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Background: Rapid and widespread increases in carbapenem resistance (CR) necessitate identification of
risk factors to guide appropriate interventions.
Objectives: We aimed to identify risk factors for CR Gram-negative infection through a systematic
literature review.
Data sources: We searched MEDLINE (via OvidSP and PubMed) and Embase (via OvidSP) databases and
the Cochrane Central Register of Controlled Trials.
Study eligibility criteria: Prospective or retrospective cohort and caseecontrol studies reporting quanti-
tative data on risk factors associated with infections due to CR Gram-negative pathogens in hospitalized
patients were eligible.
Participants: Studies included hospitalized patients with CR infection caused by Gram-negative bacterial
pathogens (Enterobacterales and non-fermenters).
Methods: Searches were conducted in January 2018/December 2019 to identify studies published since
2007. Risk factor data were extracted and grouped by factor. The primary metric was proportion of
studies reporting a significant association with CR infection for each factor.
Results: In total, 92 studies were identified. Risk factors most frequently reported as significantly
associated with CR infection (>10 studies) were previous antibiotic use (91.1%; 72/79 studies); previous
carbapenem use (82.6%; 57/69); previous colonization (72.7%; 8/11); mechanical ventilation (66.7%;
36/54); previous intensive care unit stay (64.4%; 38/59); dialysis (61.1%; 11/18); catheter (58.0%;
40/69); length of stay in hospital (54.5%; 30/55); comorbidities (52.7%; 39/74); APACHE II (51.7%;
15/29); and intubation (51.4%; 18/35). Risk factors were mostly consistent across different species and
sites of infection.
Conclusions: Several variables, particularly previous antibiotic use, are strong risk factors for CR infection.
Interventions to mitigate against CR infection should target these factors.
Zaira R. Palacios-Baena, Clin Microbiol Infect 2021;27:228
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of carbapenemase enzymes against which few antibiotics remain
active. Given the problematic nature of treatment for carbapenem-
resistant (CR) Gram-negative organisms, including a high co-
occurrence of resistance to multiple classes of antibiotics (multi-
drug resistance; MDR), efforts are required to counter increases in
CR. As a foundation for these efforts, it is important to establish the
important risk factors for CR infections. Identified factors can then
form the basis for targeted interventions to reduce the ongoing
dissemination and spread of CR Gram-negative organisms.

Previous systematic reviews have examined risk factors for CR
infections, but have been limited by a focus only on specific bac-
terial pathogens, e.g. Klebsiella pneumoniae and Pseudomonas aer-
uginosa [1,2], or have examined risk factors more broadly for MDR
bacteria [3,4]. Our objective for this systematic review is to syn-
thesize the available literature reporting risk factors for CR Gram-
negative infections among hospitalized patients, to enable identi-
fication of targets for interventions to reduce the incidence and
impact of this global problem.

Methods

Eligibility criteria

This systematic review explores potential risk factors predis-
posing to clinical infections caused by CR Gram-negative organisms
in hospitalized patients. Prospective or retrospective observational
cohort and caseecontrol studies were eligible for inclusion if they
reported quantitative data on the risk factors associated with
clinical infections due to CR Gram-negative pathogens in hospi-
talized patients. Cohort studies are defined as any studies that
compared two groups of patients that differed in terms of exposure
followed over time. Both cohort and caseecontrol studies were
required to include patients with carbapenem-susceptible (CS) in-
fections as a control group. Carbapenem susceptibility was as
defined by the study authors. Studies reporting on colonization
only were excluded. Studies were required to have been published
in English as full texts from 2007 onwards. This cut-off date was
selected because the first major reports highlighting the increase in
CR in Gram-negative pathogens in Europe emerged in 2008 [5,6].
Detailed eligibility criteria are shown elsewhere (please see sup-
plementary material).

Literature search

A protocol for this systematic reviewwas developed a priori and
registered on the PROSPERO database (CRD42018087699). The
search strategy comprised two concepts: ‘carbapenem resistance’
and specific infections. Searches were conducted in MEDLINE,
EMBASE, CENTRAL and PubMed. The full MEDLINE search strategy
is shown elsewhere (please see supplementary material). We also
identified prior relevant systematic reviews and checked their
included studies list to ensure that we had identified and assessed
relevant studies. The searches were conducted in January 2018 and
updated in December 2019, when database searches were re-run in
full, and deduplicated within-set and against the previous results.

Study selection

Study selection was conducted by two independent reviewers
with conflicts adjudicated by a third reviewer.

Data extraction

A single reviewer performed data extraction and risk of bias
assessment; a second reviewer checked every data point; a third
reviewer adjudicated any disagreements. A full list of the data el-
ements extracted from each study are reported elsewhere (please
see supplementary material). The risk of bias tools used were
Newcastle Ottawa Scale [7] for caseecontrol studies and the Centre
for Reviews and Dissemination tool for cohort studies [8]. Had any
randomized controlled trials been identified, the protocol specified
that the Cochrane risk of bias tool would have been used to assess
bias in these studies [9]. The risk of bias assessment is included
elsewhere (please see supplementary material).

Data synthesis

Risk factors were divided into seven groups for analysis: anti-
biotic use; clinical severity assessment scale scores; patient de-
mographics (age, sex and ethnicity); surgery; non-surgical invasive
procedures (including indwelling devices); exposure to the hospital
environment; and ‘Other’ (risk factors not captured elsewhere,
including colonization; a full list is provided elsewhere (please see
supplementary material). Many studies examined a large number
of different risk factors and so are included across multiple risk
factor groups.

The significance of the association between the risk factors
assessed in each study and the occurrence of CR infection was
investigated by examining the statistical data reported in the study.
Studies reporting a significant association between a certain risk
factor and CR infection were noted as such, and p values and odds
ratios (OR) for the associations were recorded. These data were
taken from the univariate analysis reported by each study. If not
reported by the study, and if data permitted, ORswere calculated by
the reviewers. Where adjustedmultivariate analyses were included
in a study, these are reported separately.

Given the large volume of data reported in the systematic re-
view, the data presented here have synthesized broad associations
between risk factors and CR infection based on the proportions of
studies reporting significance for each risk factor. Data are reported
overall, by Gram-negative pathogen and by infection site. We also
explored whether there were any differences in reporting or risk
factors according to the local endemicity of CR (established by
cross-referencing the country with the degree of endemicity
highlighted in Bonomo et al. [10]) or the size of the study (number
of patients).

Owing to the significant heterogeneity of the studies in terms of
study design, patient populations and included pathogens, statis-
tical pooling was not deemed appropriate, and so comparative
statistical analysis or meta-analysis of the results was not possible.

Results

Across the two searches (January 2018 and December 2019),
12 702 unique records were assessed for relevance. Following full
text review, 116 studies were eligible. However, some of these
studies compared patients with CR infection with uninfected
patients only or a control group comprising both uninfected
patients and patients with CS infection. For the reasons noted in
the Methods section, all authors agreed to focus the review on
studies including patients with CS infections as the control group
(n ¼ 92; references in supplementary material). Details of the
selection process can be found in the PRISMA flow diagram in
Fig. 1.

Table 1 shows a summary of the studies included in the analysis.
Cohort studies were generally of moderate to high risk of bias,
primarily due to the poor reporting, while caseecontrol studies
were considered to have a low to moderate risk of bias (please see
supplementary material). K. pneumoniae was the most frequently
investigated pathogen followed by mixed pathogens, Acinetobacter



Fig. 1. PRISMA flow diagram.
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baumannii and P. aeruginosa. Of 40 studies that reported where the
infection was acquired, 35 studies reported nosocomial acquisition
and five acquisition in a community healthcare setting. Two studies
(Jamulitrat, 2009; Hoxha, 2016; see Supplementary Appendix 6 for
details) only reported outcome data without explicit definition of
risk factors and so were excluded from the analyses.
Risk factors

The association between risk factors and CR infection by uni-
variate analysis is shown in Table 2. The factors reported as sig-
nificant in the highest proportion of studies are shown in Fig. 2.
The risk factor most frequently found to be significantly associated
with CR infection was antibiotic use, in 91.1% of studies (72/79)
examining this factor. Of specific antibiotic classes examined,
carbapenem use was found to be associated with CR infection in
82.6% of studies (57/69). For all other classes except colistin (for
which 57.1% of studies (4/7) found a significant association), the
percentage of studies finding a significant association was <50%
(range: 22.0% (9/41) to 38.9% (21/54)).

Antibiotic use was also found to be associated with CR infection
in studies that included a multivariate analysis (Table 3), with 51.9%
of studies (41/79) finding a significant association between anti-
biotic use and CR infection. This percentage was considerably
higher than for other risk factor groups, where the range of per-
centages of studies finding a significant association with CR infec-
tion was 2.6% (2/76) to 30.8% (24/78) (Table 4). The multivariate
analyses also showed that use of carbapenems was found to have
an associationwith CR infection in the highest proportion of studies
(42.2% of studies; 30/71), compared with other antibiotic classes
(range: 3.8% (1/26) to 20.0% (11/55)). This pattern was consistent
across each of the Gram-negative pathogens included in the sys-
tematic review, with no obvious differences between species.

Beyond antibiotic use, the individual risk factors most
frequently reported as significantly associated with CR infection
on univariate analysis were Pitt Score (100% of studies; 8/8);
previous colonization with relevant bacteria, including CR isolates



Table 1
Summary of details of the 92 studies included in the analysis

Studies (N ¼ 92)

Study type
Caseecontrol 78
Cohort 14

Country of study
China 18
United States of America 16
Turkey 10
Taiwan 9
Greece 8
Brazil 7
Israel 5
India 3
Thailand 3
Colombia 2
France 2
Lithuania 2
Serbia 2
Algeria 1
Georgia 1
Italy 1
Malaysia 1
Republic of Korea 1

Sample size
<50 patients 7
50e200 patients 62
200e500 patients 14
>500 patients 5
Unknowna 4

Number of sites
Single site 79
Multicentre 13

Pathogen focus
Acinetobacter baumannii 19
Acinetobacter nosocomialis 1
Escherichia coli 1
Klebsiella pneumoniae 35
Pseudomonas aeruginosa 17
Mixed populations 19

a Studies reported number of isolates rather than patients.
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(72.7%; 8/11); non-specific device use (75.0%; 6/8); mechanical
ventilation (66.7%; 36/54); previous intensive care unit (ICU) stay
(64.4%; 38/59); dialysis (61.1%; 11/18); catheter placement of any
type (58.0%; 40/69); length of stay in hospital (54.5%; 30/55);
presence of a comorbidity (52.7%; 39/74); Acute Physiology and
Chronic Health Evaluation II Score (51.7%; 15/29); and intubation
(gastric/nasogastric/tracheal tube) (51.4%; 18/35).

A high proportion of studies reported significant associations
between the heterogeneous group of ‘Other risk factors’ and CR
(72.0%; 59/82).

In the analysis of risk factors according to CR endemicity, no
significant differences in risk factor associations could be observed
between groups, although study numbers were small for many
comparisons. A similar result was observed in the analysis by study
size.

Several potential risk factors were found not to be significantly
associatedwith CR infection. Prior surgerywas found to be associated
with CR infection in 23.4% of studies (11/47), with no notable differ-
ences between surgery at a prior visit or at the current visit. In most
studies investigating demographics, these were found not to be
associated with CR infection. For gender, a very mixed picture
emerged; significant associationwith CR infection or CS infectionwas
reported in approximately equivalent proportions of studies.

Subgroup analyses of risk factors

The risk factors most significantly associated with CR infections
by univariate analysis according to infecting pathogen and infection
site are shown elsewhere (please see supplementary material).
Overall, the risk factors most frequently associated with CR in-
fections were consistent across the different pathogens and infec-
tion sites. Antibiotic use was reported as a significant risk factor in
>85% of studies for all pathogens. Of specific antibiotic classes, prior
use of carbapenems was most frequently reported as significant
(>75% of studies for all pathogens). For other classes, generally less
than 50% of studies reported use as a significant risk factor. Across
the different infection sites, antibiotic use was reported as a sig-
nificant risk factor in �90% of studies for all infection sites, except
complicated intra-abdominal infections (87.5% of studies) and
studies where infection site was not reported (80.0% of studies).
Carbapenem use was reported as significant across all infection
sites (>80% for all infection sites, except studies where infection site
was not reported; 60.0% of studies).

Discussion

In this systematic review, several risk factors were frequently
associated with CR infections caused by Gram-negative bacteria in
hospitalized patients, most notably exposure to antibiotics, and
particularly carbapenems. Other risk factors included use of inva-
sive devices and procedures, such as mechanical ventilation and
catheterization, and exposure to the hospital environment, partic-
ularly the ICU. These results echo those of previous systematic re-
views examining related, though not identical, questions [2,3].

While the association between antibiotic use and CR infection is
intuitive, it highlights the need to implement and maintain high
standards of antimicrobial stewardship to reduce over-reliance on
certain classes of antibiotics, particularly carbapenems, to reduce
selection pressure for CR. Indeed, the selective pressure of antibi-
otics, including carbapenem, has been linked not only to CR
[11e13], but also MDR [14] by complex and often heterogeneous
mechanisms [13,14]. Antimicrobial stewardship initiatives may
vary depending on the local CR prevalence. In endemic CR regions,
general use of colistin as empirical therapy may be appropriate,
although colistin is known to be less effective than modern anti-
biotics [15]. Conversely, where CR prevalence is low or moderate,
carbapenem-sparing strategies may be implemented. In extended
spectrum b-lactamase infections, use of conventional (i.e. piper-
acillin/tazobactam) or novel b-lactam/b-lactamase inhibitor com-
binations may be appropriate, with fosfomycin, aminoglycosides
and temocillin reasonable options in patients with complicated
urinary tract infection [16]. Overall, further research is required to
identify optimal treatment regimens [17]. Furthermore, despite our
findings that there were no significant differences in CR risk factor
associations between groups based on endemicity, this was likely
mostly due to the small number of studies included in each ende-
micity category. As such, it is possible that a significant relationship
between antibiotic exposure, particularly carbapenem exposure,
and CR might be observed in high endemicity regions.

The co-occurrence of and complex interplay between
resistancemechanisms for independent antibiotic classesmust also
be considered [18]. For example, some agents, notably fluo-
roquinolones, are known to enhance the CR mutation rate in
P. aeruginosa [19].

Beyond antibiotic use, the risk factors most frequently associ-
ated with CR infection were related to invasive devices or proced-
ures and exposure to the hospital environment, particularly the
ICU, as expected [2,20,21]. Indeed, many of the risk factors associ-
ated with exposure to the hospital environment (e.g. ICU stay and
mechanical ventilation) are interlinked, and so caution should be
taken during interpretation.

The risk factors most frequently associated with CR infection
were fairly consistent across the different pathogens studied. The



Table 2
Proportion of studies demonstrating an association between chosen risk factors and carbapenem resistance infections

Risk factor group/
individual factor

Studies examining
risk factor
grouping, n (%)

Significant association with CR infection, n (%)

Overall Range of odds ratios
for CR-significant
studies

Endemicity Study size

High Medium Low N > 500 200 < N < 500 50 < N < 200 N < 50

Antibiotic use 79 (85.9) 72/79 (91.1) 1.18e78.17 35/37 (94.6) 25/27 (92.6) 11/14 (78.6) 3/4 (75.0) 14/14 (100) 48/50 (96.0) 4/7 (57.1)
Unspecified agent 53 (57.6) 36/53 (67.9) 1.4e78.17 19/30 (63.3) 13/16 (81.3) 3/6 (50.0) 3/3 (100) 6/6 (100) 19/38 (50.0) 3/4 (75.0)
Unspecified broad-spectrum agent 3 (3.3) 2/3 (66.7) 1.4e53.21 1/1 (100) 1/1 (100) 0/1 (0.0) d 1/2 (50.0) d d

Specific antibiotic classes
Aminoglycoside 41 (44.6) 9/41 (22.0) 1.18e25.92 5/17 (29.4) 3/14 (21.4) 1/10 (10.0) 0/1 (0.0) 5/9 (55.6) 4/26 (15.4) 0/3 (0.0)
b-lactam/b-lactamase inhibitor 35 (38.0) 13/35 (37.1) 2.22e5.69 2/13 (15.4) 8/17 (47.1) 3/5 (60.0) 0/2 (0.0) 7/10 (70.0) 6/22 (27.3) 0/1 (0.0)
b-lactam/penicillin 26 (28.3) 10/26 (38.5) 2.17e8.57 6/13 (46.2) 0/3 (0.0) 4/10 (40.0) 1/1 (100) 5/5 (100) 4/19 (21.1) 1/2 (50.0)
Carbapenem 69 (75.0) 57/69 (82.6) 1.2e75.05 26/31 (83.9) 22/25 (88.0) 8/12 (66.7) 1/2 (50.0) 13/14 (92.9) 39/44 (88.6) 2/6 (33.3)
Cephalosporin 55 (59.8) 20/55 (36.4) 2.23e32.67 8/20 (40.0) 5/22 (22.7) 6/12 (50.0) 1/2 (50.0) 8/13 (61.5) 9/28 (32.1) 1/6 (16.7)
Colistin 7 (7.6) 4/7 (57.1) 4.17e12.1 3/5 (60.0) 1/2 (50.0) d d 1/1 (100) 3/6 (50.0) d

Fluoroquinolone 54 (58.7) 21/54 (38.9) 1.87e20.62 9/21 (42.9) 8/22 (36.4) 4/11 (36.4) 1/2 (50.0) 8/13 (61.5) 11/35 (31.4) 1/4 (25.0)
Other 38 (41.3) 21/38 (55.2) 1.977e19.86 7/16 (43.8) 11/15 (73.3) 3/7 (42.9) 1/1 (100) 6/9 (66.7) 14/25 (56.0) 0/3 (0.0)

Clinical severity assessment scores 45 (48.9) 26/45 (59.1) 1.04e14.00 7/19 (36.8) 11/16 (68.8) 8/10 (80.0) 2/4 (50.0) 9/11 (81.8) 13/25 (52.0) 2/5 (40.0)
APACHE II Score 29 (31.5) 15/29 (51.7) 1.04e8.33 4/12 (33.3) 8/13 (61.5) 3/4 (75.0) 0/1 (0.0) 8/9 (88.9) 5/14 (35.7) 2/5 (40.0)
Charlson Comorbidity Index 13 (14.1) 4/13 (30.8) 1.44 2/7 (28.6) 1/3 (33.3) 1/3 (33.3) 1/3 (33.3) 0/3 (0.0) 3/7 (42.9) d

McCabe Score 5 (5.4) 1/5 (20.0) 2.31 1/1 (100) 0/4 (0.0) d d 0/1 (0.0) 1/4 (25.0) d

Pitt Score 8 (8.7) 8/8 (100) 2.96e14.00 1/1 (100) 3/3 (100) 4/4 (100) 1/1 (100) 2/2 (100) 5/5 (100) d

SOFA Score 6 (6.5) 2/6 (33.3) 4.08 1/3 (33.3) 0/2 (0.0) 1/1 (100) 1/1 (100) 1/5 (20.0) d d

SAPS II Score 2 (2.2) 0/2 (0.0) d 0/1 (0.0) 0/1 (0.0) d d d 0/2 (0.0) d

Other 5 (5.4) 2/5 (40.0) 4.39e14.00 0/2 (0.0) 2/3 (66.7) d d 1/2 (50.0) 1/3 (33.3) d

Demographics 76 (82.6) 15/76 (19.7) 1.03e7.83 8/35 (22.9) 5/25 (20.0) 1/15 (6.7) 1/3 (33.3) 2/14 (14.3) 11/50 (22.0) 1/7 (14.3)
Age 72 (78.3) 9/72 (12.5) 1.03 3/32 (9.4) 5/24 (20.8) 1/15 (6.7) 0/3 (0.0) 2/14 (14.3) 7/46 (15.2) 0/7 (0.0)
Ethnicity 5 (5.4) 2/5 (40.0) 1.25e7.83 2/5 (40.0) d d 1/1 (100) d 1/3 (33.3) d

Sex 73 (79.3) 6/73 (8.2) 1.94e5.63 5/33 (15.2) 0/25 (0.0) 0/14 (0.0) 1/4 (25.0) 1/14 (7.1) 3/47 (6.4) 1/7 (14.3)
Hospital-related factors 86 (93.5) 60/86 (69.8) 1.01e50.4 35/43 (81.4) 14/28 (50.0) 11/15 (73.3) 3/4 (75.0) 11/14 (78.6) 42/59 (71.2) 2/6 (33.3)
Hospital-acquired infection 10 (10.9) 4/10 (40.0) 4.49e4.65 0/2 (0.0) 2/6 (33.3) 2/2 (100) 1/2 (50.0) 2/4 (50.0) 1/4 (25.0) d

ICU stay 59 (64.1) 38/59 (64.4) 1.58e33.01 19/30 (63.3) 13/18 (72.2) 6/11 (54.5) 1/1 (100) 9/11 (81.8) 25/42 (59.5) 1/3 (33.3)
Length of stay 55 (59.8) 30/55 (54.5) 1.01e17.6 18/29 (62.1) 6/16 (37.5) 6/10 (60.0) 3/3 (100) 6/11 (54.5) 20/37 (54.1) 1/1 (100)
Prior hospitalization 41 (44.6) 15/41 (36.6) 2.5e13.15 8/20 (40.0) 5/15 (33.3) 2/6 (33.3) 0/3 (0.0) 4/9 (44.4) 11/27 (40.7) 0/3 (0.0)
Specific admission reason/location (excl. ICU) 8 (8.7) 2/8 (25.0) 2.01e2.72 0/2 (0.0) 1/4 (25.0) 1/2 (50.0) 0/1 (0.0) 1/2 (50.0) 1/4 (25.0) 0/1 (0.0)
Other 11 (12.0) 5/11 (45.5) 1.1e50.4 4/8 (50.0) 1/2 (50.0) 0/1 (0.0) d 2/2 (100) 3/9 (33.3) d

Invasive procedures/devices (excl. surgery) 78 (84.8) 59/78 (75.6) 1.03e129.15 28/36 (77.8) 19/27 (70.4) 11/15 (73.3) 3/4 (75.0) 11/12 (91.7) 37/53 (69.8) 5/6 (83.3)
Catheter placement 69 (75.0) 40/69 (58.0) 1.74e70.81 17/30 (56.7) 14/24 (58.3) 8/14 (57.1) 2/3 (66.7) 9/11 (81.8) 22/46 (47.8) 4/6 (66.7)
Diagnostic procedures 6 (6.5) 2/6 (33.3) 1.73e3.09 d 2/5 (40.0) 0/1 (0.0) 0/1 (0.0) 1/1 (100) 1/4 (25.0) d

Dialysis 18 (19.6) 11/18 (61.1) 2.64e9.00 4/8 (50.0) 6/8 (75.0) 1/1 (100) 1/1 (100) 4/6 (66.7) 4/8 (50.0) 0/1 (0.0)
Drainage 12 (13.0) 3/12 (25.0) 2.14e2.93 0/4 (0.0) 2/6 (33.3) 1/2 (50.0) d 3/3 (100) 0/6 (0.0) 0/2 (0.0)
Intubation (gastric/nasogastric/tracheal) 35 (38.0) 18/35 (51.4) 1.49e19.8 7/13 (53.8) 8/12 (66.7) 2/9 (22.2) 1/1 (100) 5/6 (83.3) 9/21 (42.9) 1/4 (25.0)
Mechanical ventilation 54 (58.7) 36/54 (66.7) 1.03e25.88 12/22 (54.5) 14/19 (73.7) 9/12 (75.0) 1/2 (50.0) 11/12 (91.7) 20/34 (58.8) 2/4 (50.0)
Non-specific devices 8 (8.7) 6/8 (75.0) 2.5e14.11 4/5 (80.0) 1/1 (100) 1/2 (50.0) d 1/1 (100) 4/6 (66.7) 1/1 (100)
Nutrition support therapy 22 (23.9) 10/22 (45.5) 2.17e5.7 5/11 (45.5) 1/6 (16.7) 4/5 (80.0) 1/2 (50.0) 3/4 (75.0) 6/15 (40.0) 0/1 (0.0)
Other 7 (7.6) 5/7 (71.4) 2.76e129.15 3/3 (100) 1/2 (50.0) 1/2 (50.0) d 2/2 (100) 3/5 (60.0) d

Transfusion 5 (5.4) 2/5 (40.0) 2.43e9.11 1/4 (25.0) 1/1 (100) d d d 2/4 (50.0) 0/1 (0.0)
Surgery 47 (51.1) 11/47 (23.4) 1.94e20.0 5/19 (26.3) 5/20 (25.0) 1/7 (14.3) 0/1 (0.0) 2/8 (25.0) 9/33 (27.3) 0/5 (0.0)
Prior admission 20 (21.7) 5/20 (25.0) 1.94e20.0 1/8 (12.5) 4/11 (36.4) 0/1 (0.0) 0/1 (0.0) 2/4 (50.0) 3/13 (23.1) 0/2 (0.0)
Current admission 31 (33.7) 6/31 (19.4) 2.53e5.9 4/14 (28.6) 1/10 (10.0) 1/6 (16.7) d 0/4 (0.0) 6/24 (25.0) 0/3 (0.0)

Other risk factors 82 (89.1) 59/82 (72.0) 1.05e50.4 32/40 (80.0) 18/28 (64.3) 9/14 (64.3) 3/4 (75.0) 12/14 (85.7) 41/54 (75.9) 0/6 (0.0)
Previous colonization 11 (12.0) 8/11 (72.7) 4.44e47.65 6/7 (85.7) 0/2 (0.0) 2/2 (100) 2/2 (100) 1/1 (100) 5/8 (62.5) d

Comorbidity 74 (80.4) 39/74 (52.7) 1.22e33.75 17/35 (48.6) 15/27 (55.6) 7/12 (58.3) 3/4 (75.0) 11/13 (84.6) 24/49 (49.0) 0/5 (0.0)

Many studies examined multiple individual risk factors; therefore, counts and proportions are based on studies finding a significant association with CR infection on any individual risk factor tested; study size columns total less
than 100% as several studies reported numbers of isolates or infections instead of patient numbers.
CR, carbapenem resistant; ICU, intensive care unit.
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Fig. 2. Individual risk factors most frequently reported to have a significant association with CR infection by univariate analysis. APACHE, Acute Physiology and Chronic Health
Evaluation; CR, carbapenem resistant.
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high proportion of studies reporting antibiotic use and carbapenem
use (both 100%) as a significant risk factor for CR infection with
mixed pathogens may have been due to the inclusion of Steno-
trophomonas maltophilia, a species constitutively resistant to car-
bapenems [22], in addition to other Gram-negative pathogens. The
higher proportion of studies reporting a significant associationwith
clinical severity assessment scores for bloodstream infections may
have been driven by the higher proportion of these studies exam-
ining the Pitt Score, which was significant in all studies in which it
was assessed.

A key limitation of the systematic review was the variation in
the number of studies included for each of the risk factors. In
addition, the studies themselves were generally limited in terms of
reporting, with cohort studies found to be of lower quality than
caseecontrol studies, by risk of bias assessment. We have not
conducted an analysis by study type and therefore cannot deter-
mine if study design has been a confounding factor. Furthermore,
some of the studies did not report risk factors according to the
number of patients but instead by the number of isolates or in-
fections [23e25]. Therefore, caution needs to be taken when
interpreting risk factors associated with these studies. Ideally, a
meta-analysis of the results would have been conducted; however,
the heterogeneity of included studies precluded this, as even for
those studies that included multivariate analysis, concerns existed
regarding the comparability of these data. These concerns are: (a)
huge variation across the studies in variables considered in the
multivariate analysis; (b) some studies only considered variables
that were significant at the univariate level while others considered
all; and (c) details of how the variables were considered in the
analyses were inconsistent and often poorly reported. Multivariate
analysis of carbapenem use would have been further limited by the
fact that cohort studies could not include this variable if no patient
received carbapenems in the CS infection group, or if the univariate
OR for this variable was very large (infinite or very large ORs
would lead to unstable regression models). Beyond the studies
reporting multivariate analyses, no other studies featured alterna-
tive methods of adjustment.

In addition, several limitations of the review should also be
considered. Owing to the large volume of literature available, we
chose to balance precision and sensitivity for our search, focusing
on studies with ‘carbapenem resistance’ explicitly stated in the
database record. Therefore, studies that only explicitly referred to
CR infections in the full text may not have been identified. In
addition, CR in Gram-negative bacterial infections is a broad
concept. While it has clinical relevance in referring to patients that
would not benefit from receiving empirical treatment with carba-
penems, there are substantial differences among species from a risk
factor identification perspective. This issue has been relevant for
study selection and analyses.

The results of this systematic review should be interpreted with
caution, as it is difficult to separate risk factors that are specific for
CR infection from factors that increase the risk of nosocomial in-
fections in general. For example, central venous catheter use and
admission to ICU, both identified as risk factors in our systematic
review, are also risk factors for nosocomial infections [26]. Impor-
tantly, while this systematic review is a useful starting point for
identification of risk factors, it is limited by the heterogeneity and
relatively small scale of the studies included. In addition, our choice
of studies employing patients with CS infections as the control
group may have influenced the size of the effect estimates in each
study [27,28]. Indeed, the choice of control group for an analysis of
risk factors is controversialdthe estimation of risk for antibiotic
resistance may vary depending on whether uninfected patients or
patients with susceptible infections are used as the control group
[27,28]. However, the use of an uninfected control group would not
have allowed us to distinguish between risk factors for the organ-
ism in general and the resistant phenotype of the organism [29],
and our research question was to determine risk factors for infec-
tion with a CR pathogen among patients with that pathogen in
general [30].



Table 3
Summary of studies reporting significant association with CR infections on multivariate analysis, by risk factor: studies examining antibiotic use; also includes an analysis by
infecting pathogen

Risk factor Studies showing significant association with CR on multivariate analysis, n (%) (range of odds ratios for significant studies)

Overall Acinetobacter
baumannii

Acinetobacter
nosocomialis

Pseudomonas
aeruginosa

Escherichia
coli

Klebsiella
pneumoniae

Mixed
pathogens

Antibiotic use 41/79 (51.9)
(1.01e360.72)

8/18 (44.4)
(2.57e80.65)

1/1 (100)
(6.36eN/A)

8/15 (53.3)
(1.99e360.72)

1/1 (100)
(29.17)

18/29 (62.1)
(1.01e40.32)

4/14 (28.6)
(1.07e11.37)

Unspecified agent 10/53 (18.9)
(1.08e38.4)

2/11 (18.2)
(5.05e20.06)

d 1/8 (12.5)
(5.0)

d 6/22 (27.3)
(1.08e38.4)

0/11 (0)

Unspecified broad-
spectrum agent

2/3 (66.7)
(11.25eN/A)

1/2 (50.0)
(N/A)

d d d d d

Specific antibiotic classes
Aminoglycoside 2/41 (4.9)

(11.8e34.8)
1/10 (10.0)
(11.8eN/A)

0/1 (0.0) 0/8 (0.0) 0/1 (0.0) 1/15 (6.7)
(34.8eN/A)

0/6 (0.0)

b-Lactam/b-lactamase
inhibitor

3/35 (8.6)
(4.77e5.6)

1/8 (12.5)
(5.6eN/A)

0/1 (0.0) 1/8 (12.5)
(5.0eN/A)

d 1/15 (6.7)
(4.77eN/A)

0/3 (0.0)

b-lactam/penicillin 1/26 (3.8)
(3.58eN/A)

0/7 (0.0) 0/1 (0.0) 0/3 (0.0) 0/1 (0.0) 0/7 (0.0) 1/7 (14.3)
(3.58eN/A)

Carbapenem 30/71 (42.2)
(1.01e360.72)

6/14 (42.9)
(2.57e54.8)

1/1 (100)
(6.36)

7/15 (46.7)
(1.99e360.72)

1/1 (100)
(29.17)

11/26 (42.3)
(1.01e25.12)

3/12 (25.0)
(3.6e11.37)

Cephalosporin 11/55 (20.0)
(1.22e28.1)

3/14 (21.4)
(2.6e8.14)

0/1 (0.0) 1/9 (11.1)
(3.33eN/A)

0/1 (0) 6/23 (26.1)
(1.22e28.05)

1/7 (14.3)
(3.49eN/A)

Colistin 1/7 (14.3)
(1.07eN/A)

0/1 (0.0) d 0/2 (0.0) d 0/3 (0) 1/1 (100)
(1.07eN/A)

Fluoroquinolone 7/54 (13.0)
(1.76e80.65)

1/12 (8.3)
(80.65eN/A)

0/1 (0.0) 1/12 (8.3)
(5.41)

0/1 (0.0) 5/21 (23.8)
(1.76e28.9)

0/7 (0.0)

Other 6/38 (15.8)
(3.3e40.32)

1/8 (12.5)
(32.9eN/A)

d 0/6 (0.0) 0/1 (0.0) 4/17 (23.5)
(3.3e40.32)

1/6 (16.7)
(7.75eN/A)

Table 4
Summary of studies reporting significant association with CR infections on multivariate analysis, by risk factor: studies examining other risk factors

Risk factor Studies showing significant
association with CR on
multivariate analysis, n (%)

Risk factor subgroups showing significant
association on multivariate analysis

Range of odds ratios
for significant studies

Clinical severity assessment scores 7/45 (15.6) APACHE II Score; Pitt Score; McCabe Score 1.1e7.68

Demographics 2/76 (2.6) Percentage of patients aged >60 years; mean age 1.06e2.16

Hospital-related factors 20/86 (23.3) Hospital-acquired infection; ICU stay; length of stay;
prior hospitalization

1.02e22.2

Invasive procedures/devices
(excl. surgery)

24/78 (30.8) Catheter use; diagnostic procedures; dialysis; drainage;
intubation (gastric/nasogastric/tracheal); mechanical
ventilation; nutrition support therapy; transfusion

1.07e37.55

Surgery 2/47 (4.3) Surgery at current admission; surgery at prior admission 15.99e35.98

Other risk factors 24/82 (29.3) Cancer; colonization with Gram-negative pathogens
(with or without CR); colonization with vancomycin-
resistant Enterococci; comorbidities; transplant

1.6e98.58

APACHE, Acute Physiology and Chronic Health Evaluation; CR, carbapenem resistant; ICU, intensive care unit; N/A, not applicable.
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Our work requires further validation in epidemiological studies
assessing the probability of CR in association with each risk factor,
individually or in combination, in larger populations of patients.

Notwithstanding the limitations outlined above, this sys-
tematic review represents a valuable step in providing a more
complete understanding of risk factors for CR infection. This is
increasingly important, as targeted interventions to minimise CR
risk can reduce the negative outcomes associated with resistant
infections. These outcomes affect individual patients in terms of
mortality and morbidity, and the healthcare system as a whole
in terms of increased resource use and costs of treatment
[31,32].

In conclusion, this timely and as yet unique systematic review
summarises available data on risk factors for the acquisition of CR
Gram-negative infections among hospitalized patients with spe-
cific risk factors. Above all, previous antibiotic use, in particular
carbapenem use, was the risk factor most frequently identified.
Additional risk factors included use of invasive devices and
exposure to the hospital environment. These factors were found to
be significant both overall, and across the different pathogens and
sites of infection included in the study. These data will provide
useful information to identify appropriate effective interventions to
reduce CR risk in hospitalized patients.
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