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ABSTRACT

Background: Early identification of extended-spectrum f[-lactamase (ESBL) and carbapenemase-
producing Enterobacterales (CP-CRE) is critical for timely therapy. Rapid phenotypic tests identifying
these resistance mechanisms from pure bacterial colonies have been developed.
Objectives: To determine the operating characteristics of available rapid phenotypic tests when applied
directly to positive blood cultures.
Methods of data synthesis: Bivariate random effects models were used unless convergence was not
achieved where we used separate univariate models for sensitivity and specificity.
Data sources: MEDLINE, CENTRAL, Embase, BIOSIS, and Scopus from inception to 16 March 2021.
Studly eligibility criteria: Studies using any rapid phenotypic assay for detection of ESBL or CP-CRE directly
from blood cultures positive for Enterobacterales, including those utilizing spiked blood cultures. Case
reports/series, posters, abstracts, review articles, those with <5 resistant isolates, and studies lacking
data or without full text were excluded.
Participants: Consecutive patient samples (main analysis) or spiked blood cultures (sensitivity analysis).
Tests: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry assays (MALDI-TOF)
and commercially available chromogenic or immunogenic assays.
Reference standard: Conventional laboratory methods and/or polymerase chain reaction (PCR).
Assessment of risk of bias: Quality Assessment of Diagnostic Accuracy Studies Version 2 (QUADAS-2).
Results: For detection of the ESBL phenotype the respective pooled sensitivities and specificities for
consecutive clinical samples were as follows: 94% (95% CI 93—99%) and 97% (95% CI 95—100%) for MALDI-
TOF/mass spectrometry (n = 1); and 98% (95% CI 92—100%) and 100% (95% CI 96—100%) for chromogenic
assays (n = 7). For the CP-CRE phenotype the respective pooled sensitivity and specificities for consec-
utive clinical samples were as follows: 100% (95% CI 99—100%) and 100% (95% CI 100—100%) for MALDI-
TOF (n = 2); 96% (95% Cl 77—99%) and 100% (95% CI 81—100%) for chromogenic assays (n = 4); and 98%
(95% CI1 96—100%) and 100% (95% CI 100—100%) for immunogenic testing (n = 2).
Conclusions: Rapid phenotypic assays that can be directly applied to positive blood cultures to detect
ESBL and carbapenemase production from Enterobacterales exist and, although clinical studies are
limited, they appear to have high sensitivity and specificity. Their potential to facilitate patient care
through timely identification of bacterial resistance should be further explored. Olivier Del Corpo, Clin
Microbiol Infect 2023;29:1516
© 2023 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All
rights reserved.
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Introduction

Extended-spectrum f-lactamase producing Enterobacterales
(ESBL) and Carbapenemase-producing Carbapenem-resistant
Enterobacterales (CP-CRE) contribute to substantial morbidity and
mortality in health care settings [1]. Although new therapeutics are
available in some markets, multidrug-resistant Gram-negative
bacteria remain a major public health concern worldwide. Overly
broad empiric therapy risks the development of resistance,
whereas undertreating can lead to therapeutic failure and clinical
deterioration [2]. Thus, it is important to develop diagnostic ap-
proaches for rapidly detecting multidrug-resistant organisms to
allow for appropriate, timely, and targeted treatment while facili-
tating antimicrobial stewardship.

Several rapid phenotypic tests have been developed for the
identification of ESBL and carbapenemase-producing organisms.
These tests include chromogenic assays which rely on hydrolysis of
B-lactam surrogates linked to chromophores that become detect-
able once the target is hydrolysed; matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry assays (MALDI-
TOF/MS) to detect hydrolysis of carbapenem or B-lactam disks; and
lateral flow immunochromatographic assays which contain
monoclonal antibodies targeting carbapenemases/f-lactamases on
a nitrocellulose membrane. Although such tests were initially
validated for use on pure growth bacterial colonies, their direct
application to positive Gram-negative blood cultures promises
timely and actionable clinical information. This systematic review
and meta-analysis aimed to evaluate and compare the sensitivity
and specificity of available rapid phenotypic tests for ESBL and CP-
CRE when performed directly from blood cultures.

Methods

This analysis is reported in accordance with the Preferred
Reporting Items for a Systematic Review and Meta-analysis of
Diagnostic Test Accuracy Studies [3].

Search strategy

The following databases were searched for relevant studies on
16 March 2021: MEDLINE (via Ovid, 1946 to 15 March 2021; via
PubMed, 1 March 2021 to 16 March 2021); CENTRAL (via Wiley,
Issue 3 of 12, March 2021); Embase (via Ovid 1974 to 15 March
2021), BIOSIS (via Clarivate) and Scopus (via Elsevier). The search
strategies were designed with a research librarian and peer
reviewed by a second research librarian. The MEDLINE strategy
(Appendix 1) was applied to all databases, with modifications to
search terms as necessary. No language limits were applied with
machine translation used when necessary.

Selection criteria

Studies using any rapid phenotypic assay for detection of ESBL
or CP-CRE directly from blood cultures positive for Enterobacterales
were screened. ‘Directly from blood cultures’ could include a short
incubation step (<3—4 hours) such as that used for rapid MALDI
identification. Studies utilizing consecutive clinical specimens were
used for the primary analysis and those including spiked blood
cultures were included in a supplementary analysis. Case reports,
case series, posters, abstracts, review articles, and studies lacking
data or without full text were excluded. Studies that had under five
ESBL or CP-CRE isolates or that utilized experimental procedures
(e.g. home brewed or non-commercially available solutions) were
also excluded. Conventional methods (e.g. disc diffusion, broth
microdilution), automated systems, and/or PCR were considered as

the reference standards for bacterial identification and

susceptibility.
Assessment of study bias

The risk of bias was assessed by two independent reviewers
(ODC and TCL) using the QUADAS-2 tool [4]. We assessed the risk of
bias and applicability concerns at the level of patient selection,
index test, reference standard, patient flow, and timing of test. We
reported the risk as low, high, or unclear.

Data extraction

References were imported into an EndNote library (Clarivate
V20) and de-duplication was performed. Two independent re-
viewers screened each title and abstract (ODC and either JS or JMH
or TCL) against eligibility criteria followed by full text review (ODC
and TCL) of the potentially eligible studies. Disagreements were
resolved by consensus or third reviewer (AL) as needed. For each
study, we extracted authors, year of publication, study design,
samples used, number of ESBL and CP-CRE positive samples,
reference standard, assay type and method, assay run time, number
of true-/false-positive and true-/false-negative ESBL or CP-CRE
samples.

Data analysis

For analysis, we divided studies in groups according to type of
assay used and contrasted consecutive clinical specimens (main
analysis) vs. spiked samples (sensitivity analysis). Chromogenic
assays included the Nordmann-Dortet-Poirel test (Hopital de
Bicétre, France), B-Lacta (Bio-Rad, United States), CARBA-NP (Bio-
merieux, Francs), Blue CARBA (Biomerieux, France), and NeoRapid
CARB (Rosco, United States). All MALDI-TOF-MS studies were
grouped together. Lateral flow immunochromogenic studies
included all those that utilized NG-test CARBA 5 (Hardy Di-
agnostics, United States) and RESIST-5 OOKNV (Coris BioConcept,
Belgium). Finally, there was one fluorogenic study utilizing Fluoro-
Direct (Catholic University of Korea, Republic of Korea). The results
were analysed according to resistance mechanism (ESBL versus CP-
CRE). With the midas [5] module in STATA version 17 (StataCorp LP,
United States), we used a bivariate random effects model to
calculate sensitivity and specificity for each group of assays
compared with the reference standard. Where a bivariate approach
was not possible (e.g. when convergence was not achieved or if
there were fewer than four studies), we performed univariate
analysis [6] using the metaprop_one module and a random effects
generalized linear mixed model [7]. We also conducted a pre-
planned subgroup analysis restricted to Escherichia coli and Kleb-
siella pneumoniae.

Results
Description of included studies

A total of 2986 studies were identified of which 38 were eligible
for inclusion (Fig. 1). A description of the included studies is found
in the supplement. Briefly, 14 studies utilized MALDI-TOF/MS
[8—21], 18 used chromogenic assays [22—39], 5 used immuno-
chromogenic assays [40—44], and one studied a fluorogenic assay
[45], for the identification of ESBL or CP-CRE directly from blood
cultures. Fifteen studies included only ESBL Enterobacterales
[14—16,19,21—-23,25,28,30,34—36,38,39,42], whereas 20 included
only CP-CREs [8-12,17,20,26,27,29,31—-33,37,41,43—46]. Three
studies analysed both groups [10,18,24]. Of the 38 included studies,
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Records identified through
database searching
(n =2986)

l

Records after duplicates removed
(n =1826)

A 4
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(n =1826)

A 4

Full-text articles

(n=1721)

Full-text articles excluded, with
reasons

assessed for eligibility
(n=105)

Studies included in
qualitative synthesis
(n=38)

No rapid phenotypic assay n = 23
Not on blood culturesn =11
No ESBL/CP-CREn =4
Poster presentation/abstract n =5
Others* n=24
From included articles references (n
=0)

Others include research letters, non
Enterobacterales samples, protocols,
oral presentations, novel assays.

Fig. 1. Flow diagram of the process of selection of articles for inclusion in the meta-analysis.

27 provided data stratified by microorganism allowing subgroup
analysis of E. coli and K. pneumoniae. Studies that utilized non-
conventional/experimental phenotypic assays were excluded
[47,48]. In 21 studies, bacterial isolates were identified as Enter-
obacterales by MALDI-TOF [9-11,14-16,20,21,23—26,28,34,
36—38,40—43], one study utilized analytic profile index 20E test
strips [22], five studies utilized automated systems [8,9,18,29,31],
eight studies used organisms which were previously characterized
on the molecular level [12,17,27,32,33,35,44,45], two studies uti-
lized ‘conventional subculture’ [19,39] and one study did not pro-
vide identification methods [30]. All studies used one or more of:
disc-diffusion, microdilution assays, automated methods, and/or
PCR as the reference standard to characterize resistance profiles.
Further details of the studies can be found in Table 1.

Quality assessment

The quality assessment using QUADAS-2 is included in the
supplement. Briefly, the risk of bias and applicability concerns were
low in all but two studies [11,12]. Of the 38 studies, 18 utilized
consecutive blood cultures [9,10,15,21-23,25,26,29—31,34,37—39,
41,43], whereas the others utilized spiked blood cultures. All but
one study that utilized spiked blood cultures incubated samples
until flagged positive in an automated incubator. Given the lack of
universal reference standard and limited information on the clin-
ical settings that the blood cultures were drawn, all studies were

considered ‘unclear’ for both reference standard and patient se-
lection bias.

Diagnostic performance of the different rapid phenotypic tests for
ESBL Enterobacterales

When grouped together by resistance mechanism, there
were a total of eight studies that analysed rapid phenotypic
testing for ESBL Enterobacterales in consecutive clinical samples
[15,22,23,25,28,34,38,39]. One study was excluded from the
analysis as stratified data for spiked and clinical cultures was
not available [23]. The clinical context in which the samples
were drawn are not available for all seven studies; however,
they were all drawn from inpatients at university hospitals. Of
the seven studies, one utilized MALDI-TOF/MS and demon-
strated a sensitivity and specificity of 94% (95% CI 83—99%) and
97% (95% CI 95—100%), respectively [15]. The remainder of the
six studies utilized chromogenic assays with an overall sensi-
tivity of 98% (95% CI 89—100%) and specificity 100% (95% CI
91-100%) (Fig. 2).

There were a total of 11 studies that analysed rapid phenotypic
testing for ESBL Enterobacterales in spiked blood cultures
(including one study with mixed spiked and clinical cultures [23])
[14,16,18,19,21,24,30,35,36,42,49]. Of note, three of these studies
included both ESBL and CR-CPE [18,19,24] and one study tested two
different assays in ESBLs [42]. Five studies utilized MALDI-TOF/MS
[14,16,18,19,21] with a pooled sensitivity of 98% (95% CI 91—-100%)



Table 1

Study design
Paper Location Study description Reference standard/diagnostic criteria Assay Resistance TP FP FN TN Sens Spec
Affolabi et al,, 2017  Benin Study design: Consecutive blood cultures positive Culture: Incubated until flagged positive by BD NDP ESBL 155 0 0 20 1.00 1.00
[22] for GNB from 610-bed university teaching hospital  Bactec FX40
in Cotonou, Benin. Identification: API 20E
Samples: GNB were obtained from the blood Susceptibility: Disk diffusion method according to
samples of 198 patients. A total of 175 samples EUCAST recommendations.
contained Enterobacterales, 23 contained non-
fermenting bacilli (excluded in study). 155 were
ESBL.
Anantharajah et al,  Belgium Study design: Spiked cultures with previously Culture: Spiked (1.5 x 10 CFU/mL) and incubated ~ STAR Carba IVD/ CP-CRE 23 1 0 2 1.00 0.67
2019 [8] characterized Gram-negative isolates intermediate  in Bactec FX until flagged positive MALDI-TOF
or resistant to at least one carbapenem from clinical ~Identification: Automated Phoenix system
and screening samples of the Cliniques Susceptibility: Disk diffusion method according to
Universitaire Saint-Luc. EUCAST.
Samples: Of 130 samples, 26 were Enterobacterales Resistance mechanism were confirmed with PCR.
isolates of which 23 were ESBL.
Arca-Suaréz et al., Spain Study design: Consecutive blood cultures positive Cultures: Both consecutive and spiked NDP ESBL 141 3 0 68 1.00 0.96
2017 [23] for Enterobacterales from bacteraemic patients and (1.5 x 108 CFU/mL) cultures were incubated using
spiked blood cultures with previously characterized BD BactecTM FX until flagged positive
cryopreserved ESBL-producing Enterobacterales Identification: MALDI-TOF.
Samples: A total of 70 Enterobacterales from blood  Susceptibility: Microdilution and phenotypic tests
culture of bacteraemic patients. A total of 40 according to EUCAST.
cryopreserved strains from a collection of ESBL- Molecular detection of ESBL and plasmid AmpC
producing and inducible chromosomal AMPc- genes was performed by multiplex PCR.
overproducing Enterobacterales were also included.
Baer et al., 2021 Israel Study design: Spiked blood cultures from Cultures: Spiked blood cultures were incubated to ~ NG-test Carba 5 CP-CRE 35 0 5 8 0.88 1.00
[40] previously characterized isolates of clinical or achieve final concentration of 6.75 x 107 CFU/mL
screening samples Identification: MALDI-TOF,
Samples: A total of 48 isolates, 38 CP-CRE, 10 non-  Susceptibility: Xpert Carba-R and PCR for the
CP-CRE. carbapenem susceptibility.
Bianco et al., 2020 Italy Study design: Spiked blood cultures using Cultures: Spiked (0.5 mL of 10> CFU/mL) and Direct B-Lactam ESBL 111 0 116 1.00 1.00
[41] Enterobacterales clinical strains collected from incubated till flagged positive inactivation CP-CRE 161 O 1 116 099 1.00
different clinical specimens at the University Identification: MALDI-TOF MS Susceptibility: Disk method
Hospital Citta della Salute e della Scienza di Torino  diffusion according to EUCAST.
from 2016 to 2019. Confirmed with PCR
Samples: A total of 422 isolates, of which 111 ESBL-
producing bacteria, 33 AMPc-producing bacteria,
and 162 CP-CRE
Bianco et al., 2021 Italy Study design: Consecutive blood cultures from CP-  Cultures: Incubated until flagged positive NG-test Carba 5 CP-CRE 69 0 2 30 097 1.00
[24] CRE carriers identified via rectal swabs from a 2300-  Identification: MALDI-TOF MS.
bed tertiary care teaching hospital from 2019 to Susceptibility: Mastdisc combi Carba plus disc
2020 system and Xpert Carba-R to identify CP-CRE
Samples: A total of 580 identified CP-CRE rectal
carriers. Of the 580, 105 developed Gram-negative
blood stream infections. From these patients, 127
Gram-negative BCs were used. 79 were CP-CRE. A
total of 48 non-CPE-positive BCs (33
Enterobacterales and 15 non-fermenting species
which were excluded)
Bianco et al.,, 2020 Italy Study design: Spiked blood cultures using Cultures: Spiked (0.5 mL of 10* CFU/mL) and RESIST-5 0.0.K.N.V. ESBL 91 0 3 30 0.97 1.00
[42] Enterobacterales strains collected from different incubated until flagged positive NG-Test Carba 5 ESBL 91 0 3 30 0.97 1.00

Italian Hospitals from 2016 to 2019 were used.
Samples: A total of 130 isolates and 30 additional
pre-characterized carbapenemase-negative
Enterobacterales were used as negative controls. A

Identification: MALDI-TOF

Susceptibility: Disc-based phenotypic according to

EUCAST.
Confirmed with PCR

(continued on next page)
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Table 1 (continued )

Paper Location Study description Reference standard/diagnostic criteria Assay Resistance TP FP FN TN Sens Spec
total of 102 CP-CRE, 20 ESBLs, and 10 AmpC
producers.
Carvalhaes et al., Brazil Study design: Consecutive blood cultures during Cultures: Incubated until flagged positive MALDI-TOF-MS CP-RE 17 0 0 32 1.00 1.00
2014 [9] selected at random in a 2-mo period. Identification: PhoenixTM automated system
Samples: A total of 100 blood cultures flagged as Susceptibility: CLSI agar dilution
positive resulting in a total of 110 bacterial isolates. Confirmed with PCR
Of those, 49 were Enterobacterales, 17 CP-CRE, and
32 non-CP-CRE. Non-Enterobacterales strains were
excluded from the analysis.
Compain et al., France Study design: Consecutive blood cultures collected  Cultures: Incubated until flagged positive B-Lacta ESBL 28 0 5 75 0.85 1.00
2015 [25] over a 4-mo period at Hospital Europe en Georges  Identification: MALDI-TOF
Pompidou, in Paris, France. Susceptibility: Disc-diffusion method according to
Samples: Total of 108 non-repetitive blood cultures. EUCAST
Of those, 28 were ESBL.
Coppi et al.,, 2017 Italy Study design: Consecutive blood from participating Cultures: Incubated until flagged positive Carba-NP CP-CRE 21 1 0 59 1.00 0.98
[26] centres Identification: MALDI-TOF with the VITEK® MS
Samples: A total of 125 isolates from blood cultures,  system.
of which, 122 gave interpretable results, whereas Susceptibility: AST was performed using reference
three isolates (one P. aeruginosa, one A. baumannii ~ broth microdilution according to CLSI guideline.
complex, and one Enterobacter cloacae) yielded Confirmed with PCR
insufficient growth. Of the 122 samples, 81 were
Enterobacterales with 21 CP-CRE.
Cordovana et al., Italy Study design: Routine blood cultures flagged Cultures: Incubated until flagged positive MALDI-TOF-MS CP-CRE 132 0 0 275 1.00 1.00
2020 [10] positive for enterobacteria Identification: MALDI Biotyper Susceptibility: (MBT STAR Carba
Samples: A total of 407 samples positive Vitek2 system IVD)
enterobacteria of which 132 were CP-CRE Confirmed with PCR
Dortet, 2013 [27] Switzerland  Study design: Spiked blood cultures from Cultures: Spiked (1 x 10 CFU) and incubated until ~Carba-NP CP-CRE 189 0 4 74 098 1.00
previously characterized strains. flagged positive
Samples: A total of 193 CP-CRE and 74 non-CP-CRE  Identification: All strains had previously been
characterized for their at their molecular level.
Dortet et al., 2015 Paris Study design: Consecutive blood cultures positive Cultures: Incubated until flagged positive by BacT/  NDP ESBL 47 0 0 164 1.00 1.00
[28] for GNB from 245 patients hospitalized at the Alert system
Bicetre Hospital, a 950-bed hospital located in Paris.  Identification: MALDI-TOF.
Samples: Of 245 cultures, 211 were Susceptibility: AST by the disk diffusion method
Enterobacterales, 47 ESBL and 164 non-ESBL according to the CLSIL The double-disk synergy test
was used for the phenotypic detection of ESBL
producers.
Confirmed by PCR
Ferndndez et al., Spain Study design: Consecutive blood cultures. Culture: Incubated until flagged positive Carba-NP CP-CRE 18 0 1 100 0.95 1.00
2016 [29] Over a 3-mo period (June—August 2015), all blood  Identification: MicroScan System
cultures recovered in a Spanish hospital, which Susceptibility: MicroScan system for determination
were positive for GNB by Gram staining, were of the MIC to a panel of 21 antimicrobials.
included in the study. Confirmed by Carba-R Xpert PCR
Samples: A total of 149 samples from 137 patients
were selected, of which 122 were positive for
Enterobacterales, with 110 corresponding to
monomicrobial cultures. Of the 110 samples used,
10 were CP-CRE, 100 non-CR-CPE. An additional 19
previously characterized ESBLs were added to the
study.
Ghebremedhin Germany Study design: Spiked blood cultures Culture: Spiked with previously characterized MALDI-TOF-MS CP-CRE 22 0 1 35 096 1.00

et al, 2016 [11]

Samples: A total of 63 Gram-negative bacteria,
comprised of Enterobacterales and non-fermenters,
were collected by the National Reference Center for
Gram-negative bacteria at the Ruhr University
Bochum and at the Institute in Wuppertal. Of the 63
samples, 23 were CP-CRE. The rest (2 pseudomonas

strains.

Identification: MALDI- TOF

Susceptibility: Phenotypic antimicrobial
susceptibility testing by use of Phoenix automated
system.

0zst
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Giordano et al., Italy
2019 [43]

Hoyos-Mallecot Spain
et al, 2014 [12]
Idelevich et al., Germany
2018 [13]
Jain et al, 2007 [39] England
Jung et al., 2014 Germany
[14]
Kimetal.,2019[45] Korea
Kumar et al., 2018
[30]
Lee et al., 2018 [15]  China
Morales et al., 2018  Brazil

[31]

and 38 A. baumanni isolates were excluded). As
negative control, 35 non-carbapenemase-
producing, but carbapenem-resistant isolates were
included.

Study design: Consecutive blood cultures from
patients hospitalized at Fondazione Policlinico
Universitario A. Gemelli IRCCS or the Azienda
Ospedaliera San Camillo-Forlanini hospitals in Italy.
Samples: A total of 484 bacterial organisms directly
from clinical and spiked BCs were used. Clinical
samples were collected from these samples; 237
were CP-CREs and 247 non-CP-CRE.

Study design: Spiked blood cultures with previously
characterized strains

Samples: A total of 22 Enterobacterales cultures
were included. Of those, 11 were ESBL and 11 non-
ESBL. Of note 18 pseudomonas strains were
excluded.

Study design: Spiked blood cultures with isolates
from routine diagnostics at the Institute of Medical
Microbiology, University Hospital Miinster,
Germany,

Samples: A total of 28 Enterobacterales, 14 CP-CRE
and 14 non-CP-CRE

Study design: Consecutive blood cultures submitted
to the Microbiology Department, City Hospital,
Birmingham.

Samples: A total of 127 blood cultures from 71
patients were studied. The HMRZ-86 assay was
performed on only the 66 aerobic cultures because
of limitations in the assay. A total of 20 were ESBLs
and 46 non-ESBLs. A total of 2 pseudomonas
samples were excluded from our study.

Study design: Consecutive blood cultures that were
identified to contain Enterobacterales

Samples: A total of 100 blood cultures, 20 of which
were ESBL

Study design: Spiked blood cultures utilizing
various clinical samples from multiple Korean
hospitals

Samples: 217 previously characterized isolates of
Enterobacterales. 63 CR-CPE isolates and 154 non-
CPE isolates.

Study design: Consecutive Enterobacterales clinical
isolates

Samples: 208 Enterobacterales isolates, of which 80
were ESBL producers and 128 were non-ESBL
producers. Non-fermenters and Gram-positive
isolates were excluded from the study.

Study design: Consecutive blood cultures from
patients with Gram-negative bacterial bloodstream
infections.

Samples: 200 Gram-negative isolates. Of the
samples, 126 were Enterobacterales with 32 ESBL.
Study design: Consecutive blood cultured from
patients admitted to University Hospital in Brazil.
Samples: A total of 314 blood samples positive for

Cultures: Incubated until flagged positive
Identification: MALDI-TOF/MS.

Susceptibility: Meropenem MICs was determined
using commercial broth-microdilution
antimicrobial susceptibility testing panels.
Confirmation by PCR

Cultures: Spiked (10—100 CFU) and incubated until
flagged positive
Susceptibility: Previously characterized stains. The
presence of carbapenemase was established on the
molecular level.

Cultures: Spiked (150 CFU) and incubated until
flagged positive

Identification: Isolates were previously
characterized

Susceptibility: Isolates were previously
characterized

Cultures: Consecutive and incubated until flagged
positive

Identification: By standard methods
Susceptibility: cefpodoxime disc susceptibility and
confirmed using combined disc method
cefpodoxime + clavulanic acid

Cultures: Incubated until flagged positive
Identification: MALDI-TOF

Susceptibility: BD Phoenix automated system
Confirmed with PCR

Cultures: Spiked (1.5 x 10® CFU) and incubated until
positive

Identification: Isolates were previously
characterized

Susceptibility: Isolates were previously
characterized

Confirmed with PCR

Cultures: No information provided
Identification: No information provided
Susceptibility: DDST method, after CLSI.

Cultures: Incubated until flagged positive
Identification: MALDI-TOF MS

Susceptibility: Disk diffusion test Confirmed with
PCR

Cultures: Incubated until flagged positive
Identification: Vitek system
Susceptibility: Disc-diffusion method according to

NG-test Carba 5

MALDI-TOF-MS

MALDI-TOF-MS
DOT-MGA

Chromogenic

cephalosporin

HMRZ-86

MALDI-TOF-MS

Fluore-direct

NDP

MALDI-TOF-MS
(MBT STAR-BL)

Carba-NP
Blue-Carba

CP-CRE

CP-CRE

CP-CRE

ESBL

ESBL

CP-CRE

ESBL

ESBL

CP-CRE
CP-CRE

233

11

14

19

15

62

80

31

24
24

4 247
0 9

0 14
1 44
0 64
1 154
0 128
1 94
6 281
6 281

0.98

1.00

0.95

1.00

0.98

1.00

0.97

0.80
0.80

1.00

0.82

1.00

1.00

0.91

1.00

1.00

1.00

1.00
1.00

(continued on next page)
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Table 1 (continued )

Paper Location Study description Reference standard/diagnostic criteria Assay Resistance TP FP FN TN Sens Spec
Enterobacterales were tested. 33 of the isolates CLSL
were CP-CRE. Confirmed with real-time multiplex PCR.
Meier and Germany Study design: Spiked blood culture, isolates from Cultures: Spiked (1.5 x 10° CFU) blood cultures, Beta-Carba CP-CRE 70 4 0 70 1.00 0.95
Hamprecht, clinical microbiology laboratory of two German incubated until flagged positive
2019 [32] University Identification: Isolates were previously
Samples: 140 Enterobacterales isolates, of these, 70  characterized
were CP-CRE. In addition, 70 non-carbapenemase-  Susceptibility: Isolates were previously
producing isolates served as negative controls. characterized
Meier and Germany Study design: Spiked blood cultures with isolates Cultures: Spiked (1.5 x 10° CFU) blood cultures Beta-Carba CP-CRE 104 4 0 77 1.00 0.95
Hamprecht, from multiple centres. incubated until flagged positive Carba-NP CP-CRE 103 4 1 77 099 0.95
2019 [33] Samples: 185 non-duplicate Enterobacterales. 104  Identification: Previously identified organisms. NeoRapid CARB CP-CRE 103 7 1 74 0.99 0091
isolates were CP-CRE which had been characterized
in previous studies. In addition, 81 strains served as
negative controls, most of them produced ESBL. In
addition, 2 quality control strains without beta-
lactamase activity were included.
Mizrahi et al., 2018  France Study design: Consecutive blood cultures from the  Cultures: Incubated until flagged positive B-Lacta ESBL 25 2 2 113 093 098
[34] Hospital Paris Saint-Joseph. Identification: MALDI-TOF MS Susceptibility: Disk
Sample: A total of 335 new episodes of blood stream  diffusion according to the guidelines of the
infections caused by GNB for which MALDI-TOF MS  Antibiogram
was performed, were enrolled during the study. Committee of the French Society for Microbiology.
Enterobacterales were the main aetiology with 272
isolated strains. Of those 141 were used for B-Lacta
testing. 27 were ESBL
Nordmann et al., Worldwide  Study design: Spiked blood cultures with isolates Cultures: Spiked (1 x 103 CFU) and incubated until NDP ESBL 64 0 0 24 1.00 1.00
2012 samples from various clinical origins (blood culture, urine, flagged positive
sputum, etc.) and of world- wide origin. Identification: Previously identified and
Samples: 255 strains were used to evaluate the characterized strains at the molecular level
performance of the ESBL NDP test. The panel of Susceptibility: Disk diffusion according to CLSI.
strains used for spiking blood cultures included 64
ESBLs and 24 non-ESBL-producing Enterobacterales
Oviano et al,, 2014  Spain Study design: Spiked blood cultures with clinical Cultures: Spiked (1.5 x 10® CFU) and incubated until MALDI-TOF-MS ESBL 103 0 1 37 0.99 1.00
[16] isolates collected from intensive care unit. flagged positive
Samples: 128 bacterial clinical isolates were seeded Identification: MALDI-TOF
in blood culture bottles. Among these 128, 94 Susceptibility: Commercial microdilution broth
isolates were ESBL, 22 non-ESBL, and 12 AmpC. 13 according to CLSI criteria and EUCAST
positive blood cultures from patients with real Confirmed with PCR testing
bacteraemia were also included in the study, of
which, 10 were ESBL.
Ovianio et al., 2016 ~ Spain Study design: Spiked blood cultures with previously ~ Cultures: Mixed spiked (1.5 x 10® CFU) and clinical MALDI-TOF-MS CP-CRE 79 0 0 36 1.00 1.00
[17] characterized isolates from Spanish and German cultures, both incubated until flagged positive.
hospitals. Additional blood cultures from Identification: All spiked blood culture isolates were
bacteraemic patients were included from A Coruna previously identified and characterized regarding
University Hospital in Spain. carbapenemase,
Isolates: 119 characterized non-replicate MALDI-TOF for identification of clinical cultures,
Enterobacterales, P. aeruginosa, and A. baumannii Susceptibility: Confirmed with PCR for clinical
isolates, of which 81 carried a carbapenemase isolates
enzyme.
20 additional blood cultures from CP-CRE
bacteraemic patients were also included. Both
P. aeruginosa and A. baumannii were excluded from
our analysis (24 samples) leaving 79 CP-CRE and 36
control Enterobacterales.
Pantel et al., 2018 France Study design: Spiked blood cultures with previously — Cultures: Spiked (1 x 10 CFU) and incubated until ~Accelerate ESBL 15 0 2 23 0.88 1.00
[18] characterized isolated from a Regional MDR GNB flagged positive PhenoTest CP-CRE 43 0 7 23 0.86 1.00

Reference Lab (the CARB-LR group) in the Occitanie
Region

Identification: VITEKVR MS and VITEKVR 2 systems.

TTst
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Prod'hom et al.,
2015 [36]

Roncarati et al.,
2021 [19]

Seco et al., 2019
[37]

Takissian et al.,
2019 [44]

Walewski et al.,
2015 [38]

Yu et al., 2018 [20]

Carolis et al., 2017
[21]

Switzerland

Italy

Brazil

France

France

China

Italy

Isolates: A total of 99 Enterobacterales isolates were
included of which, 17 were ESBLs and 33 CP-CRE.
Samples: Spiked blood cultures from the Lausanne
and University Hospital Center.

Isolates: 45 spiked blood cultures were tested for
ESBL production. 35 were ESBL-producing
Enterobacterales

Study design: Clinical blood cultures positive for
Gram-negative rods, unclear from where.

Isolates: A total of 185 blood cultures positive for
Gram-negative rods. Of which 40 were ESBLs and 50
CR-CPE.

Study design: Consecutive blood cultures from a
clinical microbiology laboratory

Samples: A total of 100 consecutive, one per patient,
aerobic, and anaerobic blood bottles were included
in this study. Of which 95 were Enterobacterales
with 14 CP-CRE

Study design: Spiked blood cultures with previously
identified isolates

Isolates: A total of 205 isolates. 132 CP-CRE and 58
non-carbapenemase producers.

Study design: Prospective study using all positive
Gram-negative blood cultures collected at the
Hopital Européen Georges Pompidou and Hopital
Necker Enfants-Malades [28].

Isolates: 132 blood cultures positive for GNB were
tested. These included 7 control cultures inoculated
with E. coli, K. pneumoniae, Enterobacter cloacae, and
Citrobacter freundii. Of the 125 patient cultures, 104
were monomicrobial and 19 multimicrobial.
Overall, there were 129 enterobacterial isolates, 23
ESBL.

23 strict aerobic GNB isolates belonging to
Pseudomonas, Acinetobacter, Achromobacter, and
Aeromonas species which were excluded in this
study.

Study design: Spiked blood cultures with clinical
isolates collected from Xinhua Hospital. Including
bacterial isolates from different body parts.
Isolates: 385 blood culture bottles contained
Enterobacterales strains from 218 patients. A total
of 72 CP-CRE and 313 non-CR-CRE

Study design: Prospective blood cultures collected
at the Universita Cattolica del Sacro Cuore. Only

E. coli and K. pneumoniae isolates were included in
rapid phenotypic testing.

Isolates: A total of 93 blood cultures that were
detected as positive for E. coli (58 isolates) and

K. pneumoniae (35 isolates). Of which 38 were ESBL-
producing bacteria.

Susceptibility: E-test VR method

Confirmed with PCR

Cultures: Spiked (15 CFU) and incubated until
flagged positive.

Identification: MALDI-TOF used for Susceptibility:
AST-N242 cards phenotypic tests, double disks
synergy tests, cefepime + clavulanate E-tests, and
cefotetan + cloxacillin E-test were used.
Confirmed with PCR

Cultures: Incubated until flagged positive
Identification: MALDI-TOF

Susceptibility: Double-disk synergy test for the
detection of ESBL and combination disk test for CP-
CRE in accordance with EUCAST.

Cultures: Incubated until flagged positive.
Identification: MALDI-TOF-MS

Susceptibility: PCR/sequencing for resistance.

Cultures: Spiked (1.5 x 10® CFU) and incubated until
flagged positive.

Previously characterized strains at the molecular
level

Cultures: Incubated until flagged positive
Identification: MALDI-TOF MS Susceptibility:
Standard disc diffusion and double-disc synergy
tests for detection of ESBLs were carried out
according to the recommendations of the Comité de
I'’Antibiogramme, Société Francaise de
Microbiologie

Cultures: Spiked (3 x 10° CFU) and incubated until
flagged positive

Identification: MALDI-TOF

Susceptibility: AST with Vitek 2

Confirmed with PCR and DNA sequencing

Cultures: Incubated until flagged positive
Identification: MALDI-TOF

Susceptibility: AST was performed using Vitek 2 AST
cards N201. The MIC results were interpreted
according to the EUCAST breakpoints.

Confirmed with PCR.

Beta-Lacta

MALDI-TOF-MS

Carba-NP
Blue-Carba

NG-test Carba 5

B-Lacta

MALDI-TOF-MS

MALDI-TOF-MS

ESBL

ESBL
CP-CRE

CP-CRE

CP-CRE

CP-CRE

ESBL

CP-CRE

ESBL

33

39
48

14

14

129

22

62

33

o =

41

2 138
0 145
2 136
0 86
0 45
3 58
1 106
10 313
5 54

0.94

1.00
0.96

1.00

1.00

0.98

0.96

0.86

0.87

0.97

0.99
1.00

1.00

0.52

1.00

1.00

1.00

0.98

AmpC, AmpC B-lactamases; AST, antibiotic susceptibility testing; CFU, colony forming units; CLS], clinical and laboratory standard institute; CP-CRE, carbapenemase-producing Enterobacterales; DDST, direct disc susceptibility
testing; ESBL, extended-spectrum beta lactamase; EUCAST, European Committee on Antimicrobial Susceptibility Testing; FN, false negative; FP, false positive; GNB, Gram-negative bacilli; MALDI-TOF/MS, matrix-assisted laser

desorption/ionisation time-of-flight mass spectrometry assays; MIC, minimum inhibitory concentration; NDP, Nordmann-Dortet-Poirel; PCR, polymerase chain reaction; TN, true negative; TP, true positive.
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Fig. 2. Forest plot of sensitivity and specificity for the detection of ESBL Enterobacterales utilizing chromogenic testing directly from consecutive blood cultures. Circles in the
squares represent the point estimate of each study, whereas the horizontal line represents the 95% CI. The dotted vertical line represents the average point estimate and the

diamond shape represents the 95% CI of the average estimate.

and specificity of 99% (95% CI 93—100%) (Fig. S1). Five studies
[23,30,35,36,42] utilized chromogenic assays which had an overall
pooled sensitivity of 100% (95% Cl 99—100%) and specificity of 99%
(95% CI 97—100%) (Fig. S2) and two studies [24,42] utilized
immunogenic methods with an overall specificity and specificity of
97% (95% CI 94—99%) and 100% (95% CI 97—100%), respectively
(Fig. S3).

Diagnostic performance of the different rapid phenotypic tests for
CP-CRE

There were a total of eight studies that analysed rapid
phenotypic testing for CP-CRE in consecutive clinical samples
[9,10,26,29,31,37,41,43], two of which tested two different assays
[31,37]. The clinical context in which the samples were drawn are
not available for the included studies; however, they were all
drawn from inpatients at university hospitals. Of these studies,
two utilized MALDI-TOF/MS [9,10] with a pooled sensitivity and
specificity of 100% (95% CI 99—-100%) and 100% (95% CI
100—100%), respectively (Fig. S4). There were four studies that
utilized chromogenic assays [26,29,31,37] with a pooled sensi-
tivity of 96% (95% ClI 77—99%) and specificity of 100% (95% CI
96—100%) (Fig. 3). Finally, there were two studies [41,43] that
utilized immunogenic assays with a pooled sensitivity of 98%
(95% CI 96—100%) and specificity of 100 (95% CI 100—100%)
(Fig. S5).

There were a total of 15 studies that analysed rapid phenotypic
testing for CP-CRE in spiked blood cultures [8,11,12,17—20,24,
27,32,33,40,44—46]. Of these, three studies included both ESBL and

CP-CRE [18,19,24] and three studies utilized multiple assays for
detection of CR-CPE [31,33,37]. A total of eight studies utilized
MALDI-TOF/MS [8,11,12,17—20,46] with a pooled sensitivity of 98%
(95% C189—100%) and specificity of 100% (95% CI 82—100) (Fig. S6). A
total of four studies utilized chromogenic assays [27,32,33,42] with a
pooled sensitivity of 99% (98% CI 96—100%) and specificity of 97%
(95% C192—99%) (Fig. S7). Finally, two studies utilized immunogenic
assays [40,44] with a pooled sensitivity and specificity of 96% (95% CI
93-99%) and 100% (95% Cl 99—100%) (Fig. S8).

Subgroup of ESBL and CP-CRE E. coli and K. pneumoniae

There were a total of 11 studies included in this subgroup
analysis. For detection of ESBL-producing E. coli and K. pneumoniae
directly from consecutive blood samples. One study [15] utilized
MALDI-TOF/MS with a sensitivity and sensitivity of 97% (95% CI
83—-99%) and specificity of 100% (95% CI 95—100%). Five studies
utilizing chromogenic assays with a pooled sensitivity and speci-
ficity of 99% (95% CI 95—100%) and 100% (95% CI 93—100%). No
studies utilized immunogenic assays.

For detection of CP-CRE E. coli and K. pneumoniae directly from
consecutive blood samples, there were two studies [9,10] that uti-
lized MALDI-TOF/MS with a pooled sensitivity of 100% (95% CI
100—100%) and specificity of 100% (95% CI 99—100%) (Fig. S9) and
two studies [29,37] that utilized chromogenic assays with a pooled
sensitivity of 96% (95% CI 77—100%) and specificity of 100% (95% CI
97—-100%) (Fig. S10). One study [41] utilized immunogenic assay
with a sensitivity and specificity of 98% (95% CI 93—99%) and 100%
(95% CI 81—100%).
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Fig. 3. Forest plot of sensitivity and specificity for the detection of CP-CRE Enterobacterales utilizing chromogenic testing directly from consecutive blood cultures. Circles in the
squares represent the point estimate of each study, whereas the horizontal line represents the 95% CI. The dotted vertical line represents the average point estimate and the

diamond shape represents the 95% CI of the average estimate.

Discussion

With multi-drug resistant Gram-negative infections becoming
increasingly common, the utilization of rapid diagnostic techniques
coupled with antimicrobial stewardship interventions has the po-
tential to reduce both morbidity and mortality from undertreat-
ment while also preventing collateral damage from overly broad
empiricism. Unfortunately, commonly employed methods for the
detection of ESBLs and CP-CRE such as disk diffusion tests, the
modified Hodge test, and the modified carbapenem inactivation
method are significantly limited by their long turnaround time [50].
Recently, real-time PCR and DNA microarray assays have become
commercially available and deployed in many clinical laboratories;
however, they are limited by cost, the requirement of a high degree
of expertise, the potential for disconnect between genotype and
phenotype, and the inability to detect novel unidentified resistance
genes [51]. This meta-analysis has shown that phenotypic diag-
nostic tests offer the potential for rapid detection of ESBL and CP-
CRE mediated resistance directly from blood cultures with high
sensitivity and specificity.

MALDI-TOF/MS, chromogenic, immunochromogenic, and fluo-
rogenic assays each demonstrated over 95% pooled sensitivity and
specificity to detect the ESBL and CP-CRE phenotypes. The ability to
perform these assays directly on the positive blood cultures by-
passes the need for pure bacterial colony growth. Depending on the
organism and strain, this can reduce the time to recognition of the
resistance mechanism by more than 12—24 hours minimizing the
risk of over and under treatment during the critical earliest phase of
sepsis. Subgroup analysis of these rapid phenotypic tests in E. coli

and K. pneumoniae, the most common Gram-negative pathogens in
clinical blood cultures, also demonstrated high specificity and
sensitivity. A deployment strategy that focused efforts specifically
on these organisms could be a manageable and justifiable first step
in the clinical laboratory.

Most studies included (52.6%, 28 total) utilized spiked blood
cultures for the detection of ESBL or CP-CRE via rapid phenotypic
testing. It is important to note that the initial inoculum utilized for
spiking blood cultures ranged from 1 x 10% to 1.5 x 10® colony
forming units per millilitre (CFU/mL) and all but one study incu-
bated the spiked blood cultures until flagged positive. Given that
the average CFU/mL in blood cultures that flag positive is
8.6 x 10% CFU/mL, the bacterial load at time of rapid phenotypic
testing should have been similar throughout studies and mirror
real life clinical specimens [52]. Although more consecutive blood
sample studies are indeed needed, the results from rapid pheno-
typic testing in spiked blood culture validates the potentially high
sensitivity and specificity of these phenotypic assays.

There are several additional limitations to our study. First, we
focused on studies including exclusively Enterobacterales, limiting
the applicability in clinical settings in which the bacterial order is
unknown at the time of assay use. Using ‘Hot Chocolate’ or ‘Smudge’
protocols to identify the bacteria with MALDI-TOF directly from the
same positive blood culture [53], delays in identification can be
minimized and remaining growth re-used for phenotypic detection.
Secondly, local epidemiology will dictate the prevalence of resis-
tance and, therefore, the positive and negative predictive values for
the assays. This is an important lens through which the application
of rapid phenotypic tests must be considered. Furthermore, if third-
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generation cephalosporin or carbapenem resistance is present but
not due to drug hydrolysis, the performance of these assays in
predicting resistance will deteriorate. Similarly, as new R-lacta-
mases and carbapenemases are identified, the operating charac-
teristics of the assays may need to be re-evaluated to ensure
continued adequate negative predictive values. Thirdly, the clinical
context in which these blood cultures were taken is missing from the
included studies which precludes a more in-depth understanding of
how they perform in specific clinical circumstances. Fourthly, the
studies included did not have the same reference standards for
resistance testing which may lead to discrepant results. Although
most studies utilized disc-diffusion assays according to European
Committee on Antimicrobial Susceptibility testing criteria, there
were a total of 12 studies which utilized automated or PCR methods
for susceptibility testing. Finally, given the limited number of
studies, we have broadly grouped together assays that use slightly
different methods involving a shared underlying mechanism. The
operating characteristics of individual assays will need to be
assessed in any deployment.

Conclusion

Several phenotypic assays exist that can be employed to detect
ESBL and carbapenemase production directly from blood culture
specimens containing Enterobacterales. Despite the limited clinical
studies evaluating their performance in this context, these assays
appear to have high sensitivity and specificity. Such assays could
potentially be incorporated in laboratory workflows to increase the
appropriateness of empiric therapy and to support antibiotic
stewardship and quality improvement initiatives. The impact of
such deployments on important patient outcomes remains to be
fully realized and further study in this area is encouraged.

Author contributions

Conceptualization—ODC, TCL; methodology—ODC, TCL; vali-
dation—ODC, ]S, JMH, TCL, AL; formal analysis—ODC, TCL; inves-
tigation—ODC, ]S, JMH, TCL, AL; resources—TCL, AL; data
curation—ODC, TCL, AL; writing—original draft—ODC, TCL, AL;
writing—review and editing—all authors; visualization—ODC, TCL;
supervision—TCL, AL; project administration—ODC; funding—TCL.

Transparency declaration

The authors declare that they have no conflicts of interest.

This work was supported (in part) by the Intramural Research
Program of the NIH, Clinical Centre. The findings and conclusions in
this study are those of the authors and do not necessarily represent
the official position of the National Institutes of Health.

Acknowledgements

TCL receives research salary support from the Fonds de
Recherche du Québec—Santé.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cmi.2023.09.007.

References

[1] Melzer M, Petersen I. Mortality following bacteraemic infection caused by
extended spectrum beta-lactamase (ESBL) producing E. coli compared to non-

[2

3

[4

(5

(6

17

(8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

0. Del Corpo et al. / Clinical Microbiology and Infection 29 (2023) 1516—1527

ESBL producing E. coli. J Infect 2007;55:254—9. https://doi.org/10.1016/
jjinf.2007.04.007.

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. https://doi.org/10.1016/S1473-3099(18)30605-4.

McInnes MDF, Moher D, Thombs BD, McGrath TA, Bossuyt PM, the PRISMA-
DTA Group, et al. Preferred reporting items for a systematic review and meta-
analysis of diagnostic test accuracy studies: the PRISMA-DTA statement. JAMA
2018;319:388—96. https://doi.org/10.1001/jama.2017.19163.

Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks ]J, Reitsma JB, et al.
QUADAS-2: a revised tool for the quality assessment of diagnostic accuracy
studies. Ann Intern Med 2011;155:529—36. https://doi.org/10.7326/0003-
4819-155-8-201110180-00009.

Ben D. MIDAS: stata module for meta-analytical integration of diagnostic test
accuracy studies. Boston College Department of Economics; 2007.

Takwoingi Y, Guo B, Riley RD, Deeks ]J. Performance of methods for meta-analysis
of diagnostic test accuracy with few studies or sparse data. Stat Methods Med Res
2017;26:1896—911. https://doi.org/10.1177/0962280215592269.

Nyaga VN, Arbyn M, Aerts M. Metaprop: a Stata command to perform meta-
analysis of binomial data. Arch Public Health 2014;72:39. https://doi.org/
10.1186/2049-3258-72-39.

Anantharajah A, Tossens B, Olive N, Kabamba-Mukadi B, Rodriguez-Villalobos H,
Verroken A. Performance evaluation of the MBT STAR®-Carba IVD assay for the
detection of carbapenemases with MALDI-TOF MS. Front Microbiol 2019;10:
1413. https://doi.org/10.3389/fmicb.2019.01413.

Carvalhaes CG, Cayo R, Visconde MF, Barone T, Frigatto EA, Okamoto D, et al.
Detection of carbapenemase activity directly from blood culture vials using
MALDI-TOF MS: a quick answer for the right decision. ] Antimicrob Chemother
2014;69:2132—6. https://doi.org/10.1093/jac/dku094.

Cordovana M, Abdalla M, Ambretti S. Evaluation of the MBT STAR-Carba assay
for the detection of carbapenemase production in Enterobacteriaceae and
Hafniaceae with a large collection of routine isolates from plate cultures and
patient-derived positive blood cultures. Microb Drug Resist 2020;26:
1298—-306. https://doi.org/10.1089/mdr.2019.0466.

Ghebremedhin B, Halstenbach A, Smiljanic M, Kaase M, Ahmad-Nejad P.
MALDI-TOF MS based carbapenemase detection from culture isolates and
from positive blood culture vials. Ann Clin Microbiol Antimicrob 2016;15:5.
https://doi.org/10.1186/s12941-016-0120-X.

Hoyos-Mallecot Y, Riazzo C, Miranda-Casas C, Rojo-Martin MD, Gutiérrez-
Fernandez ], Navarro-Mari JM. Rapid detection and identification of strains
carrying carbapenemases directly from positive blood cultures using MALDI-
TOF MS. ] Microbiol Methods 2014;105:98—101. https://doi.org/10.1016/
j-mimet.2014.07.016.

Idelevich EA, Hoy M, Knaack D, Gorlich D, Peters G, Borowski M, et al. Direct
determination of carbapenem-resistant Enterobacteriaceae and Pseudomonas
aeruginosa from positive blood cultures using laser scattering technology. Int ]
Antimicrob Agents 2018;51:221—6. https://doi.org/10.1016/
j-jantimicag.2017.10.009.

Jung JS, Popp C, Sparbier K, Lange C, Kostrzewa M, Schubert S. Evaluation of
matrix-assisted laser desorption ionization-time of flight mass spectrometry
for rapid detection of beta-lactam resistance in Enterobacteriaceae derived
from blood cultures. ] Clin Microbiol 2014;52:924—30. https://doi.org/
10.1128/JCM.02691-13.

Lee AWT, Lam JKS, Lam RKW, Ng WH, Lee ENL, Lee VTY, et al. Comprehensive
evaluation of the MBT STAR-BL module for simultaneous bacterial identifica-
tion and B-lactamase-mediated resistance detection in Gram-negative rods
from cultured isolates and positive blood cultures. Front Microbiol 2018;9:334.
https://doi.org/10.3389/fmicb.2018.00334.

Oviano M, Fernandez B, Ferndndez A, Barba MJ, Mourino C, Bou G. Rapid
detection of Enterobacteriaceae producing extended spectrum beta-lactamases
directly from positive blood cultures by matrix-assisted laser desorption ioni-
zation-time of flight mass spectrometry. Clin Microbiol Infect 2014;20:1146—57.
https://doi.org/10.1111/1469-0691.12729.

Oviano M, Sparbier K, Barba M], Kostrzewa M, Bou G. Universal protocol for
the rapid automated detection of carbapenem-resistant Gram-negative bacilli
directly from blood cultures by matrix-assisted laser desorption/ionisation
time-of-flight mass spectrometry (MALDI-TOF/MS). Int J Antimicrob Agents
2016;48:655—60. https://doi.org/10.1016/j.ijantimicag.2016.08.024.

Pantel A, Monier ], Lavigne JP. Performance of the Accelerate Pheno (TM)
system for identification and antimicrobial susceptibility testing of a panel of
multidrug-resistant Gram-negative bacilli directly from positive blood cul-
tures. ] Antimicrob Chemother 2018;73:1546—52. https://doi.org/10.1093/jac/
dky032.

Roncarati G, Foschi C, Ambretti S, Re MC. Rapid identification and detection of
beta-lactamase-producing Enterobacteriaceae from positive blood cultures by
MALDI-TOF/MS. ] Glob Antimicrob Resist 2021;24:270—4. https://doi.org/
10.1016/j.jgar.2020.12.015.

Yu ], Liu J, Li Y, Yu J, Zhu W, Liu Y, et al. Rapid detection of carbapenemase
activity of Enterobacteriaceae isolated from positive blood cultures by MALDI-
TOF MS. Ann Clin Microbiol Antimicrob 2018;17:22. https://doi.org/10.1186/
$12941-018-0274-9.

De Carolis E, Paoletti S, Nagel D, Vella A, Mello E, Palucci I, et al. A rapid
diagnostic workflow for cefotaxime-resistant Escherichia coli and Klebsiella


https://doi.org/10.1016/j.cmi.2023.09.007
https://doi.org/10.1016/j.jinf.2007.04.007
https://doi.org/10.1016/j.jinf.2007.04.007
https://doi.org/10.1016/S1473-3099(18)30605-4
https://doi.org/10.1001/jama.2017.19163
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
http://refhub.elsevier.com/S1198-743X(23)00425-1/sref5
http://refhub.elsevier.com/S1198-743X(23)00425-1/sref5
https://doi.org/10.1177/0962280215592269
https://doi.org/10.1186/2049-3258-72-39
https://doi.org/10.1186/2049-3258-72-39
https://doi.org/10.3389/fmicb.2019.01413
https://doi.org/10.1093/jac/dku094
https://doi.org/10.1089/mdr.2019.0466
https://doi.org/10.1186/s12941-016-0120-x
https://doi.org/10.1016/j.mimet.2014.07.016
https://doi.org/10.1016/j.mimet.2014.07.016
https://doi.org/10.1016/j.ijantimicag.2017.10.009
https://doi.org/10.1016/j.ijantimicag.2017.10.009
https://doi.org/10.1128/JCM.02691-13
https://doi.org/10.1128/JCM.02691-13
https://doi.org/10.3389/fmicb.2018.00334
https://doi.org/10.1111/1469-0691.12729
https://doi.org/10.1016/j.ijantimicag.2016.08.024
https://doi.org/10.1093/jac/dky032
https://doi.org/10.1093/jac/dky032
https://doi.org/10.1016/j.jgar.2020.12.015
https://doi.org/10.1016/j.jgar.2020.12.015
https://doi.org/10.1186/s12941-018-0274-9
https://doi.org/10.1186/s12941-018-0274-9

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

0. Del Corpo et al. / Clinical Microbiology and Infection 29 (2023) 1516—1527

pneumoniae detection from blood cultures by MALDI-TOF mass spectrometry.
PLOS ONE 2017;12:e0185935. https://doi.org/10.1371/journal.pone.0185935.
Affolabi D, Sogbo F, Laleye G, Orekan ], Massou F, Kehinde A, et al. Rapid
detection of extended-spectrum-beta-lactamase-producing Enterobacteri-
aceae in blood cultures using the ESBL NDP test in Cotonou. Benin. ] Med
Microbiol 2017;66:884—7. https://doi.org/10.1099/jmm.0.000509.
Arca-Sudrez ], Galan-Sanchez F, Del Prado Montoro C, Rodriguez-Iglesias MA.
A modified ESBL Nordmann/Dortet/Poirel-based protocol to optimize early
sepsis management. ] Microbiol Methods 2017;139:45—7. https://doi.org/10.
1016/j.mimet.2017.05.002.

Bianco G, Boattini M, lannaccone M, Cavallo R, Costa C. Evaluation of the
NG-Test CTX-M MULTI immunochromatographic assay for the rapid detection
of CTX-M extended-spectrum-beta-lactamase producers from positive blood
cultures. ] Hosp Infect 2020;105:341—3. https://doi.org/10.1016/j.jhin.2020.
02.009.

Compain F, Bensekhri H, Rostane H, Mainardi JL, Lavollay M. Beta LACTA test
for rapid detection of Enterobacteriaceae resistant to third-generation ceph-
alosporins from positive blood cultures using briefly incubated solid medium
cultures. ] Med Microbiol 2015;64:1256—9. https://doi.org/10.1099/
jmm.0.000157.

Coppi M, Antonelli A, Giani T, Spanu T, Liotti FM, Fontana C, et al. Multicenter
evaluation of the RAPIDEC® R CARBA NP test for rapid screening of carba-
penemase-producing Enterobacterales and Gram-negative nonfermenters
from clinical specimens. Diagn Microbiol Infect Dis 2017;88:207—13. https://
doi.org/10.1016/j.diagmicrobio.2017.04.009.

Dortet L. Rapid detection of KPC-producing Enterobacterales from spiked
blood cultures. Admin Intersci Conf Antimicrob Agents Chemother 2013;53.
D-1144.

Dortet L, Poirel L, Nordmann P. Rapid detection of ESBL-producing Entero-
bacteriaceae in blood cultures. Emerg Infect Dis 2015;21:504—7. https://
doi.org/10.3201/eid2103.141277.

Ferndndez ], Rodriguez-Lucas C, Ferndndez-Sudrez ], Vazquez F, Rodicio MR.
Identification of Enterobacteriaceae and detection of carbapenemases from
positive blood cultures by combination of MALDI-TOF MS and Carba NP
performed after four hour subculture in Mueller Hinton. ] Microbiol Methods
2016;129:133-5. https://doi.org/10.1016/j.mimet.2016.08.014.

Kumar S, Bandyopadhyay M, Kumari P, Sengupta A, Das S, Bandyopadhyay M,
et al. Extended-spectrum beta-lactamase detection by extended-spectrum
beta-lactamase-nordmann/dortet/poirel test: where time is the essence. ]
Med Soc 2018;32:140—3. https://doi.org/10.4103/jms.jms_34_17.
Lima-Morales D, Avila H, Soldi T, Dalmolin TV, Lutz L, Aquino V, et al. Rapid
detection of carbapenemase production directly from blood culture by
colorimetric methods: evaluation in a routine microbiology laboratory. ] Clin
Microbiol 2018;56:9. https://doi.org/10.1128/JCM.00325-18.

Meier M, Hamprecht A. Rapid detection of carbapenemases directly from
positive blood cultures by the beta-CARBA test. Eur ] Clin Microbiol Infect Dis
2019;38:259—64. https://doi.org/10.1007/s10096-018-3422-4.

Meier M, Hamprecht A. Systematic comparison of four methods for detection
of carbapenemase-producing Enterobacterales directly from blood cultures. ]
Clin Microbiol 2019;57:11. https://doi.org/10.1128/JCM.00709-19.

Mizrahi A, Amzalag ], Couzigou C, Péan De Ponfilly G, Pilmis B, Le Monnier A.
Clinical impact of rapid bacterial identification by MALDI-TOF MS combined
with the beta-LACTA™ test on early antibiotic adaptation by an antimicrobial
stewardship team in bloodstream infections. Infect Dis 2018;50:668—77.
https://doi.org/10.1080/23744235.2018.1458147.

Nordmann P, Dortet L, Poirel L. Rapid detection of extended-spectrum-beta-
lactamase-producing Enterobacteriaceae. ] Clin Microbiol 2012;50:3016—22.
https://doi.org/10.1128/JCM.00859-12.

Prod’hom G, Durussel C, Blanc D, Croxatto A, Greub G. Early detection of
extended-spectrum beta-lactamase from blood culture positive for an
Enterobacteriaceae using BLACTA test. New Microbe. New Infect 2015;8:1-3.
https://doi.org/10.1016/j.nmni.2015.05.007.

Seco BMS, Campos JC, da Costa Rocha DA, de Lima AV, de Oliveira FF,
Lemo MEB, et al. Improved blood culture workflow for faster identification of
KPC-producing Enterobacterales. Braz ] Microbiol 2019;50:127—32. https://
doi.org/10.1007/542770-018-0037-y.

Walewski V, Podglajen I, Lefeuvre P, Dutasta F, Neuschwander A, Tilouche L,
et al. Early detection with the beta-LACTA™ test of extended-spectrum

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

1527

beta-lactamase-producing Enterobacteriaceae in blood cultures. Diagn Micro-
biol Infect Dis 2015;83:216—8. https://doi.org/10.1016/j.diagmicrobio.2015.
07.005.

Jain S, Andrews J, Fraise A, Brenwald N. Rapid detection of extended-spectrum
beta-lactamase-producing Gram-negative bacilli in blood cultures. ] Anti-
microb Chemother 2007;60:652—4. https://doi.org/10.1093/jac/dkm256.
Baer D, Azrad M, Saleh N, Peretz A. Detection of carbapenem-resistant
Enterobacterales in simulated blood culture in 15 minutes. Life (Basel)
2021;11:14. https://doi.org/10.3390/life11020145.

Bianco G, Boattini M, lannaccone M, Pastrone L, Bondi A, Peradotto M, et al.
Integrating rapid diagnostics in Gram-negative bloodstream infections of
patients colonized by carbapenemase-producing Enterobacterales. ] Hosp
Infect 2021;110:84—8. https://doi.org/10.1016/j.jhin.2021.01.015.

Bianco G, Boattini M, van Asten SAV, lannaccone M, Zanotto E, Zaccaria T, et al.
RESIST-5 0.0.K.N.V. and NG-Test Carba 5 assays for the rapid detection of
carbapenemase-producing Enterobacterales from positive blood cultures: a
comparative study. ] Hosp Infect 2020;105:162—6. https://doi.org/10.1016/
j.jhin.2020.03.022.

Giordano L, Fiori B, D’Inzeo T, Parisi G, Liotti FM, Menchinelli G, et al.
Simplified testing method for direct detection of carbapenemase-producing
organisms from positive blood cultures using the NG-test carba 5 assay.
Antimicrob  Agents  Chemother 2019;63:7.  https://doi.org/10.1128/
AAC.00550-19.

Takissian ], Bonnin RA, Naas T, Dortet L. NG-test carba 5 for rapid detection of
carbapenemase-producing Enterobacterales from positive blood cultures.
Antimicrob  Agents  Chemother 2019;63:5.  https://doi.org/10.1128/
AAC.00011-19.

Kim HS, Kim JO, Lee JE, Park KG, Lee HK, Kim SY, et al. Performance of a novel
fluorogenic assay for detection of carbapenemase-producing Enterobacteri-
aceae from bacterial colonies and directly from positive blood cultures. ] Clin
Microbiol 2019;58:e01026—19. https://doi.org/10.1128/JCM.01026-19.
Idelevich EA, Storck LM, Sparbier K, Drews O, Kostrzewa M, Becker K. Rapid
direct susceptibility testing from positive blood cultures by the matrix-
assisted laser desorption ionization-time of flight mass spectrometry-based
direct-on-target microdroplet growth assay. J Clin Microbiol 2018;56:10.
https://doi.org/10.1128/JCM.00913-18.

Athamna A, Freimann S. A new rapid method for detecting extended-spec-
trum beta-lactamase/AmpC-producing Enterobacteriaceae directly from posi-
tive blood cultures using the Uro4 HB&L TM system. Braz ] Microbiol 2019;50:
927-33. https://doi.org/10.1007/s42770-019-00103-4.

Betelli L, Neuwirth C, Solanas S, Chantemesse B, Vienney F, Hartmann A, et al.
A voltammetric test for the rapid discrimination of beta-lactamase-producing
Enterobacteriaceae in blood cultures. Talanta 2018;184:210—8. https://doi.org/
10.1016/j.talanta.2018.02.092.

Bianco G, Boattini M, lannaccone M, Fossati L, Cavallo R, Costa C. Direct beta-
lactam inactivation method: a new low-cost assay for rapid detection of
carbapenemase- or extended-spectrum-beta-lactamase-producing Enter-
obacterales directly from positive blood culture bottles. ] Clin Microbiol
2019;58:23. https://doi.org/10.1128/JCM.01178-19.

Drieux L, Brossier F, Sougakoff W, Jarlier V. Phenotypic detection of extended-
spectrum beta-lactamase production in Enterobacteriaceae: review and bench
guide. Clin Microbiol Infect 2008;14:90—103. https://doi.org/10.1111/j.1469-
0691.2007.01846.x.

Nordmann P, Gniadkowski M, Giske CG, Poirel L, Woodford N, Miriagou V,
et al. Identification and screening of carbapenemase-producing Enterobac-
teriaceae. Clin Microbiol Infect 2012;18:432—8. https://doi.org/10.1111/
j.1469-0691.2012.03815.x.

Chandrasekaran S, Abbott A, Campeau S, Zimmer BL, Weinstein M, Thrupp L,
et al. Direct-from-blood-culture disk diffusion to determine antimicrobial
susceptibility of gram-negative bacteria: preliminary report from the clinical
and laboratory standards institute methods development and standardization
working group. J Clin Microbiol 2018;56:e01678—17. https://doi.org/10.1128/
JCM.01678-17.

Chen Y, Porter V, Mubareka S, Kotowich L, Simor AE. Rapid identification of
bacteria directly from positive blood cultures by use of a serum separator
tube, smudge plate preparation, and matrix-assisted laser desorption ion-
ization—time of flight mass spectrometry. ] Clin Microbiol 2015;53:3349—52.
https://doi.org/10.1128/JCM.01493-15.


https://doi.org/10.1371/journal.pone.0185935
https://doi.org/10.1099/jmm.0.000509
https://doi.org/10.1016/j.mimet.2017.05.002
https://doi.org/10.1016/j.mimet.2017.05.002
https://doi.org/10.1016/j.jhin.2020.02.009
https://doi.org/10.1016/j.jhin.2020.02.009
https://doi.org/10.1099/jmm.0.000157
https://doi.org/10.1099/jmm.0.000157
https://doi.org/10.1016/j.diagmicrobio.2017.04.009
https://doi.org/10.1016/j.diagmicrobio.2017.04.009
http://refhub.elsevier.com/S1198-743X(23)00425-1/sref27
http://refhub.elsevier.com/S1198-743X(23)00425-1/sref27
http://refhub.elsevier.com/S1198-743X(23)00425-1/sref27
https://doi.org/10.3201/eid2103.141277
https://doi.org/10.3201/eid2103.141277
https://doi.org/10.1016/j.mimet.2016.08.014
https://doi.org/10.4103/jms.jms_34_17
https://doi.org/10.1128/JCM.00325-18
https://doi.org/10.1007/s10096-018-3422-4
https://doi.org/10.1128/JCM.00709-19
https://doi.org/10.1080/23744235.2018.1458147
https://doi.org/10.1128/JCM.00859-12
https://doi.org/10.1016/j.nmni.2015.05.007
https://doi.org/10.1007/s42770-018-0037-y
https://doi.org/10.1007/s42770-018-0037-y
https://doi.org/10.1016/j.diagmicrobio.2015.07.005
https://doi.org/10.1016/j.diagmicrobio.2015.07.005
https://doi.org/10.1093/jac/dkm256
https://doi.org/10.3390/life11020145
https://doi.org/10.1016/j.jhin.2021.01.015
https://doi.org/10.1016/j.jhin.2020.03.022
https://doi.org/10.1016/j.jhin.2020.03.022
https://doi.org/10.1128/AAC.00550-19
https://doi.org/10.1128/AAC.00550-19
https://doi.org/10.1128/AAC.00011-19
https://doi.org/10.1128/AAC.00011-19
https://doi.org/10.1128/JCM.01026-19
https://doi.org/10.1128/JCM.00913-18
https://doi.org/10.1007/s42770-019-00103-4
https://doi.org/10.1016/j.talanta.2018.02.092
https://doi.org/10.1016/j.talanta.2018.02.092
https://doi.org/10.1128/JCM.01178-19
https://doi.org/10.1111/j.1469-0691.2007.01846.x
https://doi.org/10.1111/j.1469-0691.2007.01846.x
https://doi.org/10.1111/j.1469-0691.2012.03815.x
https://doi.org/10.1111/j.1469-0691.2012.03815.x
https://doi.org/10.1128/JCM.01678-17
https://doi.org/10.1128/JCM.01678-17
https://doi.org/10.1128/JCM.01493-15

	Rapid phenotypic testing for detection of carbapenemase- or extended-spectrum ß-lactamase-producing Enterobacterales direct ...
	Introduction
	Methods
	Search strategy
	Selection criteria
	Assessment of study bias
	Data extraction
	Data analysis

	Results
	Description of included studies
	Quality assessment
	Diagnostic performance of the different rapid phenotypic tests for ESBL Enterobacterales
	Diagnostic performance of the different rapid phenotypic tests for CP-CRE
	Subgroup of ESBL and CP-CRE E. coli and K. pneumoniae

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


