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Background.
Enterobacterales with extended-spectrum beta-lactamases (ESBL-E) or carbapenem-resistant Enterobacterales (CRE), represent
a major global health threat. Our aim was to assess quality of evidence and provide estimates on rate of infection following
colonization with multidrug-resistant gram-negative bacteria.

Methods.
2 tool, and a meta-analysis was performed to estimate rate of infection.

Results.  An initial search for systematic reviews and meta-analyses yielded 847 results, with 17 articles ultimately included.
After exclusion of 2 studies for overlapping results and very low quality, the pooled incidence of infection following
colonization across the studies was 22% for ESBL-E and 22% for CRE. Few reviews included high-quality findings on mortality
or transmission following colonization. Additionally, only a limited number of reviews included findings related to MDR
Pseudomonas aeruginosa or carbapenem-resistant Acinetobacter baumannii.

Conclusions. Our results suggest a substantial rate of infection following colonization of multidrug-resistant gram-negative
bacteria. These findings can inform individual patient counseling, future decolonization innovation, clinical trial design, and
regulatory approval of new decolonization agents. However, the heterogeneity of the included populations may limit the

Infections following colonization of multidrug-resistant gram-negative bacteria (MDR-GNB), particularly

We performed an umbrella review of systematic reviews and meta-analyses. Quality was assessed using the AMSTAR

generalizability of these findings.
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Infections by antimicrobial-resistant (AMR) bacteria represent a
major global health threat, with a high mortality burden world-
wide associated with multidrug-resistant gram-negative bacteria
(MDR-GNB) [1, 2]. Asymptomatic carriage of bacteria resistant
to traditional antibiotics, detected through both culture-based
and molecular methods, is thought to be a significant risk factor
for the development of infections in colonized individuals
[3]. Gastrointestinal colonization with extended-spectrum
beta-lactamase-producing Enterobacterales (ESBL-E) and/or
carbapenem-resistant Enterobacterales (CRE) is of special con-
cern due to diminishing therapeutic options and associated high-
er mortality [4].
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While there are numerous recognized decolonization inter-
ventions to prevent health care-associated infections, they
have not shown consistent benefit in clinical trials, prompting
research into new decolonization methods [5]. However, more
accurate data on adverse clinical outcomes associated with col-
onization by resistant pathogens are needed to inform clinical
trial design of these emerging approaches, in addition to im-
proving infection prevention efforts and patient counseling
strategies. Numerous studies in different demographic and
geographic cohorts describe an association between coloniza-
tion with these resistant bacteria and adverse clinical outcomes,
including increased infection-related mortality and transmis-
sion [6-8]. Several systematic reviews have also been per-
formed on this topic [3, 9-24], but they employed a variety
of methods, were conducted in different populations, and re-
ported heterogenous results. As a result, the risk for infection
due to colonization with multidrug-resistant gram-negative
bacteria is uncertain on a population level.

Umbrella reviews, which perform a systematic review of sys-
tematic reviews and meta-analyses on a topic, are a rigorous al-

ternative to traditional systematic reviews to understand and
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synthesize a large heterogenous field of study. An umbrella re-
view may present a helpful high-level overview of the quality,
effect sizes, and heterogeneity of results on a specific topic,
but also depends on the quantity and quality of underlying sys-
tematic reviews [25]. In the current study, we used an umbrella
review approach to evaluate the risk of infection and/or trans-
mission following colonization by MDR-GNB. We aimed to
improve population identification, data analysis, and monitor-
ing of MDR-GNB infection following colonization within fu-
ture observational studies and to benchmark clinical trials of
novel decolonization interventions.

METHODS

We conducted an umbrella review of systematic reviews and
meta-analyses. The protocol for this review was preregistered
with Open Science Framework (Registration Y9D76).

Literature Search

Searches were conducted in the electronic databases PubMed,
Embase, Web of Science, and Cochrane Database from
inception to May 21, 2024, and these searches were repeated
before study completion on December 2, 2024. Searches
comprised Controlled Vocabulary terms and keywords for
Enterobacterales, Pseudomonas aeruginosa, and Acinetobacter
baumannii. Clinically relevant MDR-GNB were defined as
extended-spectrum beta-lactamase or carbapenem-resistant
Enterobacterales (ESBL-E or CRE), multidrug-resistant P. aerugi-
nosa (MDR-PsA), or carbapenem-resistant A. baumannii
(CRAB). Results were limited to humans, systematic reviews,
and meta-analyses. Full search terms can be found in the
Supplementary Data. The COVIDence web-based collaboration
software platform was used for literature screening and data ex-
traction [26]. Title and abstract screening was performed by at
least 2 authors, and disagreements were resolved by consensus
with a third author (EW.W., D.J.R, M.A.). Full-text articles
were then screened for final inclusion by 2 authors, and disagree-
ments were resolved by consensus with a third author (EW.W.,
D.J.R, M.A.). We included systematic reviews or meta-analyses
that described clinical outcomes such as infection, transmission,
morbidity, or mortality following colonization with MDR-GNB.
Studies that assessed colonization of multiple pathogen types
were included, with only data on MDR-GNB analyzed where rel-
evant. Systematic reviews of randomized controlled trials (RCTs)
and nonrandomized studies of interventions (NRSIs) were includ-
ed when rates of colonization leading to infection were clearly de-
scribed. Studies were excluded if they did not perform a systematic
review or meta-analysis, only analyzed outcomes at time of
infection, did not differentiate colonization from infection, did
not analyze resistant gram-negative bacteria, or did not have an
English-text version available. Studies with an abstract only were
excluded if the study’s corresponding author was unable to

provide the full-text study. The patient, intervention, comparison,
outcome (PICO) framework for this study can be seen in the
Supplementary Data.

Data Extraction

Data extraction was independently performed by 2 authors,
with consensus adjudication performed with a third author
to resolve disagreements (EEW.W., D.J.R., M.A.). The following
information was extracted: title, contacting author, location of
study, study design, methods used, study aim, types of included
studies, total number of included studies, start and end dates,
organisms included, definition of multidrug resistance, defini-
tion of colonization, site(s) of colonization, study funding, au-
thor conflicts of interest, types of study participants and
comparator group, health care setting, inclusion/exclusion cri-
teria, total number of participants, most common organism,
baseline population characteristics, infection incidence after
colonization, transmission rate, mortality, risk factors for infec-
tion and mortality after colonization, follow-up time, study het-
erogeneity, quality rating, study bias description, described
limitations, and study conclusions.

Quality Assessment

The AMSTAR 2 critical appraisal tool for systematic reviews
was used to perform a quality assessment of all included studies
[27]. Component quality rating was performed independently
by 2 authors, disagreements were resolved through consensus
moderated by a third author (EEW.W,, D.J.R,, M.A.), and over-
all quality determination was assigned by consensus score.

Meta-analysis

Data on clinical outcomes of colonization were grouped by
organism in separate categories including ESBL-E, CRE,
(MDR-PsA), and
carbapenem-resistant A. baumannii (CRAB). Studies with a

multidrug-resistant ~ P.  aeruginosa
critically low-quality rating on the AMSTAR 2 scale or that
did not clearly define resistance type(s) were excluded from
the final meta-analysis. To avoid overweighting individual
studies, component studies were reviewed within each system-
atic review to assess for overlap, and systematic reviews con-
taining >50% component-study overlap with other reviews
were excluded from the meta-analysis, with inclusion of the
highest-quality study when conflict arose. Data were addition-
ally grouped by infection type, either bloodstream infection
alone or all sites of infection. Comparator group for risk ratios
was defined by each study but generally consisted of
risk-matched noncolonized individuals. Summary statistics
were generated for each grouping using a random-effects meta-
analysis to generate separate forest plots for incidence of infec-
tion and risk ratios of infection following colonization. A sen-
sitivity analysis was performed by analyzing all studies
regardless of quality assessment in order to estimate possible
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Figure 1. PRISMA flowchart. Abbreviations: CRAB, carbapenem-resistant A. baumannii; ENT, resistant Enterobacterales; MDR-PA, multidrug-resistant P. aeruginosa.

differences in infection risk driven by critically low-quality
studies. Publication bias assessment was performed by visual
inspection of the funnel diagrams of estimates plotted against
standard errors. Statistical analyses were performed using the
meta and metafor libraries in the R software package.

RESULTS

We identified 847 articles through our initial search of systematic
reviews and/or meta-analyses. After removing duplicates and
screening titles and abstracts, 73 articles were selected for full
text review (Figure 1). The search was updated, including an ad-
ditional manual search, on December 3, 2024. Of these, 17 articles
met the eligibility criteria and were included (Table 1). Notably,

only 2 reviews exhibited significant overlap in the primary studies
(>50%), with minimal overlap observed among the remaining re-
views, and these same 2 reviews also showed critically low quality
according to AMSTAR-2 [11, 23]. Visual inspection of funnel
plots and evaluation of funding sources of all studies were not
suggestive of bias (Supplementary Data).

Evidence Quality

Using the AMSTAR 2 tool, the quality of each study was clas-
sified as high, moderate, low, or critically low. Seven reviews
were deemed to be of critically low quality, primarily due to
the absence of a study protocol and lack of funding description
for individual studies included in the review (Table 2). In the
included reviews, all but 4 conducted a risk of bias assessment
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High

Study Quality
(NOS)?
The quality
assessment tool
studies that used of the NIH was
used: the median
NIH score (IQR)
denominator that was 75% (67 %—
overall higher
quality

Exclusion
Criteria
If time of follow-
incidence
proportions or a
without
colonization;
RCTs

up was unclear;
involved patients 75%), indicating

Inclusion Criteria
Cohort and case—
control studies
using incidence-
density sampling
and including
infection
outcomes;
enteric or urinary
colonization;
studies that
analyzed 50 or
more patients
with colonization
with infections
that were clearly
preceded by
colonization

Patient
Population
Adults

9034

No. of
Patients

No. of Studies
Included
44 total with 40 in
the meta-analysis
arm; for the GNRs,
29 studies
included in the
systematic
review, 26 studies
included in the
meta-analysis

Colonization
Site
Intestinal

Organism
MDR Acinetobacter
baumannii, MDR
PsA, CRE, ESBL-E,
VRE

Aim

Incidence of
infections caused by
resistant bacteria in

individuals with
enteric or urinary
colonization and
discern differences
in this risk between
different patient
populations, while
taking account of
the time at risk

Search
PubMed, EMBASE,
Clarivate Analytics—

Collection
Jan 1, 1995-Mar 17,
2022

Database and Dates of
Web of Science Core

Continued

2023 [24]
SR/MA

GNR, gram-negative rods; ICU, intensive care unit; MA, meta-analysis; MDR, multidrug-resistant organism; MRSA, methicillin-resistant Staphylococcus aureus; NIH, National Institutes of Health; NOS, Newcastle-Ottawa scale; PsA, Pseudomonas

aeruginosa; SOT, solid organ transplant; SR, systematic review; VRE, vancomycin-resistant Enterococcus.

Abbreviations: CR, carbapenem-resistant; CRAB, carbapenem-resistant Acinetobacter baumannii, CRE, carbapenem-resistant Enterobacterales; ESBL, extended-spectrum beta-lactamase; ESBL-E, extended-spectrum beta-lactamase Enterobacterales;

“NOS unless otherwise specificized.

Study and
Study Type
Willems

Table 1.

of the studies they examined. Among these, 11 used the
Newcastle-Ottawa scale, 1 used the Modified Joanna Briggs
Institute quality assessment, and another used the National
Institutes of Health assessment tool.

Characteristics of Systematic Reviews

Table 1 provides an overview of included studies and the main
characteristics of the 17 included systematic and meta-analyses.
Of these, 5 focused on ESBL-E [9, 10, 13, 16, 18], 3 only includ-
ed CRE [15, 21, 23], and the remaining addressed multiple
MDR-GNB [3, 11, 12, 14, 17, 19, 20, 22, 24]. All carbapenem-
resistant Enterobacterales (CRE) were combined irrespective
of the underlying mechanism of resistance given inconsistency
in genotype reporting. Eleven studies conducted a meta-
analysis [9-13, 15-17, 22-24]. All studies evaluated intestinal
colonization. Six studies also evaluated respiratory colonization
[11, 14, 17, 20-22], 2 urinary colonization [11, 20], and 2 skin
colonization [17, 19]. Most reviews involved hospitalized adult
patients including patients in the intensive care unit (ICU).
Reviews and component studies varied in their surveillance
strategies for microbiologic sampling, including both active
surveillance and risk-based colonization assessments [9, 11,
15], and 2 studies only included general community residents
(16, 18].

Risk of Infection

The meta-analyses reported a wide range in the incidence of in-
fection following colonization with various MDR-GNB across
different populations. Four meta-analyses reported the overall
incidence of infection across all included studies [9, 11, 13, 24].
Six meta-analyses included a noncolonized comparator group
to evaluate the risk of infection in colonized patients [9-11,
13, 15, 17]. One study was excluded from meta-analysis due
to unclear bacterial resistance profiles after attempts to clarify
with study authors were unsuccessful [3].

Risk of Infection for ESBL-E

The incidence of infection for ESBL-E following colonization
ranged from 5% in the general adult population to as high as
45% in solid organ transplant recipients [9, 24]. Across studies,
the pooled incidence of infection following colonization was
22% for ESBL-E (Figure 2). The risk of infection among colo-
nized individuals varied across studies. In solid organ trans-
plant recipients, patients colonized with ESBL-E had a 9.09 to
11.7 times higher risk of infection compared with noncolonized
individuals. In contrast, the risk of infection in adults admitted
to the ICU was higher, with 1 meta-analysis reporting 50-fold
increased risk compared with non-colonized patients. The
overall risk ratio for infection among colonized individuals
was 16.41 compared with without colonization (95% CI,
6.18-43.57) (Figure 3).
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Author and Year Infected Colonized Proportion [95% CI]
Pathogen ESBL
Willems, 2023 235 4461 0.05 [0.05, 0.06]
Detsis, 2017 29 173 —— 0.17 [0.11, 0.22)
Almohaya, 2024 82 299 - 0.27 [0.22, 0.32)
Alevizakos, 2017 13 29 —_— 0.45 [0.27, 0.63]
RE Model for Subgroup (I° = 97.6%) ———— 0.22[0.07, 0.37]
Pathogen CRE
Willems, 2023 602 4547 = 0.13[0.12, 0.14]
Almohaya, 2024 143 471 - 0.30[0.26, 0.35]
RE Model for Subgroup (I° = 98.4%) | ——— 0.22[0.05, 0.38]
RE Model for All Studies (I° = 99.5%) e o 0.22 [0.11, 0.32]
T T 1 1
0.25 0.5 0.75 1
Proportion

Figure 2.

Incidence of infection after colonization with resistant Enterobacterales.

Risk of Infection for CRE

For CRE colonization, 1 meta-analysis reported an infection in-
cidence of 13% in adult patients, while another noted a higher
incidence of 30% in solid organ transplant recipients [11, 24].
The pooled incidence of infection following colonization for
CRE was 22% across the studies. (Figure 2). Only 2 studies eval-
uated the risk of infection associated with CRE colonization
(Table 2). The risk ratio for infection following colonization
with Enterobacterales was 15.83 compared with those without
colonization (95% CI, 8.30-30.19) (Figure 3).

Combined Risk of Infection for Resistant Enterobacterales

The pooled incidence of infection for both ESBL-E and CRE
was 22% in colonized individuals, whereas the risk ratio for in-
fection following colonization was 15.68 (95% CI, 8.91-27.59).
In the sensitivity analysis including all studies, the correspond-
ing pooled incidence of infection in MDR-GNB-colonized pa-
tients was 14%, with a 95% CI from 9% to 24%.

Risk of Infection for Resistant CRAB and MDR-PsA

Only 1 review that included 1 study evaluated the risk of infec-
tion of PsA [3], and 1 review evaluated the risk association with
CRAB colonization [17].

Risk of Mortality and Transmission

The risk of mortality following infection or colonization with
MDR-GNB was described in 2 reviews. Detsis et al. identified
a 50% increased risk of morality associated with ESBL-E infec-
tion or colonization, while Almohaya et al. reported a >3-fold
increase in the odds of mortality following CRE infection or col-
onization [11, 13]. Additionally, only 1 review addressed the risk
of transmission and acquisition of MDR-GNB [11, 13].

Risk Factors for Infection
Several studies highlighted risk factors associated with in-
creased risk of infection and transmission, outlined in Table 3.

DISCUSSION

This study provides a large umbrella review describing infec-
tion incidence following colonization with ESBL-E and CRE.
Our work synthesizes data across multiple systematic reviews,
including those limited to specific patient populations, and pro-
vides a comprehensive summary of this epidemiologically im-
portant topic. By consolidating this body of evidence, we aim to
fill a critical gap in the literature, enabling a deeper understand-
ing of the risk of infection after colonization with resistant
pathogens.

The importance of this evidence is underscored by increas-
ing attention to novel decolonization strategies for
MDR-GNB [28]. The efficacy of such interventions is inherent-
ly tied to the number of infections they could potentially pre-
vent—a calculation that requires reliable data on infection
incidence following colonization. Our findings address this
need by offering an evidence-based estimate that can help guide
the design of interventional trials [29]. Specifically, the overall
infection incidence of 22% among hospitalized patients pro-
vides a clear target for trial design, including identification of
especially high-risk populations (eg, solid-organ transplant re-
cipients) and the appropriate duration of follow-up to estimate
differences in outcomes. This estimate highlights the substan-
tial clinical impact of colonization with resistant gram-negative
bacteria, emphasizing the urgency of developing and evaluating
decolonization approaches, especially given the predicted in-
crease in mortality from AMR infections in the years ahead [1].

Infection Risk Associated With Colonization by Multidrug-Resistant Gram-Negative Bacteria « OFID « 9



Table 2. Meta-analysis Results for Individual Studies

Infection Type if

Study Organism Infection Ratio (95% Cl) Follow-up Time Specified
Risk of infection following colonization (incidence)
Arzilli 2022 [3] MDR GNR Incidence 11.0% (8.0%-14.3%) NA NA
Enterobacterales Incidence 6.8% (4.4%-9.6%) NA NA
Klebsiella species Incidence 18.1% (8.9%-29.3%) NA NA
A. baumannii Incidence 35.3% (0.0%-93.0%) NA NA
E. coli (1 study) Incidence 7.2% (3.0%-12.9%) NA NA
PsA (1 study) Incidence 56.3% (3.1%-80.0%) NA NA
Wang 2024 [23] CR K. pneumoniae Incidence 23.2% (17.9%-28.5%) 45-90d Mixed infection
Incidence 10% (7%-13.3%) 45-90 d Bloodstream infection
Incidence 8% (4%—-12%) 45-90d Pneumonia
Willems 2023 [24] MDR-GNR Incidence density 3.40 (1.87 to 4.92) NA Mixed infection
CRE Incidence density 4.26 (1.69 to 6.82) NA Mixed infection
ESBL-E Incidence density 1.82 (0.63 to 3.01) NA Mixed infection
MDR-GNR Incidence density 2.05 (0.67 to 3.43) NA Bloodstream infection
CRE Incidence density 2.86 (0.89 to 4.84) NA Bloodstream infection
ESBL-E Incidence density 1.07 (—0.09 to 2.24) NA Bloodstream infection
Risk of infection following colonization compared with noncolonized
Alevizakos 2017 [9] ESBL-E Patients colonized with ESBL-E were 4 mo NA
11.74 times more likely to develop an
infection with ESBL-E (only 1 study)
Alevizakos 2016 [10] ESBL-E RR 12.98 (3.91-43.06) The mean duration (range) of Bloodstream infection
hospitalization, based on 2 studies with
651 patients, was 34.4 (1-159) d
Almohaya 2024 [11] CRE OR 19.57 (7.78-49.28) NA Mixed infection
ESBL-E OR 9.09 (5.59-14.78) NA Mixed infection
MDR PsA (1 study only) OR 18.88 (4.3-82.8) NA Mixed infection
CRE OR 22.7 (12.2-42.2) NA Bloodstream infection
ESBL-E OR 7.42 (4.84-11.37) NA Bloodstream infection
Detsis 2017 [13] ESBL-E RR 49.62 (20.42-120.58) Until death or discharge from ICU Mixed infection
Gao 2024 [15] CRE OR 12.91 (5.23-31.88) NA Mixed infection
Margalit 2024 [17] CRAB OR 11.14 (4.95-25.05) NA Mixed infection
CRAB (3 studies) OR 16.23 (2.39-110.08) NA Bloodstream infection
CRAB (2 studies) OR 13.91 (0.20-985.36) NA Ventilator-associated
pneumonia

Risk of mortality following infection or colonization

Almohaya 2024 [11] CRE OR 3.94 (1.86-8.37)
MDR PsA (1 study only) OR 3.43 (1.86-8.37)
Margalit 2024 [17] CRAB (colonized vs OR 1.40 (1.00-1.97)
noncolonized)
Detsis 2017 [13] ESBL-E RR 1.57 (1.25-1.98)
Risk of transmission or acquisition
Bulabula 2020 [12] ESBL-E and MDR IR 27% (8%—-47%)
Enterobacter cloacae
ESBL-E IR 32% (1%-62%)

1y post-transplant
1y post-transplant
NA

NA

NA

NA

Abbreviations: CRAB, carbapenem-resistant Acinetobacter baumannii; CRE, carbapenem-resistant Enterobacterales; ESBL-E, extended-spectrum beta-lactamase Enterobacterales; GNR,

gram-negative rods; OR, odds ratio; MDR, multidrug-resistant organism; NA, not applicable; OR,

odds ratio; PsA, Pseudomonas aeruginosa; RR, relative risk.

One notable observation from this review was the consistent ac-
knowledgment by included systematic reviews of the variable
quality of the underlying primary studies. There was a general
lack of standardization in definitions, methodologies, and follow-
up parameters, likely contributing to heterogeneity in reported
outcomes. Further, few studies provided meaningful data on the
duration or burden of colonization, limiting the ability to assess
its clinical significance. To strengthen the state of the literature, fu-
ture cohort studies investigating infection incidence after

colonization should adhere to standardized study parameters.
These should include clear definitions of colonization and infec-
tion, adequate follow-up periods, and consistent microbiological
and epidemiological approaches that enable standardized analyt-
ical approaches. To aid this effort, we have developed a detailed
study design protocol that can facilitate high-quality and compa-
rable research in this area, found in the Supplementary Data.
Our study has several limitations. First, there was some overlap
in the primary studies included across the systematic reviews.
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Author and Year

Risk Ratio [95% CI]

Pathogen ESBL

Risk Ratio (log scale)

Detsis, 2017 ——— 49.62 [20.42, 120.58]
Almohaya, 2024 —— 9.09 [5.59, 14.78]
Alevizakos, 2017 ——t 11.74 [6.76, 20.39]
RE Model for Subgroup (1% = 86.7%) —— 16.41[6.18, 43.57]
Pathogen CRE .

Gao, 2024 . — 12.91 [5.23, 31.87]
Almohaya, 2024 e et 19.57 [7.78, 49.25]
RE Model for Subgroup (1 = 0.0%) ——— 15.83 [8.30, 30.19]
RE Model for All Studies (I = 68.2%) $ ——— 15.68 [8.91, 27.59]
Test for Subgroup Differences: Qu = 0.00, df =1, P=1.99

| [ [ I
0.01 0.1 1 10 100

Figure 3. Risk of resistant Enterobacterales infection following colonization compared with noncolonization.

Table 3. Risk Factors for Infection or Transmission Following Colonization

Study

Organism

Colonization Site

Risk Factor, if Reported OR (95% ClI)

Ferrer 2022 [14]

Righi 2023 [19]

Wang 2024 [23]

Bulabula 2020 [12]

ESBL-E

CR PsA

CRAB

MDR K. pneumoniae

MDR Enterobacterales

ESBL K. pneumoniae

CR K. pneumoniae

CR K. pneumoniae

ESBL-E and MDR
Enterobacter cloacae

Intestinal colonization

Intestinal colonization
Respiratory colonization

Intestinal colonization

Respiratory colonization

Intestinal colonization

Respiratory colonization

Intestinal colonization

Intestinal colonization

Previous penicillin use; previous cephalosporin use; previous
carbapenem use; previous stay in ICU

Active exposure to antibiotic therapy; use of mechanical ventilation

Previous exposure to antibiotic therapy; mechanical vent at ICU
admission; intake of vasopressors; presence of solid cancer

Previous carbapenem use; previous cephamycin use; previous
cephalosporin use; liver dysfunction

Previous antibiotic therapy; longer stay in ICU; use of mechanical
vent; higher age; diabetes

Previous infection; previous exposure to antibiotic therapy;
administration of amoxicillin-clavulanate; previous stay in ICU;
longer stay in ICU; use of central venous catheter; transfer
between hospital units; being in coma

Previous exposure to antibiotic therapy; administration of
amoxicillin-clavulanate; previous infection episodes

High-density MDR colonies; high-level resistance to carbapenems;
previous stay in ICU; higher age; presence of malignancy; solid
tumor; hematologic malignancy; CHF; COPD; immunologic
disorder; severe liver disease; diabetes; urologic disorders; PUD;
psych disorder; use of mechanical ventilation

Compared with other Enterobacterales, ESBL K. pneumoniae
carrier status was an independent predictor of ESBL-E infection

Carriers were more likely to develop an infection caused by CRKP
compared with those who were colonized by other MDR-GNB
(RR, 1.28; 95% Cl, 1.04-1.58)

ICU admission 2.59 (1.64-4.11); invasive procedure 2.53
(1.59-4.03); multisite colonization 6.24 (2.38-16.33)

Maternal colonization to be a risk factor for neonatal colonization in
very-low-birthweight infants

Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CR, carbapenem resistant; CRAB, carbapenem resistant Acinetobacter baumannii; CRE,
carbapenem resistant Enterobacterales; ESBL, extended spectrum beta-lactamase; ESBL-E, extended spectrum beta-lactamase Enterobacterales; GNB, Gram-negative bacteria; ICU,
intensive care unit; IR, incidence ratio; KP, Klebsiella pneumoniae; MDR, multidrug-resistant; OR, odds ratio; PsA, Pseudomonas aeruginosa; PUD, peptic ulcer disease; RR, relative risk.
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While this may introduce some redundancy, the overlap was
minimal and is unlikely to have significantly biased our estimates.
Second, our results were not stratified by geography. Given that
regions with a high burden of antimicrobial resistance, such as
parts of Africa, Latin America, and Southeast Asia, may have dif-
ferent infection dynamics, additional cohort studies focusing on
these underrepresented areas are essential, especially as they of-
ten have the highest burden of disease from resistant infections
[30-32]. Our analysis was also limited by the relatively low num-
ber of systematic reviews on a given pathogen, especially CRE,
which used only 2 available studies. The precision of the CRE es-
timate should be interpreted with caution. The decision to ana-
lyze studies in the aggregate may limit generalizability for
specific populations at perceived higher risk of infections, such
as solid-organ transplant or severe immunocompromise, and
these specific population reviews can be found in Table 1. In these
cases, a specific review, rather than an umbrella estimate, might
provide more accurate measures of infection risk. Similarly,
follow-up time was largely absent from our included studies
but remains an important consideration when determining inci-
dence rates. Third, despite specifically searching for systematic
reviews addressing MDR-PsA and CRAB, we found few that
met our inclusion criteria. This gap in the literature represents
an area that requires urgent attention, as these pathogens contrib-
ute significantly to morbidity and mortality across health care
settings and many existing decolonization strategies are of uncer-
tain or low benefit [33]. An additional limitation is that the quality
of evidence is dependent on the conduct and quality of the
underlying reviews. To account for this, a sensitivity analysis
was performed, including all studies regardless of quality assess-
ment, providing an infection incidence of 14% infection after
MDR-GNB colonization. Also, our reliance on the definitions
of multidrug resistance provided by the included reviews poten-
tially introduced variability, as resistance definitions were not
standardized across studies. Additionally, some variability was
noted in surveillance practices within reviews (including active
inpatient sampling upon admission vs an individualized risk-
based approach, using stool vs peri-rectal swabs, or commonly
obtaining urine cultures after kidney transplantation), which
may limit the generalizability depending on surveillance strategy.
Finally, the decision to use an umbrella review as a literature
search tool may have inadvertently excluded individual studies
of importance that were more recent or not included in search
terms of component reviews. To account for this, it is important
to compare our point estimates with population-wide studies,
which may not be feasible to conduct in most settings. We are
encouraged that our estimates of infection following colonization
are similar to a recently published study that took an orthogonal
approach by using population-wide estimates across a health
care system [34].

Importantly, the overall infection incidence of 22% among
hospitalized patients colonized with ESBL-E and CRE

underscores the high clinical burden associated with these
pathogens. This attack rate for infections following coloniza-
tion is sufficiently large to support the design of interventional
studies aimed at evaluating emerging decolonization strategies.
By providing an evidence-based estimate of infection inci-
dence, our findings enable investigators to calculate effect sizes
and identify optimal populations and follow-up times for these
trials.

Future work should focus on employing standardized
terminology and methodology in study design while addressing
the geographic and pathogen-specific gaps identified in this
review, which will further refine our understanding of this crit-
ical area of antimicrobial resistance. Specifically, future studies
(both cohort studies and systematic reviews) should be vigilant
to provide robust baseline data including matched colonized
individuals with a noncolonized comparator, provide a precise
description of microbiological methods used to assess resis-
tance, quantify burden and duration of colonization when fea-
sible, have clear follow-up intervals, and include baseline data
(especially comorbidities and antibiotic exposure).

CONCLUSIONS

To conclude, in a large systematic review and meta-analysis of
systematic reviews and meta-analyses (or umbrella review), a
substantial portion of those colonized with resistant gram-
negative bacteria developed subsequent infection. These results
can inform future development of decolonization strategies.
Future observational studies should use clear terminology on
type of infection, follow-up time, and type of subsequent infec-
tion to contribute to the precision of these estimates.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
posted materials are not copyedited and are the sole responsibility of the
authors, so questions or comments should be addressed to the correspond-
ing author.
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