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S U M M A R Y

Background: Acinetobacter baumannii (AB) poses a significant threat to critically ill
patients in intensive care units (ICUs). Although an association between antibiotic expo-
sure and resistant AB is reported in the literature, a synthesis of evidence in ICU patients is
still lacking.
Aim: To summarize the evidence on the association between prior antibiotic exposure and
the occurrence of resistant AB in ICU patients.
Methods: Online databases were searched for cohort and caseecontrol studies providing
data on the association of interest. Carbapenem/multidrug-resistant AB isolation was
compared with non-isolation; carbapenem/multidrug-resistant AB was compared with
carbapenem/antibiotic-susceptible AB; and extensively drug-resistant AB isolation was
compared with non-isolation. Each comparison was subjected to a restricted maximum
likelihood random-effects meta-analysis per antibiotic class, estimating pooled ORs.
Stratified meta-analyses were performed by study design, outcome type and association-
measure adjustment.
Findings: Overall, 25 high-quality studies were retrieved. Meta-analyses showed that
carbapenem/multidrug-resistant AB isolation was associated with previous exposure to
aminoglycosides, carbapenems, third-generation cephalosporines, glycylcyclines, and
nitroimidazoles. Increased risk of isolation of carbapenem/multidrug-resistant AB isolation
vs carbapenem/antibiotic-susceptible AB was shown for prior exposure to aminoglyco-
sides, antipseudomonal penicillins, carbapenems, fluoroquinolones, glycopeptides, and
penicillins. Third-generation cephalosporin exposure increased the risk of extensively
drug-resistant AB isolation vs non-isolation.
Conclusion: This systematic review clarifies the role of antibiotic use in antibiotic-
resistant AB spread in ICUs, although for some antibiotic classes the evidence is still
uncertain due to the small number of adjusted analyses, methodological and reporting
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issues, and limited number of studies. Future studies need to be carried out with stand-
ardized methods and appropriate reporting of multivariable models.

ª 2023 The Authors. Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Healthcare-associated infections (HAIs) are the most com-
mon complications of hospital care and one of the leading
causes of death in hospitalized patients [1]. Despite efforts to
counteract their onset, HAIs remain a major threat for indi-
vidual and public health worldwide [1e3]. Moreover, the
challenges faced by healthcare systems during the COVID-19
pandemic have exacerbated the risk of HAI development,
especially in intensive care units (ICUs), which already before
the pandemic were among the wards with a higher HAI preva-
lence [4e9]. In effect, the poor clinical condition of patients
who require intensive care, which may include the frequent
use of invasive devices, makes it difficult to maintain a high
degree of focus on infection prevention and control (IPC)
practices [10]. In turn, this may lead to high rates of colo-
nization and infection by micro-organisms with highly
antibiotic-resistant profiles [11,12].

Acinetobacter baumannii (AB) is one of the major oppor-
tunistic pathogens responsible for HAIs in critically ill or
debilitated ICU patients [13]. It can survive for long periods on
surfaces, and it may colonize organs and systems, frequently
causing HAIs such as ventilator-associated pneumonia, blood-
stream infections, and urinary tract infections [14]. In addi-
tion, extensive antibiotic abuse and poor antimicrobial
stewardship have led to a rapid escalation in antimicrobial
resistance rates, such that more than 50% of AB isolates are
multidrug resistant (MDR) [15]. The difficulty in treating these
infections and the limited therapeutic options available lead to
a high mortality rate among infected patients [16]. The extent
of the problem is such that in 2017 the World Health Organ-
ization targeted several micro-organisms including AB by pub-
lishing guidelines to promote specific IPC practices and
procedures that aim to prevent associated HAIs and to control
their spread in acute healthcare facilities [17].

Over the years, a great deal of literature has been published
identifying AB as an emerging cause of HAIs and emphasizing
the spread of MDR strains as a consequence of high antibiotic
consumption [15,18]. Indeed, epidemiological research has
identified previous exposure to antibiotics as a risk factor for
HAIs by MDR bacteria, including AB [18e25]. Furthermore, the
widespread antibiotic usage in COVID-19 patients has led to an
increase in antibiotic pressure and several outbreaks of MDR AB
have been reported, especially in ICUs [18,26e28]. Although a
direct relationship between antibiotic consumption and the
emergence and dissemination of resistant strains of AB in ICUs
has been reported, a synthesis of evidence in ICU patients is
still lacking [29e31]. These patients represent a particular at-
risk subgroup among hospitalized patients due to their critical
condition, meaning that they may be particularly susceptible
to HAIs and might suffer from specific risk factors [32]. In this
systematic review and meta-analysis, we aimed to summarize
the evidence on the association between prior antibiotic
exposure and the occurrence of colonization or infection by
antibiotic-resistant AB in ICU patients, providing a qualitative
and quantitative synthesis of such evidence to support efforts
to improve antibiotic use and antimicrobial stewardship.

Methods

This study was performed according to the Cochrane
Handbook for systematic reviews and the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement [33,34]. The review protocol was registered at
PROSPERO, identifier CRD42022328487. Because this study did
not involve primary data collection, the protocol was not
submitted for institutional review board approval.

Search strategy, study selection, and inclusion criteria

Three electronic bibliographic databases (PubMed, Scopus
and Web of Science) were searched from inception to February
28th, 2023, using the following key terms, adapting the
research string to fit the search criteria of each database (see
Supplementary File 1): antibacterial; antimicrobial; antibiotic;
carbapenem; aminoglycoside; fluoroquinolone; beta-lactam;
cephalosporin; tigecycline; colistin; Acinetobacter baumannii.

The reference lists of retrieved articles were also searched
to identify other potentially relevant studies. Duplicate arti-
cles were removed, and the title and abstract of all collected
records were screened by two review authors to identify all
articles that potentially met the inclusion criteria. Studies that
clearly did not meet the inclusion criteria were excluded. Full
texts of potentially relevant articles were retrieved and inde-
pendently assessed for eligibility by two review-team mem-
bers. Disagreements were resolved through discussion or by a
third reviewer and the reasons for exclusion were recorded.

The review included any study that (i) included patients
admitted in an ICU setting; (ii) included patients aged �18
years; (iii) had a cohort or caseecontrol design; (iv) reported in
English or Italian; (v) reported measures of association (i.e.
odds ratios (ORs), risk ratios (RRs), or raw data) between
antibiotic exposure and antibiotic-resistant AB infection, col-
onization or both, hereinafter indicated as acquisition; (vi)
quantified the use of antibiotic agents and reported at least
their antibiotic class.

The review excluded studies that (i) did not report a
measure of association between antibiotic exposure and
occurrence of antibiotic-resistant AB infection, colonization,
or acquisition, or raw data; (ii) did not quantify the use of
antibiotic agents; (iii) did not report at least the antibiotic class
used; (iv) comprised letters, commentaries, or reviews.

Data collection and quality assessment

For each eligible study, two reviewers independently used
a standardized data abstraction form to extract the following
information: (i) study identification data (DOI, author, year,
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Figure 1. PRISMA flow diagram of the review process.
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country, language); (ii) study design; (iii) primary and secon-
dary objectives of the study, (iv) target population; (v) type of
ICU; (vi) outcome considered (infection, colonization, or
acquisition); (vii) infection or colonization site (airways,
bloodstream, urinary tract, rectum, etc.); (viii) reported
antibiotic resistance pattern (carbapenem resistant, CR;
imipenem resistant, IR; colistin resistant, CoR; at least mul-
tidrug resistant, MDR; at least extensively drug resistant, XDR;
at least pan-drug resistant, PDR); (ix) case definition; (x)
comparator/cohort definition; (xi) definition of previous
exposure to antibiotic agents; (xii) antibiotic class or specific
antibiotic agent, if available (data on the use of cepha-
losporins without specifying the generation were excluded);
(xiii) measure of antibiotic exposure (dichotomous or con-
tinuous); (xiv) depending on data availability, absolute fre-
quencies and/or association measures between antibiotic
exposure and acquisition of outcome (unadjusted and/or
adjusted RRs or ORs, and their 95% confidence interval); (xv)
covariates included in the multivariable regression models, if
available.

Two independent authors performed the quality assessment
of the articles included in the systematic review using the
NewcastleeOttawa scale for caseecontrol and cohort studies
[35]. Discrepancies were resolved by consensus. Articles were
considered of high quality when the total score was �7, of fair
quality if the scorewas�5and<7, andofpoorquality if the score
was <5.

Data synthesis

To account for the variety of outcome and comparator/
cohort definitions used in the retrieved studies, data synthesis
was performed separately for the following main comparisons:
(i) studies investigating the risk of isolation of CR/MDR AB
versus the non-isolation of CR/MDR AB; (ii) studies investigating
the risk of isolation of CR/MDR AB versus the isolation of
carbapenem-susceptible (CS) or antibiotic-susceptible (AS) AB;
(iii) studies investigating the risk of isolation of XDR AB versus
the non-isolation of AB. The few studies reporting other com-
parisons were described separately.

In the context of each comparison, a restricted maximum
likelihood random-effects meta-analysis was conducted for
each antibiotic class reported in at least two studies to esti-
mate pooled ORs and their 95% confidence intervals (95% CIs)
for the outcome of interest with respect to antibiotic exposure.
Since the studies included were judged to have similar research
questions and to be of high quality, caseecontrol and cohort
studies were analysed together [36]. When a study considered
multiple outcomes in the same population, infection was con-
sidered as the outcome of interest. If a study investigated
outcomes involving AB with antibiotic-specific resistance pro-
files (i.e. imipenem-resistant AB), it was categorized as
resistant to the corresponding antibiotic class (i.e.
carbapenem-resistant AB).

Moreover, if a study compared the same control group to
outcomes involving AB with diverse antibiotic-resistance pat-
terns (i.e. MDR, XDR, and PDR), these were combined into one
group (i.e. as at least MDR). In addition, if a study evaluated
antibiotic exposure based on different therapy duration cri-
teria, the longest exposure was considered. Finally, when a
study conducted separate comparisons in different periods,
the study was divided into separate sub-analyses.
Adjusted ORs were preferentially included in the meta-
analysis, if available. When they were not reported, unad-
justed ORs (reported in studies or estimated from raw data)
were used. The I2 metric was used to quantify heterogeneity,
which was considered statistically significant at P<0.05, and
substantial heterogeneity was defined as I2 > 50% [37]. For
each meta-analysis including at least four analyses, stratified
meta-analyses were carried out to explore the impact of
relevant study characteristics, identified a priori, on the
pooled OR estimates. Specifically, stratified meta-analyses
were performed for (i) study design (cohort studies versus
caseecontrol studies); (ii) type of outcome (infection versus
colonization versus acquisition); (iii) adjustment of associa-
tion measures (adjusted versus unadjusted). For studies
investigating the risk of isolation of CR/MDR AB versus the
non-isolation of CR/MDR AB, a subgroup meta-analysis was
performed for the inclusion or not of patients with CS/AS AB
isolation in the control group.

Stratified meta-analyses were performed using the same
methodology as for the primary analysis. The test for sub-
group difference was used to reveal significant interactions of
the stratification variable on the pooled ORs [38]. Moreover,
for each meta-analysis including at least 10 analyses, the
independent effect of these factors on the estimated associ-
ation was investigated using multivariable meta-regression
models [39]. Finally, potential publication bias was assessed
by visually inspecting funnel plots and using Egger’s test in



Table I

Characteristics of the studies included in the systemic review

First author, year Country Design Setting and population AB pattern Definition of previous antibiotic

exposure

Colonization site Infection type Quality

assessment

Ceparano, 2022
[28]

Italy Cohort Mixed ICU, all patients
(COVID-19 patients)

Endemic Systemic administration for at
least 48 h from admission to AB
isolation or censoring,
dichotomous

Any Any 8

Munoz-Prince,
2016 [29]

USA Cohort Trauma ICU, all patients Endemic Systemic administration from
admission to AB isolation or
censoring, dichotomous and
continuous

Rectal,
respiratory
tract

e 9

Zheng, 2020 [30] China Cohort Unspecified ICU,
ventilated patients

Endemic Systemic administration from
admission to AB isolation,
dichotomous

e VAP 8

Mantzarlis, 2020
[31]

Greece Cohort Mixed ICU, ventilated
patients

Endemic Systemic administration from
admission to AB isolation,
dichotomous and continuous

e Any 9

Rosa, 2014 [41] USA Cohort Mixed ICU, all patients Endemic Systemic administration from
admission to environmental AB
isolation, dichotomous

Rectal,
respiratory
tract

Any 9

Young, 2007 [42] USA Caseecontrol,
Matched

Surgical ICU, all patients Outbreak Not reported, dichotomous e Any 9

Gulati, 2010 [43] USA Caseecontrol Burns ICU, non-burns
patients

Outbreak Not reported, dichotomous Any Any 7

Husni, 1999 [44] USA Caseecontrol Medical ICU, ventilated
patients

Outbreak Not reported, dichotomous Any BSI/VAP 7

Katsaragakis, 2008
[45]

Greece Cohort Surgical ICU, all patients Endemic Systemic administration for at
least 48 h within 14 days before
AB isolation, dichotomous

e Any 9

Apostolopoulou,
2014 [46]

Greece Caseecontrol,
matched

Mixed ICU, ventilated
patients

Endemic Systemic administration for at
least 48 h within 14 days before
AB isolation or discharge,
dichotomous

e Any 9

Papakonstantinou,
2014 [47]

Greece Cohort Mixed ICU, ventilated
patients

Endemic Systemic administration from
admission to AB isolation or
censoring, dichotomous

Respiratory
tract

VAP 8

Gulen, 2015 [48] Turkey Cohort Medical ICU, neurology
eneurosurgery ICU, all
patients

Endemic Systemic administration for at
least 72 h within 30 days before
AB isolation, dichotomous

e BSI 8

Aksu Koca, 2018
[49]

Turkey Cohort Mixed ICU, all patients Endemic Not reported, dichotomous Any BSI/UTI/RTI 9

Mete, 2022 [50] Turkey Cohort Unspecified ICU, all
patients (COVID-19
patients)

Endemic Not reported, dichotomous e BSI 8
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Castelo Branco
Fortaleza, 2013
[51]

Brazil Cohort Mixed ICU, all patients Endemic Systemic administration from
admission to AB isolation or
censoring, dichotomous

Any Any 9

Romanelli, 2009
[52]

Brazil Caseecontrol, matched Unspecified ICU, all
patients

Outbreak Not reported, dichotomous Any Any 9

Qiao, 2020 [53] China Caseecontrol Mixed ICU, all patients Endemic Not reported, dichotomous Rectal Any 9
Meschiari, 2021
[54]

Italy Caseecontrol, matched Mixed ICU, all patients Endemic Systemic administration from
admission to AB isolation or
selection as control,
dichotomous

Rectal e 7

Playford, 2006 [55] Australia Caseecontrol, matched Mixed ICU, all patients Endemic Not reported, dichotomous and
continuous

Any Any 9

Kim, 2012 [56] S. Korea Caseecontrol Medical ICU, all patients Endemic Systemic administration for at
least 48 h within 14 days before
AB isolation or discharge,
dichotomous

Any BSI 9

Carbonne, 2005
[57]

France Caseecontrol Unspecified ICU, all
patients

Outbreak Not reported, dichotomous Any Any 9

Moghnieh, 2016
[58]

Lebanon Cohort Mixed ICU, all patients Outbreak Systemic administration for at
least four days before AB
isolation or censoring,
dichotomous

Any e 9

Djordjevic, 2016
[59]

Serbia Cohort Mixed ICU, all patients Endemic Systemic administration for at
least 24 h within 14 days before
AB isolation, dichotomous

e Any 9

Lee, 2014 [60] Taiwan Cohort Mixed ICU, all patients Endemic Systemic administration for at
least five days within 14 days
before AB isolation,
dichotomous

e BSI 8

Inchai, 2015 [61] Thailand Cohort Medical ICU, ventilated
patients

Endemic History of antibiotic uses within
90 days before AB isolation,
dichotomous

e VAP 8

AB, Acinetobacter baumannii; BSI, bloodstream infection; DDD, defined daily dose; ICU, intensive care unit; BSI, bloodstream infection; RTI, respiratory tract infection; UTI, urinary tract
infection; VAP, ventilator-associated pneumonia.
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meta-analyses including at least 10 analyses [40]. When a
meta-analysis could not be performed, the results of indi-
vidual studies were reported. All analyses were performed
using Stata (StataCorp LLC, College Station, TX, USA), version
17.0. A two-sided value of P<0.05 was considered statistically
significant.

Results

General characteristics of the studies

Overall, 40,667 records were identified by database
searching. After removal of duplicates, 21,519 records resulted
from the systematic search. Screening by title and abstract
yielded 326 articles and a total of 25 studies were included
after screening by full text (Figure 1). General characteristics
of the studies are shown in Table I. The studies were published
between 1999 and 2022, five in the USA, four in Greece, three
in Turkey, and two each in Brazil, China, and Italy. One study
each was conducted in Australia, South Korea, France, Leb-
anon, Serbia, Taiwan, and Thailand. More than half were
cohort studies (N¼15), and the remaining were caseecontrol
studies (N¼5) or matched caseecontrol studies (N¼5). All
articles were deemed to be of high quality using the
NewcastleeOttawa scale [35].

The setting consisted of mixed ICUs in more than half of the
studies (N¼13), while a smaller number of studies considered
medical ICUs (N¼3), surgical ICUs (N¼2), a combined medical
and neurologyeneurosurgery ICU (N¼1), a burns ICU (N¼1),
and a trauma ICU (N¼1). In four studies the ICU setting was not
specified. Most studies considered all patients on the ward
(N¼18), whereas six included only ventilated patients. The
only study conducted in a burns ICU evaluated only non-burns
patients.

In most cases the pattern of AB spread was endemic (N¼19),
whereas in the remaining cases the analyses were conducted
during AB outbreaks (N¼6).

Six studies defined previous exposure as the systemic use of
antibiotics from ICU hospitalization to AB isolation, whereas
others specified continuous use varying between two and five
days, in some cases in a time window ranging from 14 to 30 days
before the isolation of AB. Notably, Rosa et al. registered the use
of antibiotics before the environmental isolation of AB, whereas
Inchai et al. considered any systemic exposure in the 90 days
before AB isolation [41,61]. Nine studies did not provide any
explicit definition of previous use. Exposure was measured only
dichotomously in almost all studies, with the exception of Man-
tzarlis et al. (as day of exposure, not used in association analy-
ses), Munoz-Prince et al. (as cumulative grams and defined daily
dose, used for the estimation of hazard ratios) and Playford et al.
(defined daily dose, as overall antibiotic pressure) [29,31,55].

Considering the exposure of interest, all but two studies
investigated the effect of multiple classes of antibiotics
(N¼22). Carbapenems (N¼21) and fluoroquinolones (N¼19)
were the most frequently reported antibiotic classes, followed
by third-generation cephalosporins (N¼16), aminoglycosides
(N¼13), glycopeptides (N¼12), antipseudomonal penicillins
(N¼11), and penicillins (N¼9). Twelve analyses reported
adjusted ORs for some of the antibiotic classes investigated,
two analyses reported adjusted relative risks (not used in the
meta-analyses) and one reported adjusted relative risk ratios.
A complete overview of antibiotics analysed, together with
adjustment of association measures, is reported in Table II.

Analyses and comparisons reported in the studies

The 25 studies included here reported the results of 29
analyses, 27 of which were included in the present review (see
Table III). Overall, 17 analyses compared the isolation of CR/
MDR AB versus its non-isolation, three the isolation of CR/MDR
AB versus the isolation of CS/AS AB, two the isolation of XDR
AB versus the non-isolation of AB, and one study each the
isolation of XDR AB against the non-isolation of XDR AB, the
acquisition of PDR AB versus the acquisition of non-PDR AB,
the isolation of CoRAB versus the isolation of colistin-
susceptible AB (CoSAB), the isolation of MDR AB versus the
isolation of other non-AB Gram-negative micro-organisms,
and the isolation of AB only susceptible to colistin versus the
isolation of AB susceptible to colistin and at least one other
antibiotic.

Analysis on isolation of CR or MDR AB versus non-
isolation

General characteristics of the analyses
Fifteen studies investigated the impact of previous use of

antibiotics on the isolation of CR/MDR AB versus its non-
isolation, comprising 17 analyses involving 3953 patients. The
median/average age ranged from 42.9 to 75.0 years for cases
and from 45.4 to 76.0 for controls, while the prevalence of
males ranged from 45.1% to 82.4% for cases and from 41.4% to
76.0% for controls.

Regarding case definition, five analyses considered infection
only, four colonization only, and eight acquisition as a whole.
Ten analyses defined the controls simply as patients without a
demonstrated CR/MDR AB isolation, whereas the other seven
explicitly excluded from the comparator/cohort patients with
CS/AS AB isolation. The smallest comparison involved 27
patients and the largest 895 patients, with a median sample
size of 144 patients (IQR: 89.5e310.5).

Evidence on the association between previous use of
antimicrobial agents and CR or MDR AB isolation

Summary estimates of meta-analyses on the association
between previous antimicrobial exposure and CR/MDR AB iso-
lation are reported in Figure 2, together with OR for antibiotic
classes reported only by single analyses.

Among the antibiotic classes not included in the meta-
analyses, only diaminopyrimidines significantly increased the
likelihood of CR/MDR AB isolation (OR: 7.20; 95% CI:
4.10e12.60), whereas use of anti-anaerobic antibiotics (not
further specified by the authors) seemed to decrease the risk
(0.50; 0.30e0.90) [56].

Meta-analyses showed a significant association with CR/MDR
AB isolation for previous exposure to aminoglycosides (OR:
1.98; 95% CI: 1.45e2.71; I2 ¼ 0.00%), carbapenems (2.64;
1.86e3.76; 59.07%), third-generation cephalosporins (1.36;
1.04e1.76; 0.00%), glycylcyclines (2.42; 1.64e3.55; 2.91%),
and nitroimidazoles (4.11; 1.91e8.81; 0.00%).

Stratified by outcome of interest (Figure 3A), adjustment of
the measure of association (Figure 3B), and presence or



Table II

Antibiotic classes investigated in each analysis included in the systematic review
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Table III

Characteristics of the analyses included in the systematic review, by comparison

First author, year Sample size Comparison Case age, years (mean � SD) Control age, years

(mean � SD)

Male cases (%) Male controls (%)

Case definition Comparator/cohort

definition

CR/MDR AB isolation against non-isolation

Ceparano, 2022 [28] 193 MDRa AB [A] No AB [A] 63 (54e71)b 65 (57e74)b 67.6 72.1
Munoz-Prince, 2016 [29] 360 CRAB [C] No CRAB [C] NR NR 60.0 76.0
Rosa, 2014 [41] 562 CRAB [A] No AB [A] NR NR 68.9 64.7
Young, 2007 [42] 134 MDRa AB [I] No AB [I] 42.9 45.4 80.6 67.2
Gulati, 2010 [43] 27 CRAB [A] No AB [A] 51.6 46 81.8 75.0
Apostolopoulou, 2014 [46] 100 CRAB [I] No AB [I] 67.5 � 13.8 68.7 � 14.5 62.0 64.0
Papakonstantinou, 2014 [47] 71 MDRa AB [A] No MDR AB [A] NR NR NR NR
Aksu Koca, 2018 [49] 310 CRAB [C]c No CRAB [C] 69.1 � 16.4 65.9 � 18.4 52.4 46.8

CRAB [I] No CRAB [I] 71.6 � 14.0 66.1 � 18.2 52.1 48.1
Mete, 2022 [50] 79 CRAB [I] No AB [I] 67.3 � 14.8 67.0 � 14.9 82.4 66.1
Castelo Branco Fortaleza, 2013 [51] 57 IRAB [A] No IRAB [A] NR NR NR NR
Romanelli, 2009 [52] 153(a) MDRa/CR AB [A] No MDR/CR AB [A] NR NR 45.1 52.0

105(b) MDRa/CR AB [A] No MDR/CR AB [A] NR NR 54.3 41.4
Qiao, 2020 [53] 895 CRAB [C] No CRAB [C] 51 (40e70)b 56 (45e68)b 61.7 64.4
Meschiari, 2021 [54] 135 CRAB [C] No CRAB [C] 75 � 16 76 � 15 57.8 65.6
Playford, 2007 [55] 197 CRAB [A] No CRAB [A] 59b 59b 73.0 73.0
Kim, 2012 [56] 311 CRAB [I] No AB [A] 61.8 � 15.3 60.1 � 16.2 58.5 64.9

CR/MDR AB isolation against CS/AS isolation

Djordjevic, 2016 [59] 137 CRAB [I] CSAB [I] 60.73 � 15.86 57.21 � 16.69 73.7 69.0
Lee, 2014 [60] 298 IRAB [I] ISAB [I] NR NR NR NR
Inchai, 2015 [61] 105 MDRa AB [I]d ASAB [I] 64.6 � 16.6 58.2 � 18.4 54.2 51.5

253 XDRa AB [I]d ASAB [I] 61.1 � 18.1 58.2 � 18.4 55.0 51.5
45 PDRa AB [I]d ASAB [I] 58.9 � 18.4 58.2 � 18.4 50.0 51.5

XDR AB isolation against non-isolation of AB

Husni, 1999 [44] 43 XDRa AB [I] No AB [A] 50 60 79.0 41.0
Carbonne, 2005 [57] 45 XDRa AB [A] No AB [A] NR NR 68.4 65.4

Other comparisons

Zheng, 2020 [30] 105 PDR AB [I] Non-PDR AB [I] 57.5 � 7.5 57.3 � 6.8 51.4 54.3
Mantzarlis, 2020 [31] 77 CoRAB [I] CoSAB [I] 59.7 40.7 45.0 63.0
Katsaragakis, 2008 [45] 52 CS-XDR AB [I] AB susceptible to colistin

and at least another
antibiotic [I]

63.9 � 8.6 68.2 � 12.1 52.1 51.7

Gulen, 2015 [48] 86 MDRa AB [I] Non-AB Gram-negative
micro-organism [I]

58.3 � 21.9 60.6 � 20.5 43.9 64.4

Moghnieh, 2016 [58] 257 XDRa AB [C] No XDR AB [C] NR NR 62.5 60.4

AB, Acinetobacter baumannii; CR, carbapenem resistant; CS, carbapenem susceptible; CoR, colistin resistant; CoS, colistin susceptible; IR, imipenem resistant; IS, imipenem susceptible; NR,
not reported; MDR, multidrug resistant, XDR, extensively drug resistant; PDR, pan-drug resistant; CS-XDR, carbapenem susceptible, extensively drug resistant.
Type of outcome: [A], acquisition; [C], colonization; [I], infection.
a Lowest degree of multi-resistance profile considered.
b Median (interquartile range).
c Analysis included only for antibiotic classes not reported in the infection outcome analysis.
d Combined in one single comparison.
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absence of CS/AS AB among the comparator/cohort group
(Figure 4A), no significant between-subgroup differences were
found, although it should be noted that some stratifications
were characterized by a relatively low number of subjects and
high residual heterogeneity.

On the contrary, stratifying by study design (Figure 4B),
cohort studies and caseecontrol studies yielded pooled esti-
mates that showed significant opposite trends in the case of
fluoroquinolones.

Individual meta-analyses for each antibiotic class, with
subsequent subgroup analyses, are reported in Supplementary
File 2.

These results were confirmed by the meta-regression mod-
els for carbapenems, which did not show any study charac-
teristic to be independently associated with the estimated ORs
(Supplementary File 3) and fluoroquinolones (Supplementary
Files 3 and 4), which confirmed the cohort design as inde-
pendently associated with a decreased likelihood of the out-
come (ab ¼ e0.725; 95% CI: e1.361 to e0.090). A funnel plot
for carbapenems and fluoroquinolones showed no evident signs
of publication bias, as confirmed by Eggars’ test (P¼0.235 and
P¼0.956, respectively) (Supplementary Files 5 and 6).

Analyses on CR or MDR AB isolation versus CS or AS AB
isolation

General characteristics of the analyses
Three studies investigated the impact of previous use of

antibiotics on the acquisition of CR/MDR AB versus CS/AS AB
acquisition, comprising five analyses involving 772 patients
(472 cases and 300 controls) (Table III) [56,59,61]. The three
analyses reported in Inchai et al. used the same control group
(AS AB) to compare against MDR AB, XDR AB, and PDR AB groups
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525
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311
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561

1566
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71
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71
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1.04 [0.83, 1.31]

2.42 [1.64, 3.55]

1.55 [0.89, 2.72]

0.95 [0.24, 3.72]

5.43 [0.58, 51.25]

1.73 [0.93, 3.10]

0.60 [0.05, 6.90]

4.11 [1.91, 8.81]

1.27 [0.56, 2.89]

0.88 [0.56, 1.38]

1.31 [0.98, 1.76]
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Antibiotic class
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 studies
No. of

 events
No. of

 subjects 95% CI

0.05

Figure 2. Pooled estimated odds ratios and reported odds ratios for ca
AB) isolation against non-isolation for previous use of each antibiotic c
NE, not estimable.
and have thus been combined in a single analysis for the pur-
pose of the meta-analyses. The median/average age ranged
from 58.9 to 64.6 years for cases and from 57.2 to 58.2 for
controls, while the prevalence of males ranged from 50.0% to
73.7% for cases and from 51.5% to 69.0% for controls. Regarding
case definition, all three analyses defined cases as patients
with an infection by CR/MDR AB and the controls as patients
with an infection by CS/AS AB [59e61]. The smallest compar-
ison involved 137 patients and the largest 403 patients [59,61].
Evidence on the association between previous use of
antimicrobial agents and CR or MDR AB isolation
versus CS or AS AB isolation

Summary estimates of meta-analyses on the association of
previous antimicrobial exposure with CR/MDR AB isolation
versus CS/AS AB isolation are reported in Figure 5, together
with OR for antibiotic classes reported only by single analyses.
Individual meta-analyses for each antibiotic class are reported
in Supplementary File 2.

Among the antibiotic classes not subjected to meta-
analysis, only nitroimidazoles (OR: 3.19; 95% CI: 1.28e7.93)
were reported to significantly increase the likelihood of CR/
MDR AB isolation compared to CS/AS AB isolation.

Meta-analyses showed an increased risk of acquiring CR/
MDR AB for the previous use of aminoglycosides (OR: 4.86; 95%
CI: 1.46e16.20; I2 ¼ 0.00%), antipseudomonal penicillins (5.65;
1.98e16.43; 0.00%), carbapenems (23.16; 5.18e103.42;
64.81%), fluoroquinolones (5.44; 2.07e14.30; 47.16%), glyco-
peptides (7.43; 1.52e36.38; 40.35%), and penicillins (1.84;
1.01e3.35; 0.00%). Due to the limited number of analyses
included in the meta-analyses (maximum three), no subgroup
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Figure 3. Subgroup meta-analyses for previous use of each antibiotic class for carbapenem-/multidrug-resistant Acinetobacter bau-
mannii (CR/MDR AB) isolation against non-isolation. (A) Type of outcome. (B) Estimate adjustment. REML, residual maximum likelihood;
CI, confidence interval; NE, not estimable.
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Figure 4. Subgroup meta-analyses for previous use of each antibiotic class for carbapenem-/multidrug-resistant Acinetobacter bau-
mannii (CR/MDR AB) isolation against non-isolation. (A) Carbapenem-/antibiotic-susceptible Acinetobacter baumannii among controls.
(B) Study design. REML, residual maximum likelihood; CI, confidence interval.
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Figure 5. Pooled estimated odds ratios and reported odds ratios for carbapenem-/multidrug-resistant Acinetobacter baumannii (CR/MDR
AB) isolation against carbapenem/antibiotic-susceptible (CS/AS). REML, residual maximum likelihood; CI, confidence interval; NE, not
estimable.
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analysis was performed. Individual meta-analyses for each
antibiotic class are reported in Supplementary File 2.
Analyses on isolation of XDR AB versus non-isolation of
AB

General characteristics of the analyses
Two studies investigated the impact of previous use of

antibiotics on the acquisition of XDR AB versus the non-
acquisition of AB, comprising one analysis each involving 88
patients (33 cases and 55 controls) [44,57]. The demographic
characteristics of cases and controls are shown in Table III. The
study by Carbonne et al. defined a case as an infection by XDR
AB, whereas Husni et al. considered a case to be acquisition of
XDR AB [44,57].
Evidence on the association between previous use of
antimicrobial agents and isolation of XDR AB versus
non-isolation of AB

Summary estimates of meta-analyses on the association of
previous antimicrobial exposure with the acquisition of XDR AB
versus the non-acquisition of AB are shown in Figure 6, together
with OR for antibiotic classes reported only by single analyses.
Aminoglycosides

3rd gen. cephalosporins 

Fluoroquinolones 

Penicillins

1

2

1

1

19

33

19

19

45

88

45

45

2.00 [0.60, 6.71]

7.03 [2.05, 24.38]

4.00 [0.99, 16.25]

1.31 [0.38, 4.58]

Antibiotic class No. of
 studies

No. of
 events

No. of
 subjects 95% CI

0

Figure 6. Pooled estimated odds ratios and reported odds ratios for
lation against non-isolation for each antibiotic class. REML, residual m
Of the antibiotic classes not subjected to meta-analysis, none
showed an effect on acquisition risk. The meta-analysis of the
effect of third-generation cephalosporins showed an increased
risk of XDR AB acquisition among patients who used this anti-
biotic class (OR: 7.28; 95% CI: 1.86e28.46; I2 ¼ 0.00). Due to
the limited number of analyses included in this meta-analysis,
no subgroup analysis was performed.

Studies on other comparisons

Five studies investigated the impact of previous use of
antibiotics on a variety of different outcomes of interest and
comparator/cohort groups. In particular, Gulen et al. reported
an effect on the risk of acquisition of MDR AB versus the
acquisition of other non-AB Gram-negative micro-organisms for
carbapenems (aOR: 11.96; 95% CI: 3.31e43.30), aminoglyco-
sides (OR: 4.63; 1.78e12.03), glycopeptides (OR: 3.13;
1.12e8.74), fluoroquinolones (aOR: 6.71; 1.31e34.40) and
nitroimidazoles (aOR: 331.85; 2.59e391.22) [48]. Katsaragakis
et al. reported an increased risk of HAIs by XDR AB only sus-
ceptible to colistin versus those by an AB susceptible to colistin
and at least one another antibiotic for the previous admin-
istration of aminoglycosides (OR: 3.51; 95% CI: 1.04e11.84)
[45]. The risk of acquisition of colistin-resistant AB versus the
acquisition of colistin-susceptible AB was investigated by
Prevents XDR

 AB isolation
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extensively drug-resistant Acinetobacter baumannii (XDR AB) iso-
aximum likelihood; CI, confidence interval; NE, not estimable.
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Mantzarlis et al., who found a significant association for ami-
noglycosides (OR: 14.00; 95% CI: 1.46e134.26), carbapenems
(3.53; 1.22e10.18), fourth-generation cephalosporins (7.13;
1.81e28.08), fluoroquinolones (4.58; 1.55e13.59), and anti-
pseudomonal penicillins (3.53; 1.22e10.18) [31]. Antibiotic
exposure influencing the acquisition of XDR AB against non-XDR
AB was investigated by Moghnieh et al., who reported a sig-
nificant association with carbapenems (OR: 3.45; 95% CI:
1.60e7.01), third-generation cephalosporins (4.36;
2.15e8.83), and antipseudomonal penicillins (4.36; 2.15e8.83)
[58]. Finally, Zheng et al. reported a significant association
with previous exposure to carbapenems (OR: 4.26; 95% CI:
1.64e10.97), comparing the acquisition of PDR AB with that of
non-PDR AB [30]. The associations found in each study are
reported in detail in Table IV.

Discussion

Epidemiological research on risk factors for the acquisition
of antibiotic-resistant micro-organisms must deal with a
variety of methodological challenges, among which one of the
most prominent is the selection of the appropriate com-
parator and/or cohort [62e64]. Accordingly, this systematic
review revealed great variety in the type of comparator/
cohort involved. Two types of comparator are generally used
Table IV

Reported associations in analyses with other comparisons

First author, year Antibiotic classes No.

Zheng, 2020 [30]
Carbapenems
3rd gen. cephalosporins
Antipseudomonal penicillins

Mantzarlis, 2020 [31]
Aminoglycosides
Carbapenems
3rd gen. cephalosporins
4th gen. cephalosporins
Fluoroquinolones
Antipseudomonal penicillins
Polymyxins

Katsaragakis, 2008 [45]
Aminoglycosides

Gulen, 2015 [48]
Aminoglycosides
Carbapenems
1st gen. cephalosporins
3rd gen. cephalosporins
Fluoroquinolones
Glycopeptides
Nitroimidazoles
Oxazolidinones
Antipseudomonal penicillins
Penicillins

Moghnieh, 2016 [58]
Carbapenems
3rd gen. cephalosporins
Antipseudomonal penicillins

OR, odds ratio; CI, confidence interval.
a Adjusted OR.
in studies on antibiotic resistance: patients affected by the
antibiotic-susceptible strain of the micro-organism or not
affected by it at all, which ultimately determines the
research question investigated [65]. Certainly, selecting
patients affected by an antibiotic-susceptible strain of an
organism as a comparator is appropriate when studying the
risk factors associated with acquiring a resistant strain among
the affected patients themselves, but it is not advisable for
determining the risk factors related to acquiring a resistant
pathogen among all hospitalized patients [62,63]. On the
other hand, the latter option does not allow researchers to
distinguish between risk factors associated with the organism
in general or with the resistant phenotype [64]. Considering
this, factors that are significant in both comparisons might be
considered ‘true’ risk factors for acquisition of antibiotic
resistance strains [66,67].

In this systematic review and meta-analysis, among the
antibiotic classes investigated using both approaches, only
aminoglycosides, carbapenems, second-generation cepha-
losporins, nitroimidazoles, and polymyxins seemed to exert
similar effects on adult ICU patients regardless of the controls
enrolled. Indeed, aminoglycosides and carbapenems have long
been identified as risk factors for the acquisition of carba-
penem- or multi-resistant strains of AB in many healthcare
settings [68e75]. The same associations have been reported for
of events No. of subjects OR 95% CI

70 105
4.33a 1.25e14.32
1.06 0.47e2.39
1.12 0.50e2.53

20 77
14.00 1.46e134.26
1.21a 1.00e1.45
0.46 0.15e1.43
7.13 1.81e28.08
4.58 1.55e13.59
3.53 1.22e10.18
2.5 0.83e7.50

23 52
3.51 1.04e11.84

41 86
4.63 1.78e12.03

11.96a 3.31e43.30
0.69 0.26e1.85
1.58 0.68e3.72
6.71a 1.31e34.40
3.13 1.12e89.52

31.85 2.59e391.22
0.81 0.17e3.85
1.81 0.70e4.71
0.64 0.22e1.84

40 257
3.45 1.60e7.01
2.12 1.05e4.28
4.36 2.15e8.83
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infections and acquisitions of other antibiotic-resistant Gram-
negative bacteria [19,21,22,24,25,75,76]. Our meta-analysis
shows that carbapenems increase the risk of CR/MDR AB
acquisition, although there was substantial heterogeneity in
both comparisons. However, the consistency between sub-
group estimates and between the two comparisons reinforces
the importance of carbapenems. Our results on aminoglyco-
sides, on the other hand, highlight the lack of any reported
adjusted measures of association and a possible slight upward
bias in studies that included CS/AS AB among comparators,
which suggest caution in their interpretation, considering also
that the only studies reporting this association in other settings
use CS/AS AB as comparator [72,73,77]. As for nitroimidazoles,
second-generation cephalosporins, and polymyxins, very few
studies were included in both comparisons and findings from
studies on AB and other Gram-negative bacteria are incon-
sistent [19,21,24,25,66,70,74e76,78]. Research on these anti-
biotic classes should be strengthened, particularly for colistin
considering its importance in the treatment of XDR AB where it
often represents the only therapeutic option available [79].

Conversely, previous use of third-generation cephalosporins
and diaminopyrimidines was significantly associated with the
isolation of CR/MDR AB only versus its non-isolation, but not
versus CS/AS AB isolation, suggesting their role in the acquis-
ition of AB as a whole [64]. Indeed, AB is intrinsically resistant
to diaminopyrimidines [80], so that their use may reduce
competition with other susceptible micro-organisms [81],
while for third-generation cephalosporins, these results are in
contrast with most of the literature, which generally reports a
lack of effect [68,69,74,77]. For these reasons, further evi-
dence should be gathered to better assess their possible
impact.

Fluoroquinolones, glycopeptides, penicillins, and anti-
pseudomonal penicillins all had an impact on the likelihood of
being affected by a CR/MDR AB only versus CS/AS AB isolation.
Several authors have reported fluoroquinolones, penicillins,
and antipseudomonal penicillins as risk factors for antibiotic-
resistant K. pneumoniae [21,25,82,83] and P. aeruginosa
[20,22,76] acquisition, as well as for AB and P. aeruginosa
together [24], while the data on glycopeptides are more con-
flicting [19,24,76,78,82]. Overall, these associations may not
reflect a true excess of antibiotic use among cases, but rather
decreased use among controls [62]. Especially in light of con-
sistently non-significant estimates versus the non-isolation, the
results suggest that these classes should not have an impact on
AB isolation in adult ICU patients, accordingly with studies
conducted in other settings [68e74,77].

Among the antibiotic classes investigated only in compar-
ison versus the non-isolation of CR/MDR AB, only glycylcyclines
increased the risk of acquisition, while anti-anaerobics
decreased the risk. However, due to the limited number of
studies on these antibiotic classes, caution is advisable in
interpreting these findings. Indeed, to the best of our knowl-
edge their effect on the risk of AB isolation has not been
reported previously [68,77].

Interestingly, the two studies conducted during the COVID-
19 pandemic and including SARS-CoV-2 patients only [28,50]
showed results consistent with the other studies, suggesting
that the increase in ICA observed in these patients should not
be attributable to a higher or different susceptibility to these
risk factors [18,26e28].
Finally, our systematic review identified some studies that
compared the risk of isolation of various antibiotic-resistant AB
strains against some more specific controls. As for the com-
parison between MDR AB and other non-AB Gram-negative
micro-organism acquisition, carbapenems, aminoglycosides,
glycopeptides, fluoroquinolones, and nitroimidazoles were all
identified as risk factors, but these results may suffer from the
same upward bias observed when using susceptible strains as
controls [62]. Results of the other comparisons, which involved
XDR and PDR AB as cases, were mainly in accordance with the
risk factors found in other comparisons and may underline a
role for some antibiotic classes in facilitating a cross-resistance
mechanism and ultimately high grade of multi-resistance,
possibly involving the AdeABC efflux pump [84].

This systematic review has some limitations. First, we
included only studies published in English and Italian. Second,
due to the nature of exposure, all studies were observational,
and could have suffered from their typical bias and residual.
However, the quality of all studies was deemed high and, when
available, adjusted estimates were used in the analysis. Third,
a high degree of heterogeneity was detected in some of the
meta-analyses performed, as expected when dealing with
observational studies, and subgroup meta-analyses were often
unable to reduce this; in other cases, such subgroup meta-
analyses were infeasible due to the few analyses included.
Moreover, we retrieved very few analyses for some antibiotic
classes and for comparisons other than CR/MDR AB isolation
against non-isolation. Other limitations mostly result from the
characteristics of the studies, such us the lack of stand-
ardization in defining previous antibiotic exposure and possibly
the multidrug resistance pattern, poor adjustment analyses,
and partial reporting of multivariable models. Nevertheless,
this is the first review to quantify the risk of antibiotic-resistant
AB strains occurring in adult ICU patients following exposure to
a wide range of antibiotic classes, differentiating between
various comparisons, and identifying well-founded associations
for carbapenems, fluoroquinolones, glycopeptides, penicillins,
and antipseudomonal penicillins, while highlighting some gaps
in the evidence that might be addressed in future research.

In conclusion, the findings of this systematic review and of
its meta-analyses show that there is convincing evidence of a
role in the spread of antibiotic-resistant AB for numerous
antibiotic classes, while for others ambiguities seem to persist.
Whereas there are certainly many other factors that can
influence resistant micro-organisms in ICU patients, use of
antibiotics can be modified relatively easily, and it would
therefore be beneficial to carry on studies on antibiotic
resistance in a more standardized way, especially regarding the
definition of ‘previous antibiotic use’ and of ‘multi-resistance’,
and the construction and reporting of multivariable models.
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