82], 16 reported 28-day mortality [30, 38, 40, 48, 56, 62,
66-68, 72, 73, 80, 85-88], twenty-six reported 30-day
mortality [29, 31, 34, 36, 41, 43, 46, 47, 52, 53, 55, 57-60,
64, 65, 71, 75-77,79, 81, 83, 84, 89], eight reported infec-
tion-related mortality [11, 29, 31, 38, 40, 50, 61, 65], and
twelve reported in-hospital mortality [29, 35, 39, 42, 45,
51, 61, 63, 64, 78,79, 84].

Monotherapy groups had higher mortality than com-
bination therapy for treating patients with CRGNB (a
total of 8342 patients, OR=1.29, 95%CIL: 1.11-1.51)
(Fig. 2). Funnel plot analysis showed no asymmetry. Pub-
lication bias was not detected, as tested using the Egger
method (Egger’s test P>0.05) (Additional File 2. eFig-
ure2). Moderately significant heterogeneity among arti-
cles was detected (I>=50%, P<0.01). The Labbe Graph
and Galbraith Plot (Additional File 2. eFigure3 and eFig-
ure4) suggested moderate-strong heterogeneity. Sensitiv-
ity analysis was chosen for 50 studies and not observed
significant heterogeneous articles. Hence, to search for
sources of heterogeneity, we performed subgroup analy-
ses to explore these differences further.

Subgroup analyses found that 30-day overall mortality
was significantly higher among trials with monotherapy
for treating CRGNB than combination therapy (a total
of 3293 patients, OR=1.42, 95%CIL: 1.11-1.82). The
attributable mortality (931 patients, OR=1.27, 95%CI:
0.77-2.08), in-hospital all-cause mortality (1251 patients,
OR=1.08, 95%CI: 0.77-1.53), 14-day all-cause mortality
(2283 patients, OR=1.14, 95%CI: 0.87-1.49), and 28-day
all-cause mortality (2566 patients, OR=1.13, 95%CI:
0.83-1.54) of monotherapy were not significantly differ-
ent compared with combination therapy (Additional File
2. eFigure5).

Subgroup analyses regarding the types of infections
were performed. The types of infections from included
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studies were mainly BSI, HAP/VAP, IAl, UTI, and pneu-
monia. Monotherapy showed higher mortality in patients
with BSI (3689 patients, OR=1.69, 95%CI: 1.35-2.11)
and HAP/VAP (257 patients, OR=1.89, 95%CI: 1.08—
3.30) than combination therapy. The difference was, there
were no significant statistical differences between mono-
therapy and combination therapy for IAI, UTI, pneumo-
nia, and mixed types of infections (Fig. 3).

Specific treatments were Ceftazidime-Avibactam
(CAZ-AVI)-based and colistin-based regimens. There
was no significant difference between CAZ-AVI-based
combination and monotherapy (459 patients, OR=0.63,
95%ClI: 0.39-1.00) (Additional File 2. eFigure6). Patients
with infections due to CRGNB who received colistin had
similar mortality to those receiving colistin-based com-
bination therapy (included 7 RCTs and 15 NRSIs pooling
3174 patients, OR=1.09, 95%CI: 0.94—1.27) (Additional
file 2. eFigure7). Monotherapy was similar mortality rate
to combination therapy among 1023 patients admitted to
ICU in nine studies because there was no significant dif-
ference (OR=1.20, 95%CI: 0.79-1.83) (Additional File 2.
eFigures).

Monotherapy was associated with significantly higher
mortality in 53 NRSIs pooling a total of 7071 patients
(OR=1.31, 95%CI: 1.10-1.57). We collected all the
adjusted ORs to exclude the influence of confounding
factors [11, 30, 32, 35, 46, 54, 57—-60]. Meta-analysis of
adjusted odds ratios estimated the pooled OR to be 1.61
(95%CI 1.10-2.36, I*=52%, P<0.05), which was higher
in the MT Group than CT Group (Fig. 4). Considering
various pathogens could influence the result, we planned
to divide patients into those with infections with Car-
bapenem-resistant Acinetobacter baumannii (CRAB),
CRPA, and CRE regarding the type of microorganism.
There was neither research that had been done to study
carbapenem-resistant P. aeruginosa alone nor separate
sub-analysis as well before 2022. Only one research was
found studied P. aeruginosa during 2024 [88]. Patients
with infections due to CRE (a total of 4084 patients,
OR=1.50, 95%CI=1.15-1.95) who received monother-
apy had higher mortality than those receiving combina-
tion therapy. There was no significant difference in CRAB
(1951 patients, OR=1.15, 95%CI: 0.90-1.47) (Fig. 5).

Seven RCTs enrolled 1270 patients with infections
due to CRGNB, with no statistically significant differ-
ence between monotherapy and combination therapy
(OR=1.14, 95%CI: 0.91-1.42). All the RCTs compared
colistin with the colistin-based combination. The RCTs
did not show statistical heterogeneity (=0, P>0.01)
but the NRSIs showed moderate heterogeneity (I*>50%,
P<0.01) (Additional File 2.eFigure9).

No significant differences were observed between
the colistin alone and colistin-based combination for
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Fig. 2 Comparison of mortality between combination therapy and monotherapy for treating CRGNB

all outcomes, both in RCTs and NRSIs, which indicates
that colistin-combination therapy is unpreferred versus
colistin alone. There was no publication bias according
to the symmetrical funnel plot and Egger’s test (P>0.05,

Additional File 2.eFigurel0). Labbe Graph and Galbraith
Plot suggest heterogeneity in our meta-analysis (Addi-
tional File 2.eFigurell).
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Clinical success

Twenty-four studies consisting of 3625 patients showed
that monotherapy was associated with lower clinical suc-
cess for treating CRGNB (OR=0.74, 95%CI: 0.56—0.98)
(Additional File2.eFigurel2). Monotherapy was similar
clinical success for treating CRE than combination ther-
apy (705 patients, OR=0.57, 95%CI: 0.28-1.16). Clini-
cal success showed no significant difference for treating
CRAB between MT and CT (1154 patients, OR=0.95,
95%CI: 0.74—1.24) (Additional File 2.eFigurel3). Patients
who received colistin in 12 studies seemed to have similar
clinical success to the colistin-based combination (2901
patients, OR=1.00, 95%CI: 0.76-1.32) (Additional File
2.eFigurel4). Patients who received CAZ-AVI have simi-
lar clinical success to the CAZ-AVI-based combination
(259 patients, OR=0.90, 95%CI: 0.54—1.50).

Microbiological eradication

Twenty-three studies, including 3360 patients, reported
microbiological eradication. Microbiological eradication
on monotherapy was lower than combination therapy for
treating patients due to CRGNB (OR=0.71, 95%CI: 0.55—
0.91) (Additional File 2.eFigurel5). Subgroup analyses
resulted to different outcomes. Microbiological eradica-
tion on monotherapy was lower in NRSIs (2097 patients,
OR=0.71, 95%CI: 0.52-0.96), but no statistically signifi-
cant difference in RCTs (1263 patients, OR=0.69, 95%CI:
0.42-1.13).

Seven studies including 866 patients reported micro-
biological eradication for treating CRE, which suggested
that patients with monotherapy had a significantly lower
microbiological eradication than those with combination
therapy (OR=0.48, 95%CI: 0.25-0.91). Microbiological
eradication showed no difference in monotherapy for
treating CRAB MT and CT (1418 patients, OR=0.78,
95%CI: 0.54-1.12) (Additional File2.eFigurel6). Patients
receiving colistin alone were similar microbiological
eradication to whom received colistin-based combina-
tion therapy (1771 patients, OR=0.70, 95%CI: 0.49-1.01)
(Additional File2.eFigurel7). Patients who received CAZ-
AVT have similar microbiological eradication to the CAZ-
AVI-based combination (437 patients, OR=1.18, 95%CI:
0.79-1.77).

Heterogeneity analysis

In meta-analysis, sensitivity analysis, subgroup analysis,
and meta-regression analysis were performed respec-
tively to find the source of heterogeneity. Labbe Graph
and Galbraith Plot (Additional File2.eFigure3 and 4) sug-
gested strong heterogeneity in some studies. In the non-
randomized trials, the OR value and heterogeneity did
not change when any non-randomized trial was excluded.
The adjusted ORs were collected and performed a
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subgroup analysis on the mortality of infected patients
caused by CRGNB. The mortality after merging adjusted
ORs was higher in the MT Group than CT Group. To
analyze heterogeneity, first, 53 non-randomized trials
were divided into two groups by infection types: BSIs
and other infections. Meta-regression was performed on
this variable and found that bloodstream infection was
not the source of heterogeneity (P>0.05). Then, mono-
therapy might be composed of either one certain agent
or different antimicrobial agents. Monotherapy was one
certain agent or not did not affect the results after meta-
regression. In addition, meta-regression and subgroup
analyses were performed according to special bacteria.
Fifty-three NRSIs were divided into three groups: CRE,
CRAB, and other CRGNB. Meta-regression using group
(infection type) as covariate suggested that infection type
was not the source of heterogeneity (P>0.05, eTable5). At
the same time, 53 NRSIs were divided into two groups:
group 1 (CRKP) and group 2 (non-CRKP group) by par-
ticular microorganism. The difference between the Car-
bapenem-resistant Klebsiella pneumoniae (CRKP) group
and the non-CRKP group was significant by meta-regres-
sion (P<0.05, eTable6), which is different from CRAB
(P>0.05).

Qualitative assessment

To assess the risk of bias for RCTs, we used the revised
Cochrane RoB 2 [27]. Additional File 2 supplied eFig-
urel8 to show the assessment of quality. Four trials had
an unclear risk, and one trial had a high risk of bias. Pre-
vious systematic reviews and meta-analyses used either
no formal RoB 2 assessment or the PEDro scale, which
combines both reporting and methodological limitations
into a single scale. Currently, various tools for evaluating
observational research quality methodologies have been
used in systematic reviews, while Newcastle—Ottawa [90]
and Downs-Black tools [91] are two of the most widely
used, which could not fully assess the quality of the arti-
cles. We decided to accomplish the quality assessment of
NRSIs with the MINORS tool [28]. The full evaluations
are provided in the Additional File 2 (eTable4).

Using the GRADE summary of the evidence, the qual-
ity of evidence for the primary outcome was moderate.
For mortality, we downgraded the evidence by 1 level for
serious risk of bias and 1 level for serious imprecision
owing to the low numbers of participants (Additional File
2.eFigurel9). Both RCTs and NRSIs presented to some
extent higher degree of risk.

Discussion

This systematic review and meta-analysis provide a
comprehensive comparison between monotherapy and
combination therapy for treating infections caused by
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carbapenem-resistant Gram-negative bacteria. The find-
ings from 62 studies, encompassing both randomized
controlled trials and non-randomized studies, indicate
that combination therapy is associated with lower mor-
tality, higher clinical success, and superior microbiologi-
cal eradication compared to monotherapy. These results
have significant implications for clinical decision-making
in the management of CRGNB infections, particularly in
high-risk patient populations [92, 93].

The primary outcome of this study—mortality—was
significantly lower in patients receiving combination
therapy. Specifically, the pooled OR for mortality in
monotherapy compared to combination therapy was 1.29
(95% CI: 1.11-1.51), indicating a 29% higher risk of death
in the monotherapy group. This finding aligns with pre-
vious studies that have highlighted the benefits of using
multiple antibiotics to target resistant pathogens more
effectively. For instance, Tumbarello reported that com-
bination therapy led to significantly better outcomes in
patients with bloodstream infections caused by carbape-
nem-resistant Klebsiella pneumoniae [94]. The synergis-
tic effects of combining agents like colistin, meropenem,
and tigecycline may account for this improved survival,
as each drug targets different mechanisms of bacterial
resistance.

In terms of clinical success, our analysis demonstrated
that combination therapy was associated with a 26%
higher likelihood of successful treatment (OR=0.74,
95% CI: 0.56-0.98). This is particularly important given
the increasing prevalence of multidrug-resistant organ-
isms that limit the effectiveness of single-agent regimens.
The use of combination therapy, especially in critically
ill patients, has been advocated to both enhance the effi-
cacy of treatment and prevent the development of fur-
ther resistance. Notably, a study by Gutiérrez-Gutiérrez
showed that appropriate combination therapy signifi-
cantly reduced mortality in patients with bloodstream
infections due to carbapenemase-producing Enterobac-
teriaceae (CPE) [55], further supporting the conclusions
drawn in our study. The microbiological eradication rates
were also higher in the combination therapy group, with a
pooled OR of 0.71 (95% CI: 0.55-0.91). This suggests that
using multiple antibiotics not only improves patient out-
comes but also enhances the ability to completely elimi-
nate the infecting organism. However, it is important to
note that the specific combinations of antibiotics used
in different studies varied significantly, and not all com-
binations may provide equal benefits. For example, while
colistin-based combinations were frequently used, some
studies suggested that adding other agents, such as car-
bapenems, did not significantly improve outcomes [66,
86]. This highlights the need for more targeted research
to determine which specific antibiotic combinations are
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most effective for different pathogens. The findings of this
meta-analysis align with several other systematic reviews
and meta-analyses that have compared monotherapy
and combination therapy for multidrug-resistant Gram-
negative infections. A study by Tamma emphasized that
combination therapy was associated with lower mortal-
ity in patients with Gram-negative bacterial infections,
particularly when at least one of the agents was active
in vitro against the pathogen [92]. Similarly, a meta-
analysis by Paul found that beta-lactam-aminoglycoside
combination therapy was superior to monotherapy in
reducing mortality in patients with sepsis [95]. However,
some studies have questioned the universal applicability
of combination therapy. For example, a Cochrane review
by Schmid concluded that there was insufficient evidence
to recommend combination therapy over monotherapy
in all cases of multidrug-resistant infections, particularly
due to the potential for increased toxicity and adverse
events [21]. This concern is echoed in our analysis, where
some studies indicated that combination therapy, espe-
cially those involving nephrotoxic agents like colistin,
may lead to higher rates of renal impairment.

In a secondary analysis of the AIDA study, in vitro
models involving 171 patients with infections caused by
carbapenem-resistant Gram-negative bacteria demon-
strated synergism between colistin and carbapenems,
supporting the combination treatment of these infections
However, the clinical translation of this in vitro synergy
was limited. When comparing the outcomes of the syn-
ergy group with the antagonism/indifference group, the
in vitro synergy between colistin and meropenem did not
result in significant clinical benefits [96]. This highlights
the complexity of translating laboratory findings into
real-world clinical settings, where various factors, includ-
ing drug pharmacokinetics and host immune responses,
can significantly affect treatment outcomes. Previous
studies have also examined the limitations of in vitro
results when applied to clinical practice. For instance,
Paul pointed out that the observed synergistic effects of
antibiotics in vitro often fail to manifest in clinical set-
tings because of factors like drug bioavailability, immune
status, and underlying patient conditions [97].

One potential solution to this challenge is to incor-
porate combination susceptibility testing into routine
clinical practice. Traditional antibiotic susceptibility
testing is performed on individual agents, yet the effec-
tiveness of combination therapies may depend on how
these drugs interact within the patient’s body. Stud-
ies have indicated that combined susceptibility testing
can provide more accurate insights into the potential
efficacy of combination regimens [9, 98]. This method
could help clinicians better predict which combina-
tions of antibiotics will be most effective, especially in
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patients with severe infections caused by extensively
drug-resistant organisms.

Our meta-analysis also underscores the importance
of integrating data from NSRIs alongside RCTs. While
RCTs are considered the gold standard for clinical evi-
dence, they are often limited by small sample sizes and
strict inclusion criteria, which may not reflect the full
spectrum of clinical scenarios. NRSIs, despite their
inherent biases, provide valuable insights into real-
world clinical practices and outcomes. For example, a
large observational study by Park indicated that com-
bination therapy with colistin and meropenem was
associated with improved survival rates compared to
monotherapy [63], reinforcing the findings of our meta-
analysis. However, the interpretation of our results
must be approached with caution due to several limi-
tations. The heterogeneity among the included stud-
ies—particularly regarding infection types, patient
populations, and treatment regimens—introduces a
degree of uncertainty. For instance, while combina-
tion therapy appeared to be more effective for treating
infections caused by Klebsiella pneumoniae (OR =1.50,
95% CI: 1.15-1.95), the same benefit was not observed
for Acinetobacter baumannii (OR=1.15, 95% CI: 0.90—
1.47). This variability suggests that the efficacy of com-
bination therapy may depend on the specific pathogen
involved, as well as the patient’s underlying health sta-
tus and immune response.

Moreover, most of the included studies were obser-
vational, which introduces potential biases such as con-
founding by indication, where sicker patients are more
likely to receive combination therapy, thus skewing the
results. Although adjusted odds ratios were used in some
studies to account for these factors, residual confound-
ing cannot be ruled out. Additionally, the small number
of well-powered RCTs limits the strength of the evidence
supporting combination therapy. While observational
studies offer important real-world insights, their inher-
ent limitations necessitate further investigation through
high-quality RCTs.

To definitively establish the advantages of combina-
tion therapy over monotherapy, future research should
focus on conducting large-scale, well-designed RCTs.
These studies should standardize treatment protocols
and include combination susceptibility testing to provide
more accurate assessments of treatment efficacy. Fur-
thermore, the development of new antibiotics and com-
bination regimens that minimize toxicity—particularly
nephrotoxicity associated with colistin—remains a prior-
ity. Recent advancements in beta-lactam/beta-lactamase
inhibitors, such as ceftazidime-avibactam, have shown
promise in treating carbapenem-resistant infections with
fewer adverse effects [99].
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In conclusion, while the current evidence supports the
use of combination therapy for treating CRGNB infec-
tions, particularly in cases involving carbapenem-resist-
ant Enterobacteriaceae (CRE), clinicians must carefully
weigh the benefits against potential risks such as toxicity.
More robust clinical trials are needed to refine treatment
strategies and optimize outcomes for patients with these
challenging infections.

Limitations and implications

Several limitations should be considered when inter-
preting the results of this meta-analysis. First, the het-
erogeneity among the included studies was significant,
particularly in terms of the types of infections, pathogens,
and treatment regimens. For example, while combina-
tion therapy appeared to be more beneficial for treating
infections caused by Klebsiella pneumoniae (OR=1.50,
95% CI: 1.15-1.95), the same was not observed for Aci-
netobacter baumannii (OR=1.15, 95% CI: 0.90-1.47).
This suggests that the efficacy of combination therapy
may vary depending on the specific pathogen and clinical
context.

Second, most of the included studies were observa-
tional, with only a small proportion being randomized
controlled trials. Observational studies are inherently
prone to confounding, and despite the use of adjusted
odds ratios in some analyses, residual confounding can-
not be ruled out. Moreover, the severity of illness, the
timing of antibiotic administration, and the appro-
priateness of empirical therapy were not consistently
reported across studies, which could have influenced the
outcomes.

Additionally, the use of colistin in combination therapy
has been a subject of debate due to its nephrotoxicity.
While colistin-based combinations were frequently used
in the included studies, there is growing concern about
the long-term safety of this agent, particularly in patients
with renal impairment. Future studies should explore
safer and equally effective alternatives to colistin, such
as newer beta-lactam-beta-lactamase inhibitor combi-
nations like ceftazidime-avibactam, which have shown
promising results in recent clinical trials.

The findings of this study underscore the importance
of tailoring antibiotic therapy to the specific pathogen
and patient characteristics. In particular, combination
therapy should be strongly considered in patients with
bloodstream infections or ventilator-associated pneumo-
nia caused by CRE, as these patients appear to benefit the
most from dual-agent therapy. However, for infections
caused by Acinetobacter baumannii, the choice between
monotherapy and combination therapy remains less
clear, and further research is needed to clarify the opti-
mal treatment strategy for these infections.
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Future research should focus on conducting large-
scale, high-quality randomized controlled trials to defini-
tively determine the role of combination therapy in
different types of CRGNB infections. Additionally, the
development of novel antibiotics and combination regi-
mens that are less toxic than colistin is crucial. As new
agents become available, it will be important to incorpo-
rate them into combination therapy regimens and evalu-
ate their effectiveness in both clinical and microbiological
outcomes.

In conclusion, while this meta-analysis supports the
use of combination therapy for CRGNB infections, par-
ticularly in cases of CRE, it is important to weigh the
potential benefits against the risks of toxicity. Clinicians
should consider the specific pathogen, the patient’s clini-
cal condition, and the available antibiotic options when
selecting a treatment regimen. More research is needed
to identify the most effective and safe combinations of
antibiotics, especially for infections caused by Acineto-
bacter baumannii and other highly resistant organisms.

Conclusion

Moderate-level RCT results showed no statistical differ-
ence between monotherapy and combination therapy,
while low-level NRSIs results showed that combina-
tion therapy was superior to monotherapy. Overall, the
available evidence suggested that treatment should be
selected according to the bacteria and antibiotic. CRE
infection treated in monotherapy may be adverse out-
comes particularly CRKP. CRAB infection had no dif-
ference between combination therapy and monotherapy.
There was no difference in the incidence of adverse out-
comes between colistin or CAZ-AVI monotherapy and
combination therapy. Colistin or CAZ-AVI combined
with other antibacterial agents is not recommended for
carbapenem-resistant gram-negative bacteria. In the
absence of large RCT studies, we recommend choosing
combination therapy to treat infection due to carbap-
enem-resistant Enterobacteriaceae after assessing the
patient for a range of conditions. More randomized tri-
als are needed for each type of infection to ensure reliable
conclusions about the efficacy of treatments.
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