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ABSTRACT We validate and evaluate a new phenotypic assay, named the direct
�-lactam inactivation method (dBLIM), for the rapid and simultaneous detection of
carbapenemase or extended-spectrum-cephalosporinase activity directly from Entero-
bacterales (EB)-positive blood cultures (BCs). It originates from the carbapenem inac-
tivation method (CIM), an inexpensive and highly sensitive assay for carbapenemase
activity detection. dBLIM cutoff values to detect extended-spectrum �-lactamase
(ESBL) and carbapenemase activities resulted in diameters of �12 mm for a 5-�g-
cefotaxime disk and for a 10-�g-meropenem disk. dBLIM assessment was deter-
mined with both aerobic and anaerobic BC bottles spiked with 422 characterized EB
strains, classifiable into the following 4 phenotypic groups: (i) ESBL/AmpC-type
�-lactamase (ACBL)/carbapenemase (CARB)-nonproducing (np-ESBL/ACBL/CARB) EB
(n � 116), (ii) ESBL-producing EB (n � 111), (iii) AmpC-�-lactamase-producing EB
(n � 33), and (iv) carbapenemase-producing EB (n � 162). No false-positive results
were obtained in any of the np-ESBL/ACBL/CARB EB, ESBL, and AmpC groups, dem-
onstrating an overall assay specificity of 100%. There were no significant discrepan-
cies in dBLIM performance between aerobic and anaerobic BCs across all groups, ex-
cept with VIM-type carbapenemase-expressing EB. Interestingly, among BCs spiked
with blaVIM-harboring EB, the sensitivity rates of the assay in anaerobic and aerobic
bottles were 53.6% and 100%, respectively. In contrast, dBLIM performance was
deemed excellent for the KPC, OXA-48, and NDM carbapenemase producers regard-
less of the type of bottle being tested, with a sensitivity rate ranging between 99%
and 100%. Concerning the detection of the extended-spectrum cephalosporinases of
the ESBL-producing and AmpC types, dBLIM sensitivities was 100% and 84 to 87%,
respectively. dBLIM may be a cost-effective and highly robust phenotypic screening
method for the reliable detection of carbapenemases or extended-spectrum cepha-
losporinases directly from BCs on the same day of bottle positivity detection.
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In recent years, the threat posed by multidrug-resistant Gram-negative (GN) bacteria
has continued to grow worldwide, becoming a major concern among hospital- and

community-acquired infections (1). The most common pathogens responsible for
health care-associated infections are Enterobacterales (EB), treated mainly with
�-lactams (2). However, the extensive use of �-lactams has led to the emergence and
dissemination of resistance, the most common mechanism of which involves the
hydrolysis of the �-lactam ring by �-lactamases, such as extended-spectrum
�-lactamases (ESBLs), AmpC-type �-lactamases (ACBLs), and carbapenemases (CARBs)
(3). Unfortunately, in the past 2 decades, only a few novel classes of antibiotics able to
counter these drug-resistant bacteria have been put on the market. Thus, it is more
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important than ever to implement highly effective antimicrobial stewardship programs
as well as devise new diagnostic methods for the rapid detection of antibiotic resis-
tance.

In this scenario, the rapid detection of ESBL-producing EB (Ep-EB) and carbapenemase-
producing EB (Cp-EB) associated with severe infections, especially bloodstream infections
(BSIs), seems particularly relevant given that early treatment with effective antibiotics may
not only improve patient outcome but also limit the spread of these highly resistant
pathogens (4, 5). Although a number of genotypic diagnostic methods for the detection
of �-lactamase-encoding genes in blood cultures (BCs) are currently available, they
are expensive procedures requiring skilled personnel and are not able to identify all
ESBL- or carbapenemase-encoding genes (6). Thus, during the last decade, several
phenotype-based assays have been developed to detect ESBL or carbapenemase
production in BCs, including colorimetric methods (7–13), immunochromatogenic
assays (14–16), and �-lactam hydrolysis assays combined with matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) (17–20).

In this study, we validate and evaluate a new method, termed the direct �-lactam
inactivation method (dBLIM), for the rapid detection of carbapenemase or ESBL activity
directly from positive BC bottles. The dBLIM originates from the carbapenem inactiva-
tion method (CIM), first described in 2015 (21), an easy, inexpensive, and highly
sensitive assay for carbapenemase activity detection from GN isolates. A modified
version of CIM, called mCIM, is recommended by the Clinical and Laboratory Standards
Institute (CLSI) for the detection of carbapenemases in EB (22–24). mCIM includes the
use of an alternative incubation medium (tryptic soy broth versus water) and extension
of the incubation time to 4 h, both of which were found to improve the assay’s
sensitivity for certain carbapenemases. Furthermore, several CIM variants have recently
been developed to improve the CIM diagnostic performance (25), time of response (26,
27), and carbapenemase class characterization (27–29). However, to date, there has
been no study evaluating the effectiveness of CIM in detecting other hydrolyzing
enzymes, such as ESBLs, and its direct application to clinical specimens, such as BC
bottles.

Here, we provide experimental evidence attesting that the CIM variant dBLIM
can simultaneously detect carbapenemase- or extended-spectrum-cephalosporinases-
producing EB directly from positive BC bottles in less than 7 h.

MATERIALS AND METHODS
Direct �-lactam inactivation method. BC bottles positive for GN rods during a Gram staining

examination were subjected to dBLIM analysis (Fig. 1). To this aim, bacteria were recovered from the BC
fluid by stepwise centrifugation. In detail, 10 ml culture fluid was drawn from a BC bottle and centrifuged
at 900 � g for 10 min to sediment blood cells. The supernatant was carefully transferred to an empty
15-ml tube and centrifuged at 6,000 � g for 10 min. The supernatant was then discarded, and the pellet
was resuspended in 10 ml of distilled water. Subsequently, bacteria were pelleted by a second centrif-
ugation at 6,000 � g for 10 min, and the supernatant was again discarded. One milliliter of extraction
buffer (990 �l Tris HCl, 0.5 M, pH 7.5, plus a 10-�l ZnSO4, 0.1 M, water solution) was added to the bacterial
pellet and mixed using a disposable pipette. After this first step, 400 �l of the obtained suspension was
halved, and each half was transferred into a 5-ml tube containing either a 10-�g-meropenem (MEM) disk
or a 5-�g-cefotaxime (CTX) disk (Oxoid Ltd., Hampshire, United Kingdom). The tubes were plugged and
incubated for 2 h at 36°C. Simultaneously, 400 �l of a 0.5 McFarland standard Escherichia coli ATCC 25922
reference strain was inoculated onto a 9-cm-diameter Mueller-Hinton agar (MHA) plate and gently
streaked onto the entire surface using a 10-�l disposable inoculation loop. The seeded plate was
incubated in parallel with antibiotic mixtures for 2 h at 36°C. After incubation, the disks were removed
from the suspensions using 10-�l disposable inoculation loops and directly placed on preincubated MHA
plates, which were then incubated at 36°C. After 4 h, inhibition zone reading was performed manually
from the front of the plate, with the lid removed, under reflected light. Inhibition zone diameters were
measured to the nearest millimeter. Within the inhibition zone, faint growth areas with clear zone edges
were ignored. Inhibition zones were interpreted using zone diameter breakpoints. For each antibiotic,
the following three categories were defined: (i) significant hydrolytic activity, (ii) nonsignificant hydrolytic
activity, and (iii) area of technical uncertainty (ATU), which corresponds to a zone diameter interval where
the categorization is doubtful. ESBL producers were expected to exert a significant hydrolytic activity
against CTX (cutoff � 12 mm), whereas carbapenemase producers should at least hydrolyze MEM
(cutoff � 12 mm). Finally, ESBL/carbapenemase-nonproducing EB were expected to display no
significant hydrolytic activity against both CTX and MEM.
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Characterization of EB strains. In this study, we used EB clinical strains collected from different
clinical specimens at the University Hospital Città della Salute e della Scienza di Torino from 2016 to 2019.
These isolates were identified by MALDI-TOF MS (Bruker Daltonik GmbH, Bremen, Germany), and their
antimicrobial susceptibility was determined by a commercially available microdilution method (Mi-
croScan WalkAway 96 Plus; Beckman Coulter, Nyon, Switzerland). For data interpretation, EUCAST
recommendations were followed (30).

A disk-based phenotypic method evaluating the inhibitory activity of clavulanate or cloxacillin
toward extended-spectrum cephalosporinases (total ESBL � AmpC Confirm kit [Rosco, Taastrup,
Denmark]) was used to identify ESBL or ACBL production if CTX and/or ceftazidime (CAZ) MICs were
�1 mg/liter.

A commercial molecular assay (Xpert Carba-R; Cepheid, Sunnyvale, CA) was used to characterize
carbapenemase producers when the MEM MIC was �0.125 mg/liter.

Spiked blood cultures. We used BacT/Alert FA/FN Plus bottles (bioMérieux, Marcy l’Étoile, France).
The clinical BC bottles that remained negative after 5 days of incubation were spiked and anonymized.
Prior to inoculation in BC bottles, bacterial isolates from frozen stocks were cultured overnight on

FIG 1 Direct �-lactam inactivation method. In the lowest box, the symbol � indicates the interpretative category for cefotaxime and
meropenem disks required to define a �-lactamase-producing phenotype. The symbol �/– means that hydrolytic activity on cefotaxime
among carbapenemase-producing Enterobacterales is not required to define the carbapenemase-producing phenotype (some OXA-type
carbapenemases can hydrolyze cephalosporins weakly). Abbreviations: GN, Gram negative; BC, blood culture; MEM, meropenem; CTX,
cefotaxime; 9-cm-MHA, 9-cm-diameter Mueller-Hinton agar plate; ATU, area of technical uncertainty; EB, Enterobacterales.
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MacConkey agar plates at 36°C. BCs were inoculated with 0.5 ml of 103 CFU/ml sterile saline solution.
Spiked BC bottles were incubated in the BacT/Alert Virtuo (bioMérieux) automated system until the flask
was flagged as positive. Then, positive BCs were subjected to the dBLIM protocol and subcultured on
solid medium to confirm the growth of the tested bacterial strain.

dBLIM validation. dBLIM breakpoints together with interpretative criteria (Fig. 1) were validated
using BC BacT/Alert FA Plus bottles spiked with 30 characterized EB isolates, 10 for each of the following
three phenotypic categories: ESBL/AmpC-type-�-lactamase/carbapenemase-nonproducing (np-ESBL/
ACBL/CARB) EB, ESBL-producing EB (Ep-EB), and carbapenemase-producing EB (Cp-EB) (KPC [n � 3], NDM
[n � 2], VIM [n � 3], and OXA-48 [n � 2]). For Ep-EB and Cp-EB, we selected isolates for which MICs of
cefotaxime and meropenem were relatively low (ranges, 1 to 8 mg/liter and 0.25 to 8 mg/ml, respec-
tively). dBLIM was performed on the flagged-positive BCs, and results evaluating sensitivity and speci-
ficity in detecting ESBL and carbapenemase activity were analyzed.

Furthermore, protocol validation assays were performed to analyze possible influential variables on
dBLIM performance. Step by step, examined variables were as follows: the volume of BC broth (5 ml
versus 10 ml), centrifugation steps (1st at 900 � g for 15 min and 2nd and 3rd at 5,000 � g for 15 min
versus 1st at 900 � g for 10 min and 2nd and 3rd at 6,000 � g for 10 min), the presence versus absence
of the washing step, the type of extraction buffer (H2O or Mueller-Hinton broth or Tris HCl solution versus
zinc-supplemented Tris HCl solution), volume of extraction buffer (500 �l versus 1,000 �l), inoculum of
the E. coli indicator strain (200 �l at 1 McFarland standard and traditional swab-based seeding versus
400 �l at a 0.5 McFarland standard and streaking using a disposable 10-�l inoculation loop), time of
incubation of the antibiotic mixtures (2 h versus 3 h), time of reading of inhibition zones (6 h versus 18 h
following indicator strain seeding), and, finally, the use of CAZ versus CTX as the antibiotic substrate for
�-lactamase activity detection. dBLIM was then performed on 30 BC BacT/Alert FA Plus bottles spiked
with the isolates used in the previous phase of dBLIM breakpoint validation. Results obtained according
to each variable were analyzed to assess impact on diagnostic performance.

dBLIM assessment. A total of 422 EB clinical strains other than those used in validation assays
were used to inoculate both BC BacT/Alert FA and FN Plus bottles. Among isolates, 111/422
expressed the ESBL phenotype, 33/422 were ACBL producers, 162/422 were carbapenemase pro-
ducers, and 116/422 were np-ESBL/ACBL/CARB EB. Collected Cp-EB strains harbored the following
carbapenemase genes: blaKPC (n � 100), blaVIM (n � 46), blaOXA-48 (n � 9), blaNDM (n � 3), and two
carbapenemase-encoding genes (n � 4; blaKPC/blaVIM [n � 2] and blaNDM/blaOXA-48 [n � 2]).

Flagged-positive BCs were subjected to the dBLIM assay to evaluate diagnostic sensitivity and
specificity in detecting ESBL, ACBL, and carbapenemase activity. For ACBL activity detection, ESBL
interpretative cutoff values were used.

The chi-square test was used to statistically analyze the results obtained in aerobic versus anaerobic
BC bottles.

RESULTS
dBLIM validation. Validation results are reported in Table 1. dBLIM breakpoints and

interpretative criteria validation assays showed an excellent ability to differentiate
np-ESBL/ACBL/CARB, ESBL, and carbapenemase EB phenotypes. Indeed, 100% sensitiv-
ity and specificity for both ESBL and carbapenemase detection were achieved.

Furthermore, protocol validation assays carefully analyzed different parameters of
dBLIM to prove the optimal analytic performance of the method. The key factor
improving diagnostic sensitivity for metallo-�-lactamases was the use of a zinc-
supplemented Tris HCl 0.5 M solution or cation-adjusted Mueller-Hinton broth as
extraction buffer, whereas CTX showed higher sensitivity in ESBL detection. The wash-
ing step was essential to ensure a high diagnostic specificity in ESBL detection. Of note,
there were no significant discrepancies between the readings of inhibition zone
diameters performed at 6 h and 18 h of incubation.

dBLIM assessment. Sensitivity, specificity, and indeterminate dBLIM result rates for

each phenotypic group and for aerobic and anaerobic bottles are shown in Table 2. No
false-positive results were obtained in any of the np-ESBL/ACBL/CARB, ESBL, and AmpC
groups, demonstrating an overall specificity of 100%. Furthermore, we obtained only
indeterminate results in 15/844 executed tests (1.8%). Moreover, there were no signif-
icant dBLIM performance discrepancies between aerobic and anaerobic BCs across all
groups, except with VIM-expressing EB (P � 0.001). Interestingly, among BCs spiked
with blaVIM-harboring EB, the sensitivity rate in anaerobic bottles was 53.6%, while that
in aerobic bottles was 100%. In contrast, dBLIM performance in detecting KPC, OXA-48,
and NDM was excellent under either condition, with a sensitivity rate ranging between
99% and 100%. With regard to the detection of extended-spectrum-cephalosporinase
activity, dBLIM had a sensitivity for ESBL and ACBL of 100% and 84 to 87%, respectively.
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The distribution of inhibition zone diameters is reported in Fig. 2 and 3. Overall, the
absence of hydrolytic activity was associated with a median inhibition zone diameter of
18 mm for MEM (range, 15 to 20 mm) and 16 mm for CTX (range, 14 to 17 mm). All
Cp-EB samples found positive by dBLIM revealed significant hydrolytic activity against
both MEM and CTX. Among the Cp-EB group, 270/294 positive dBLIM tests (91.8%)
showed no inhibition for both antibiotics. Likewise, a high rate of complete hydrolysis
of CTX was achieved in BCs spiked with ESBL-expressing EB (210/224, 93.7%). No
correlation was found between antibiotic MICs and dBLIM inhibition zone diameters in
both the carbapenemase and the extended-spectrum-cephalosporinase group (see
Table S1 in the supplemental material).

TABLE 2 Performance of dBLIM for the detection of extended-spectrum cephalosporinases and carbapenemase productiona

Enzyme status of EB Species
No. of
isolates

dBLIM (aerobic BC) dBLIM (anaerobic BC)

ATU (%) % sensitivity % specificity ATU (%) % sensitivity % specificity

ES/ACBL/CARB-nonproducing All 116 1 100 0 100
E. coli 45 0 100 0 100
Klebsiella pneumoniae 20 0 100 0 100
Citrobacter spp. 13 0 100 0 100
Proteus spp. 12 0 100 0 100
Enterobacter spp. 8 0 100 0 100
Morganella morganii 7 0 100 0 100
Other species 11 1 100 0 100

ESBL All 111 0 100 100 1 100 100
E. coli 57 0 100 100 1 100 100
K. pneumoniae 36 0 100 100 0 100 100
Proteus mirabilis 14 0 100 100 0 100 100
Other species 4 0 100 100 0 100 100

ACBL All 33 2 87.1 100 2 83.9 100
Enterobacter spp. 16 1 80 100 0 68.7 100
Citrobacter freundii 7 0 100 100 0 100 100
P. mirabilis 4 1 100 100 1 100 100
Other species 6 0 83.3 100 1 100 100

Carbapenemases All 162 4 99.4 5 87.3
blaKPC All 100 0 99 0 99

K. pneumoniae 95 0 98.9 0 98.9
E. coli 2 0 100 0 100
Klebsiella oxytoca 2 0 100 0 100
Serratia marcescens 1 0 100 0 100

blaOXA-48 All 9 0 100 0 100
E. coli 5 0 100 0 100
K. pneumoniae 4 0 100 0 100

blaVIM All 46 4 100 5 53.6
Enterobacter cloacae 26 4 100 3 34.8
K. pneumoniae 9 0 100 0 100
E. coli 4 0 100 0 25
C. freundii 3 0 100 2 100
Citrobacter farmeri 2 0 100 0 100
Providencia spp. 2 0 100 0 50

blaNDM K. pneumoniae 3 0 100 0 100

Coproducers K. pneumoniae
KPC/VIM

2 0 100 0 100

K. pneumoniae
NDM/OXA-48

1 0 100 0 100

E. coli NDM/OXA-48 1 0 100 0 100

Total 422 7 (1.6) 98.3 100 8 (1.9) 91.6 100
aBreakpoints and interpretation criteria were as follows. For ES/ACBL/CARB-nonproducing EB, the MEM diameter was �15 mm and the CTX diameter was �14; for
ESBL/ACBL-producing EB, the MEM diameter was �15 and the CTX diameter was �12; for carbapenemase-producing EB, the MEM diameter was �12 mm; and for
disks with ATUs, the MEM diameter was 13 to 14 and the CTX diameter was 13 mm. Abbreviations: BC, blood culture; ATU, area of technical uncertainty; ES/ACBL/
CARB, extended-spectrum-�-lactamase/AmpC-type-�-lactamase/carbapenemase; EB, Enterobacterales.
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DISCUSSION

Rapid detection of resistance mechanisms is a challenge that must be overcome in
order to optimize antimicrobial management and infection control practices.

In this study, we validated and evaluated a new phenotypic approach for prompt
identification of carbapenemases or extended-spectrum-cephalosporinase production
directly from positive BC bottles. Our method originates from the CIM test, a simple and
accurate assay recently developed to detect carbapenemase production in pure cul-
tures of GN bacterial isolates. Various studies demonstrated a higher sensitivity of the
CIM test and its improved variants over those of traditional colorimetric methods,
especially for the detection of low-activity carbapenemases (26, 31, 32). As recently
highlighted by Humphries (33), the interest of the clinical microbiology community
regarding CIM-based tests is shown by the many articles posted on this topic since

FIG 2 Distribution of dBLIM inhibition zone diameters among blood cultures spiked with carbapenemase-producing Entero-
bacterales. Breakpoints and interpretation criteria are as follows: for ES/ACBL/CARB-nonproducing EB, the MEM diameter was
�15 mm and the CTX diameter was �14 mm; for ESBL/ACBL-producing EB, the MEM diameter was �15 mm and the CTX
diameter was �12 mm; for carbapenemase-producing EB, the MEM diameter was �12 mm; and for disks with ATUs, the MEM
diameter was 13 to 14 mm and the CTX diameter was 13 mm. Abbreviations: BC, blood culture; np-ESBL/ACBL/CARB,
extended-spectrum-�-lactamase/AmpC-type-�-lactamase/carbapenemase-nonproducing; EB, Enterobacterales; ATU, area of
technical uncertainty.
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2015. dBLIM represents a relevant evolution of CIM-based tests, as it is characterized by
a wide clinical diagnostic utility. Indeed, our findings indicate that this new screening
protocol is capable of detecting carbapenemases or extended-spectrum-cephalosporinases
directly from EB-positive BCs. This means that dBLIM may allow a prompt prediction of the
probable resistance phenotype on the same day of positive BC processing, with potentially
positive effects on antimicrobial management and infection control measures. Further-
more, given that reading and interpretation of results are feasible within 6 to 18 h of
incubation, dBLIM may be implemented in laboratories with different opening times and
with BC bottles flagged at different times of the workday. Nevertheless, the overall impact
of dBLIM is expected to be higher in laboratories operating on a 24-h/7-day regimen.

Compared to previous CIM-based tests, dBLIM requires an initial step to harvest the
bacterial pellet from BC broth by three stepwise centrifugations. It requires Tris HCl
solution as an extraction buffer, as with CIMTris (34), but with a zinc sulfate supplement.
The zinc requirement for metallo-�-lactamase activity, proved by validation assays, is
probably due to the bacterial growth in BC broth, a medium containing cation-
chelating anticoagulants.

Similarly to the original CIM (21), dBLIM requires 2 h of incubation time of tested

FIG 3 Distribution of dBLIM inhibition zone diameters among blood cultures spiked with ESBL-producing Enterobacterales, AmpC-type-
�-lactamase-producing Enterobacterales, and extended-spectrum-�-lactamase/AmpC-type-�-lactamase/carbapenemase-nonproducing
Enterobacterales. Breakpoints and interpretation criteria were as follows: for ES/ACBL/CARB-nonproducing EB, the MEM diameter was �15
mm and the CTX diameter was �14 mm; for ESBL/ACBL-producing EB, the MEM diameter was �15 mm and the CTX diameter was �12
mm; for carbapenemase-producing EB, the MEM diameter was �12 mm; and for disks with ATUs, the MEM diameter was 13 to 14 mm
and the CTX diameter was 13 mm. Abbreviations: BC, blood culture; ESBL, extended-spectrum-�-lactamase; ACBL, AmpC-type �-lacta-
mase; np-ESBL/ACBL/CARB, extended-spectrum-�-lactamase/AmpC-type-�-lactamase/carbapenemase-nonproducing; EB, Enterobactera-
les; ATU, area of technical uncertainty.
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bacteria with antibiotic mixtures. CIM and mCIM tests enable the detection of carbap-
enemases, with optimal performance within 18 to 24 h. This lengthy delay is due mainly
to the long incubation time of MHA culture. Detection in 8 h was suggested by Van der
Zwaluw et al., but the delay required for the reading and interpretation of the test
results remains debated (21, 35). In the CIMplus variant recently proposed by Caméléna
et al. (27), the limit of culture incubation time is overcome with introduction of the early
incubation of E. coli, which allows the start of bacterial growth on the MHA surface and
consequently adds 2 h of growth within the total 8-h time frame. In dBLIM, we used the
early incubation of E. coli culture, and in addition, we inoculated a higher E. coli load
than used in all traditional disk diffusion methods. This choice, together with the direct
streaking of the suspension using a disposable 10-�l inoculation loop, allowed us to
obtain a homogeneous and evident bacterial growth in 6 h. Increasing the inoculated
E. coli load warranted the validation of new dBLIM-specific interpretation cutoff values
for carbapenemase detection. Furthermore, we had to identify cutoff values for ESBL
activity detection. In this context, our data showed that CTX is more sensitive than CAZ
in detecting the hydrolytic activities of ESBLs, as previously reported by other authors
(19, 36).

In our study, performing dBLIM on spiked BCs using clinical bottles that remained
negative after 5 days of incubation allowed us to create conditions that closely mirror
those occurring in daily clinical routine, including several other factors, such as vari-
ability of blood composition among different patients or the presence of drugs and/or
antibiotics.

Our findings show an excellent performance of dBLIM in detecting ESBLs, which are
the most common mediators of EB resistance to third-generation cephalosporins
worldwide. A lower sensitivity of 84 to 87%, with 100% specificity, was instead achieved
for ACBL-producing EB, in good agreement with previous studies using hydrolysis
assays based on MALDI-TOF MS technology (20).

The performance of dBLIM was also rated as excellent in the detection of KPC,
OXA-48, and NDM enzymes under both aerobic and anaerobic conditions. An interest-
ing finding was the decreased diagnostic sensitivity for the detection of VIM activity in
anaerobic versus aerobic bottles (53.6% and 100%, respectively), raising the hypothesis
that this enzyme may be downregulated, inactivated, or rapidly degraded in anaerobic
bottles. Previous studies have shown high sensitivity values when metallo-�-lactamases
are detected directly from BCs by colorimetric methods (8–11), immunochromato-
graphic tests (14, 16), or MALDI-TOF-based hydrolysis assays (17, 18), even though these
screening were performed only on spiked aerobic BC bottles. More recently, Cointe et
al. have reported the low reproducibility of the RESIST-4 O.K.N.V. immunochromato-
graphic assay performed on spiked BCs to detect NDM and VIM carbapenemases using
both aerobic and anaerobic bottles. In this regard, repeating the test on 4-h subcultures
improved the detection of NDM- and VIM-type enzymes from 28 to 75% to 100% (16).
Likewise, high sensitivity has been reported using the colorimetric Carba NP test on
subcultures from both aerobic and anaerobic bottles after 3 h of incubation in brain
heart infusion (7). Considering the dBLIM low-detection capacity for VIM-type carbap-
enemases and probably for all other metallo-�-lactamase types in anaerobic bottles, it
is advisable to perform this test under aerobic conditions. Conversely, the test might
be used indifferently for aerobic or anaerobic bottles in geographical areas where
metallo-�-lactamases are not present. This study has some limitations. We did not
provide a molecular characterization of ESBLs or ACBLs among extended-spectrum-
cephalosporinase-producing EB isolates or sequence typing of all bacterial strains used.
Second, bacterial strains expressing carbapenemases other than those of the KPC or
VIM type are limited (i.e., blaOXA-48, blaNDM) or not evaluated (i.e., blaIMP, blaGES, etc.).

Further studies are needed to assess the dBLIM in other epidemiological contexts
and to evaluate its ability to detect carbapenemase types other than those described
in this study, including those produced by nonfermenting GN species. Further studies
are also warranted to clarify the low performance of the dBLIM and probably of all other
direct assays in detecting metallo-�-lactamase in anaerobic BC bottles. Evolutions of
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dBLIM, for example, adding a combination of antibiotics (MEM or CTX) with specific
inhibitors of �-lactamases, such as EDTA and phenylboronic acid, to identify metalloen-
zymes and class A carbapenemases, respectively, or cloxacillin and clavulanic acid to
differentiate ACBL from ESBL, are desirable.

In conclusion, our findings indicate that the dBLIM is a highly robust phenotypic
method for detecting carbapenemases or extended-spectrum cephalosporinases di-
rectly from BCs on the same day of bottle positivity detection. As it requires no
specialized equipment and reagents, it can easily be used by the majority of clinical
microbiology laboratories as part of their BC daily routine in conjunction with fast
bacterial identification methods.
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