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ABSTRACT

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 case—control 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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have been observed globally, frequently mediated by the acquisition
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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 case—control 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 case—control 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 review was 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 case—control 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, ORs were calculated by
the reviewers. Where adjusted multivariate 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 = 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 case—control 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
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Fig. 1. PRISMA flow diagram.

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

Studies (N = 92)

Study type
Case—control 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
50—200 patients 62
200—-500 patients 14
>500 patients 5
Unknown? 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

2 Studies reported number of isolates rather than patients.

(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
associated with CR infection. Prior surgery was 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 association with CR infection or CS infection was
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
[11—13], 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/p-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
resistance mechanisms for independent antibiotic classes must 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/ Studies examining  Significant association with CR infection, n (%)
individual factor risk faF tor o Overall Range of odds ratios ~ Endemicity Study size
grouping, n (%) for CR-significant
oSg High Medium Low N> 500 200<N<500 50<N<200 N<50
studies
Antibiotic use 79 (85.9) 72[79 (91.1)  1.18-78.17 35/37 (94.6) 2527 (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) 1.4-78.17 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(33) 2/3 (66.7) 1.4-53.21 1/1 (100) 1/1 (100) 0/1 (0.0) — 1/2 (50.0) — —
Specific antibiotic classes
Aminoglycoside 41 (44.6) 9/41 (22.0) 1.18-25.92 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/p-lactamase inhibitor 35(38.0) 13/35(37.1) 2.22-5.69 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) 2.17-8.57 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) 1.2—75.05 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) 2.23-32.67 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) 4.17-12.1 3/5 (60.0) 1/2 (50.0) — — 1/1 (100) 3/6 (50.0) —
Fluoroquinolone 54 (58.7) 21/54 (38.9) 1.87—-20.62 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) 1.977—-19.86 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)  1.04—-14.00 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) 1.04-8.33 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) —
McCabe Score 5(54) 1/5 (20.0) 2.31 1/1 (100) 0/4 (0.0) — — 0/1 (0.0) 1/4 (25.0) —
Pitt Score 8(8.7) 8/8 (100) 2.96—14.00 1/1 (100) 3/3 (100) 4/4 (100) 1/1(100)  2/2 (100) 5/5 (100) —
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) — —
SAPS 1I Score 2(22) 0/2 (0.0) — 0/1 (0.0) 0/1 (0.0) — — — 0/2 (0.0) —

Other 5(54) 2/5 (40.0) 4.39-14.00 0/2 (0.0) 2/3 (66.7) — — 1/2 (50.0) 1/3(33.3) —
Demographics 76 (82.6) 15/76 (19.7) 1.03-7.83 8/35 (22.9) 5/25 (20.0) 1/15(6.7) 1/3(333) 2/14(14.3) 11/50 (22.0) 1/7 (14.3)
Age 72 (78.3) 9/72 (12.5) 1.03 3/32(94) 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(54) 2/5 (40.0) 1.25-7.83 2/5 (40.0) — — 1/1(100) — 1/3(33.3) —
Sex 73 (79.3) 6/73 (8.2) 1.94-5.63 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) 1.01-50.4 35/43 (81.4) 14/28(50.0) 11/15(73.3) 3/4(75.0) 11/14(78.6) 4259 (71.2) 2/6 (33.3)
Hospital-acquired infection 10 (10.9) 4/10 (40.0) 4.49—-4.65 0/2 (0.0) 2/6 (33.3) 2/2 (100) 1/2 (50.0)  2/4 (50.0) 1/4 (25.0) —
ICU stay 59 (64.1) 38/59 (64.4) 1.58-33.01 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) 1.01-17.6 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) 2.5-13.15 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) 2.01-2.72 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) 1.1-50.4 4/8 (50.0) 1/2 (50.0) 0/1 (0.0) — 2/2 (100) 3/9 (33.3) —
Invasive procedures/devices (excl. surgery) 78 (84.8) 59/78 (75.6)  1.03—129.15 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)  1.74—70.81 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) 1.73-3.09 — 2/5 (40.0) 0/1 (0.0) 0/1 (0.0) 1/1 (100) 1/4 (25.0) —
Dialysis 18 (19.6) 11/18 (61.1)  2.64—9.00 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) 2.14-2.93 0/4 (0.0) 2/6 (33.3) 1/2 (50.0) — 3/3 (100) 0/6 (0.0) 0/2 (0.0)
Intubation (gastric/nasogastric/tracheal) 35 (38.0) 18/35(51.4) 1.49-19.8 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) 1.03—25.88 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) 2.5-14.11 4/5 (80.0) 1/1 (100) 1/2 (50.0) — 1/1 (100) 4/6 (66.7) 1/1 (100)
Nutrition support therapy 22 (23.9) 10/22 (45.5) 2.17-5.7 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) 2.76—129.15 3/3 (100) 1/2 (50.0) 1/2 (50.0) — 2/2 (100) 3/5 (60.0) —
Transfusion 5(54) 2/5 (40.0) 243-9.11 1/4 (25.0) 1/1 (100) — — — 2/4 (50.0) 0/1 (0.0)
Surgery 47 (51.1) 11/47 (23.4)  1.94-20.0 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) 1.94-20.0 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 3] (33.7) 6/31 (19.4) 2.53-5.9 4/14 (28.6) 1/10(10.0) 1/6 (16.7) — 0/4 (0.0) 6/24 (25.0) 0/3 (0.0)
Other risk factors 2 (89.1) 59/82 (72.0) 1.05-50.4 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) 4.44—47.65 6/7 (85.7) 0/2 (0.0) 2/2 (100) 2/2(100)  1/1(100) 5/8 (62.5) —
Comorbidity 74 (80.4) 39/74 (52.7) 1.22-33.75 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.

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 association with
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
case—control 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 [23—25]. 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 controversial—the 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].
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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 Acinetobacter Pseudomonas Escherichia Klebsiella Mixed
baumannii nosocomialis aeruginosa coli pneumoniae pathogens
Antibiotic use 41/79 (51.9) 8/18 (44.4) 1/1 (100) 8/15 (53.3) 1/1 (100) 18/29 (62.1) 4/14 (28.6)
(1.01-360.72) (2.57—-80.65) (6.36—N/A) (1.99—360.72) (29.17) (1.01-40.32) (1.07-11.37)
Unspecified agent 10/53 (18.9) 2/11 (18.2) — 1/8 (12.5) — 6/22 (27.3) 0/11 (0)
(1.08—38.4) (5.05—20.06) (5.0) (1.08—38.4)
Unspecified broad- 2/3 (66.7) 1/2 (50.0) — — — — —
spectrum agent (11.25—N/A) (N/A)
Specific antibiotic classes
Aminoglycoside 2/41 (4.9) 1/10 (10.0) 0/1 (0.0) 0/8 (0.0) 0/1 (0.0) 1/15(6.7) 0/6 (0.0)
(11.8—34.8) (11.8—N/A) (34.8—N/A)
B-Lactam/p-lactamase 3/35(8.6) 1/8 (12.5) 0/1 (0.0) 1/8 (12.5) — 1/15 (6.7) 0/3 (0.0)
inhibitor (4.77-5.6) (5.6—N/A) (5.0—-N/A) (4.77—-N/A)
B-lactam/penicillin 1/26 (3.8) 0/7 (0.0) 0/1 (0.0) 0/3 (0.0) 0/1 (0.0) 0/7 (0.0) 1/7 (14.3)
(3.58—N/A) (3.58—N/A)
Carbapenem 30/71 (42.2) 6/14 (42.9) 1/1 (100) 7/15 (46.7) 1/1 (100) 11/26 (42.3) 3/12 (25.0)
(1.01-360.72) (2.57-54.8) (6.36) (1.99-360.72) (29.17) (1.01-25.12) (3.6—11.37)
Cephalosporin 11/55 (20.0) 3/14 (21.4) 0/1 (0.0) 1/9 (11.1) 0/1 (0) 6/23 (26.1) 1/7 (14.3)
(1.22—-28.1) (2.6-8.14) (3.33—N/A) (1.22—28.05) (3.49—-N/A)
Colistin 1/7 (14.3) 0/1 (0.0) — 0/2 (0.0) — 0/3 (0) 1/1 (100)
(1.07—N/A) (1.07—N/A)
Fluoroquinolone 7/54 (13.0) 1/12 (8.3) 0/1 (0.0) 1/12 (8.3) 0/1 (0.0) 5/21 (23.8) 0/7 (0.0)
(1.76—-80.65) (80.65—N/A) (5.41) (1.76—-28.9)
Other 6/38 (15.8) 1/8 (12.5) — 0/6 (0.0) 0/1 (0.0) 4/17 (23.5) 1/6 (16.7)
(3.3—40.32) (32.9-N/A) (3.3—40.32) (7.75—NJA)
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 1.1-7.68
Demographics 2/76 (2.6) Percentage of patients aged >60 years; mean age 1.06-2.16
Hospital-related factors 20/86 (23.3) Hospital-acquired infection; ICU stay; length of stay; 1.02-22.2
prior hospitalization
Invasive procedures/devices 24/78 (30.8) Catheter use; diagnostic procedures; dialysis; drainage; 1.07-37.55
(excl. surgery) intubation (gastric/nasogastric/tracheal); mechanical
ventilation; nutrition support therapy; transfusion
Surgery 2/47 (4.3) Surgery at current admission; surgery at prior admission 15.99—-35.98
Other risk factors 24/82 (29.3) Cancer; colonization with Gram-negative pathogens 1.6—-98.58

(with or without CR); colonization with vancomycin-
resistant Enterococci; comorbidities; transplant

APACHE, Acute Physiology and Chronic Health Evaluation; CR, carbapenem resistant; ICU, intensive care unit; N/A, not applicable.

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.

Transparency declaration

JRB., KM, M.G,, PV,, RMc C. and Z.R.P.B. have no conflict of
interest to declare. SL and CL are currently employees of Shionogi
Europe. D.M. is a former employee of Shionogi Europe.

Funding

The development of this systematic review was performed by
York Health Economics Consortium, funded by Shionogi Europe.
Medical writing assistance, under the direction of the authors, was



Z.R. Palacios-Baena et al. / Clinical Microbiology and Infection 27 (2021) 228—235 235

provided by Ben Caldwell of Axis, a Division of Spirit Medical
Communications Group Ltd, funded by Shionogi Europe.

Author contributions

C.L,D.M, J.R.B,, M.G., PV, S.L. and Z.RP.B. provided input into the
study design. R.Mc C. and K.W. developed the research question
and systematic review protocol, and conducted study selection and
synthesis. KW also conducted data extraction and risk of bias
checking. All authors were involved in the drafting of the manu-
script, and provided in-depth review and final approval of the
version to be submitted.

Acknowledgements

The preliminary results of this systematic review were pre-
sented at the 29th European Congress of Clinical Microbiology and
Infectious Diseases, Amsterdam, the Netherlands, 13—16 April 2019.
Several contributors at the York Health Economics Consortium
were involved with preparation of the systematic literature review.
Jacqui Eales conducted study selection, data extraction and risk of
bias (original January 2018 stage only). Jacoby Patterson conducted
study selection, data extraction and risk of bias checking. Alex Jubb
assisted with search record deduplication, data extraction checking
and full text finding.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cmi.2020.10.016.

References

[1] Zhu WM, Yuan Z, Zhou HY. Risk factors for carbapenem-resistant Klebsiella
pneumoniae infection relative to two types of control patients: a systematic
review and meta-analysis. Antimicrob Resist Infect Control 2020;9:23.
Raman G, Avendano EE, Chan J, Merchant S, Puzniak L. Risk factors for hos-
pitalized patients with resistant or multidrug-resistant Pseudomonas aeru-
ginosa infections: a systematic review and meta-analysis. Antimicrob Resist
Infect Control 2018;7:79.
Falagas ME, Kopterides P. Risk factors for the isolation of multi-drug-resistant
Acinetobacter baumannii and Pseudomonas aeruginosa: a systematic review
of the literature. ] Hosp Infect 2006;64:7—15.
Vickers ML, Malacova E, Milinovich GJ, Harris P, Eriksson L, Dulhunty JM, et al.
Modifiable risk factors for multidrug-resistant Gram-negative infection in
critically ill burn patients: a systematic review and meta-analysis. ANZ ] Surg
2019;89:1256—60.
Vatopoulos A. High rates of metallo-beta-lactamase-producing Klebsiella
pneumoniae in Greece—a review of the current evidence. Euro Surveill
2008;13:8023.
Giske CG, Monnet DL, Cars O, Carmeli Y. Clinical and economic impact of
common multidrug-resistant gram-negative bacilli. Antimicrob Agents Che-
mother 2008;52:813—-21.
Wells GA, Shea B, O'Connell D, Peterson ], Welch V, Loso M, et al. The
Newcastle-Ottawa Scale (NOS) for assessing the quality of nonrandomized
studies in meta-analyses. 2014. Available at: http://www.ohri.ca/programs/
clinical_epidemiology/oxford.asp. [Accessed 1 October 2020].
NHS Centre for Reviews and Dissemination. Undertaking systematic reviews
of research on effectiveness: CRD’s guidance for those carrying out or
commissioning reviews. York, UK: NHS Centre for Reviews and Dissemina-
tion; 2001.
Sterne JAC, Savovic ], Page M], Elbers RG, Blencowe NS, Boutron I, et al. RoB 2:
a revised tool for assessing risk of bias in randomised trials. BMJ 2019;366:
14898.
[10] Bonomo RA, Burd EM, Conly ], Limbago BM, Poirel L, Segre JA, et al. Carba-
penemase-producing organisms: a global scourge. Clin Infect Dis 2018;66:
1290-7.

[2

[3

[4

(5

[6

(7

[8

[9

[11] Kolar M, Htoutou Sedlakova M, Suchankova H, Hanulik V. Influence of car-
bapenem selection pressure on bacterial resistance. Klin Mikrobiol Infekc Lek
2013;19:4-7.

[12] Meletis G, Vavatsi N, Exindari M, Protonotariou E, Sianou E, Haitoglou C, et al.
Accumulation of carbapenem resistance mechanisms in VIM-2-producing
Pseudomonas aeruginosa under selective pressure. Eur J Clin Microbiol
Infect Dis 2014;33:253-8.

[13] Goodman KE, Simner PJ, Tamma PD, Milstone AM. Infection control im-
plications of heterogeneous resistance mechanisms in carbapenem-
resistant Enterobacteriaceae (CRE). Expert Rev Anti Infect Ther 2016;14:
95—-108.

[14] Pavez M, Vieira C, de Araujo MR, Cerda A, de Almeida LM, Lincopan N, et al.
Molecular mechanisms of membrane impermeability in clinical isolates of
Enterobacteriaceae exposed to imipenem selective pressure. Int ] Antimicrob
Agents 2016;48:78—85.

[15] Dickstein Y, Leibovici L, Yahav D, Eliakim-Raz N, Daikos GL, Skiada A, et al.
Multicentre open-label randomised controlled trial to compare colistin alone
with colistin plus meropenem for the treatment of severe infections caused by
carbapenem-resistant Gram-negative infections (AIDA): a study protocol. BMJ
Open 2016;6:e009956.

[16] Karaiskos I, Giamarellou H. Carbapenem-sparing strategies for ESBL pro-
ducers: when and how. Antibiotics (Basel) 2020;9:61.

[17] Wilson APR. Sparing carbapenem usage. ] Antimicrob Chemother 2017;72:
2410-7.

[18] Viale P, Giannella M, Bartoletti M, Tedeschi S, Lewis R. Considerations about
antimicrobial stewardship in settings with epidemic extended-spectrum
B-lactamase-producing or carbapenem-resistant Enterobacteriaceae. Infect
Dis Ther 2015;4:65—83.

[19] Tanimoto K, Tomita H, Fujimoto S, Okuzumi K, Ike Y. Fluoroquinolone en-
hances the mutation frequency for meropenem-selected carbapenem resis-
tance in Pseudomonas aeruginosa, but use of the high-potency drug
doripenem inhibits mutant formation. Antimicrob Agents Chemother
2008;52:3795—-800.

[20] Wang Z, Qin RR, Huang L, Sun LY. Risk factors for carbapenem-resistant
Klebsiella pneumoniae infection and mortality of Klebsiella pneumoniae
infection. Chin Med J (Engl) 2018;131:56—62.

[21] Chung PY. The emerging problems of Klebsiella pneumoniae infections: car-
bapenem resistance and biofilm formation. FEMS Microbiol Lett 2016;363:
fnw219.

[22] Mercuri PS, Ishii Y, Ma L, Rossolini GM, Luzzaro F, Amicosante G, et al. Clonal
diversity and metallo-beta-lactamase production in clinical isolates of Sten-
otrophomonas maltophilia. Microb Drug Resist 2002;8:193—200.

[23] Candevir Ulu A, Kurtaran B, Inal AS, Komur S, Kibar F, Yapici Cicekdemir H,
et al. Risk factors of carbapenem-resistant Klebsiella pneumoniae infection: a
serious threat in ICUs. Med Sci Monit 2015;21:219—24.

[24] Dizbay M, Guzel Tunccan O, Karasahin O, Aktas F. Emergence of carbapenem-
resistant Klebsiella spp. infections in a Turkish university hospital: epidemi-
ology and risk factors. ] Infect Dev Ctries 2014;8:44—9.

[25] Dizbay M, Tunccan OG, Sezer BE, Hizel K. Nosocomial imipenem-resistant
Acinetobacter baumannii infections: epidemiology and risk factors. Scand ]
Infect Dis 2010;42:741—6.

[26] Pittet D, Harbarth S, Ruef C, Francioli P, Sudre P, Petignat C, et al. Prevalence
and risk factors for nosocomial infections in four university hospitals in
Switzerland. Infect Control Hosp Epidemiol 1999;20:37—42.

[27] Lim CLL, Chua AQ, Teo JQM, Cai Y, Lee W, Kwa AL. Importance of control
groups when delineating antibiotic use as a risk factor for carbapenem
resistance, extreme-drug resistance, and pan-drug resistance in Acinetobacter
baumannii and Pseudomonas aeruginosa: a systematic review and meta-
analysis. Int J Infect Dis 2018;76:48—57.

[28] Harris AD, Karchmer TB, Carmeli Y, Samore MH. Methodological principles of
case-control studies that analyzed risk factors for antibiotic resistance: a
systematic review. Clin Infect Dis 2001;32:1055—61.

[29] Kaye KS, Harris AD, Samore M, Carmeli Y. The case-case-control study design:
addressing the limitations of risk factor studies for antimicrobial resistance.
Infect Control Hosp Epidemiol 2005;26:346—51.

[30] Schechner V, Temkin E, Harbarth S, Carmeli Y, Schwaber MJ. Epidemiological
interpretation of studies examining the effect of antibiotic usage on resis-
tance. Clin Microbiol Rev 2013;26:289—-307.

[31] Cassini A, Hogberg LD, Plachouras D, Quattrocchi A, Hoxha A, Simonsen GS,
et al. Attributable deaths and disability-adjusted life-years caused by in-
fections with antibiotic-resistant bacteria in the EU and the European Eco-
nomic Area in 2015: a population-level modelling analysis. Lancet Infect Dis
2019;19:56—66.

[32] Bassetti M, Peghin M, Vena A, Giacobbe DR. Treatment of infections due to
MDR Gram-negative bacteria. Front Med (Lausanne) 2019;6:74.


https://doi.org/10.1016/j.cmi.2020.10.016
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref1
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref1
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref1
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref2
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref2
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref2
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref2
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref3
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref3
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref3
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref3
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref4
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref4
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref4
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref4
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref4
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref5
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref5
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref5
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref5
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref6
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref6
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref6
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref6
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref8
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref8
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref8
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref8
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref9
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref9
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref9
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref10
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref10
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref10
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref10
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref11
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref11
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref11
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref11
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref12
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref12
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref12
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref12
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref12
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref13
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref13
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref13
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref13
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref13
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref14
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref14
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref14
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref14
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref14
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref15
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref15
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref15
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref15
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref15
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref16
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref16
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref17
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref17
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref17
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref18
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref18
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref18
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref18
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref18
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref19
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref19
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref19
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref19
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref19
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref19
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref20
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref20
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref20
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref20
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref21
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref21
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref21
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref22
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref22
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref22
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref22
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref23
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref23
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref23
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref23
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref24
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref24
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref24
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref24
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref25
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref25
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref25
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref25
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref26
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref26
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref26
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref26
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref27
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref27
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref27
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref27
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref27
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref27
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref28
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref28
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref28
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref28
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref29
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref29
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref29
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref29
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref30
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref30
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref30
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref30
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref31
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref31
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref31
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref31
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref31
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref31
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref32
http://refhub.elsevier.com/S1198-743X(20)30647-9/sref32

	Risk factors for carbapenem-resistant Gram-negative bacterial infections: a systematic review
	Background
	Methods
	Eligibility criteria
	Literature search
	Study selection
	Data extraction
	Data synthesis

	Results
	Risk factors
	Subgroup analyses of risk factors

	Discussion
	Transparency declaration
	Funding
	Author contributions
	Acknowledgements
	Appendix A. Supplementary data
	References


