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Purpose: To develop a rapid EDTA-modified carbapenem inactivation method (reCIM)

combined with modified rapid carbapenem inactivation method (mrCIM) to detect carbape-

nemase and distinguish metallo-β-lactamases from carbapenemases in Enterobacteriaceae in

4 hrs.

Materials and Methods: The sensitivities and specificities of mrCIM and reCIM were

retrospectively evaluated in 247 carbapenem-resistant Enterobacteriaceae of which 107 were

carbapenemase producers confirmed by PCR and sequencing. In addition, mrCIM and reCIM

were prospectively evaluated with 47 carbapenem-resistant enterobacterial isolates.

Results: The sensitivity and specificity of mrCIM were 96.3% and 97.1% at 2.5 hrs post

incubation, and the specificity increased to 98.6% at 3 hrs. The combined mrCIM and reCIM

showed a sensitivity of 95.4% and a specificity of 100% at 2.5 hrs post incubation in

identifying metallo-β-lactamases, and the sensitivity increased to 97.0% at 3 hrs. These

performance characteristics are comparable to mCIM and eCIM; however, compared with

mCIM and reCIM tests which need at least 24 hrs to detect results, the mrCIM and reCIM

required less than 4 hrs of total work time.

Conclusion: The combined mrCIM and reCIM can be used to accurately and quickly detect

carbapenemase and metallo-β-lactamases in Enterobacteriaceae in 4 hrs and are suitable for

routine use in most clinical microbiology laboratories.

Keywords: modified rapid carbapenem inactivation method, rapid EDTA-modified

carbapenem inactivation method, metallo-carbapenemase, Enterobacteriaceae, detection

Introduction
Infections due to carbapenem-resistant Enterobacteriaceae (CRE) are increasingly

reported worldwide, associating with alarming mortality rates and increased health-

care costs.1,2 Resistance to carbapenems can be attributed to the production of carba-

penemases or other mechanisms including decreased permeability, overproduction of

ESBLs or cephalosporinases, efflux pumps or combinations of these mechanisms.3

Distinguishing carbapenem-producing Enterobacteriaceae (CPE) from CRE due to
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non-carbapenemase-mediated mechanisms is important, as

CPE strains disseminate between patients more readily than

non-CPE isolates caused by the quick and easy horizontal

transmission of carbapenemase genes such as blaKPC and

warrant implementation of more intensive infection control

measures than would be employed in the absence of carba-

penemase production, making the importance of rapid diag-

nosis of carbapenemase-producing microorganism and the

importance of utilization of the next-generation sequencing

to evaluate the circulating strains.4,5 Carbapenemases are

categorized in different classes that define their hydrolytic

profile: Ambler class A serine β-lactamases including KPC

and GES, VIM, NDM and IMP belonging to the Ambler

class B metallo-β-lactamases (MBLs), and OXA-48 or

OXA-48-like belonging to the class D.6,7

Currently, characterization of the underlying mechanism

of carbapenem resistance is not undertaken by most clinical

microbiology laboratories for therapeutic purpose. However,

understanding if an organism is carbapenemase carrier and, if

so, the class of carbapenemase produced has treatment impli-

cations, especially for the novel β-lactam and β-lactamase

inhibitor compounds such as ceftazidime-avibactam or mer-

openem-vaborbactam which have activity against some car-

bapenemases including Ambler class A carbapenemases as

well as some Ambler class C enzymes but not Amber class

B enzymes,8,9 making rapid and accurate detection to iden-

tify MBLs from carbapenemases is essential.

Molecular assays are regarded as gold standard methods

for detecting antibiotic-resistant genes, however phenotypic

detection is convenient, manageable and a cost-effective

method and plays a vital role in screening carbapenemases

in clinical microbiology laboratories. Over the last decade,

various phenotypic carbapenemase detection tests have been

developed, including growth-based assays which measure

resistance based on growth in the presence of an antibiotic

such as modified carbapenem inactivation method (mCIM),

hydrolysis methods which detect the product of hydrolysis

that is catalyzed by carbapenemase enzymes (eg, Carba NP

and derivatives and MALDI-TOF MS methods).10–12 These

tests can detect the presence of carbapenemase and some

modifications to these assays can provide more information

on the specific carbapenemase groups being produced such

as EDTA-mCIM (eCIM) and multiplex lateral flow

immunoassays.10,13-15 In 2017 Muntean et al reported

a rapid carbapenem inactivation method (rCIM) which was

a rapid (less than 3 hrs), cheap and accurate screen test for

carbapenemase-producing Enterobacteriaceae.16 However,

this assay cannot discriminate between Ambler class A and

Ambler class B carbapenemase. In the present study, we

modify the rCIM (mrCIM) and develop a rapid EDTA-

modified carbapenem inactivation method (reCIM) which

could detect carbapenemase and distinguish MBLs from

carbapenemases in Enterobacteriaceae in 4 hrs. The perfor-

mance of mrCIM and reCIM were compared with mCIM,

eCIM and molecular assay.

Materials and Methods
Bacterial Isolates
A total of 247 non-repetitive CRE isolates recovered from

clinical specimens between 2015 and 2018 in the first

affiliated hospital of Chongqing medical university were

used to retrospectively evaluate mrCIM and reCIM. These

isolates include Klebsiella spp. (94), Escherichia coli (43),

Enterobacter cloacae complex (82), Enterobacter spp.

(13) and Citrobacter spp. (15). For the prospective study,

the 47 non-repetitive CRE isolates (32 K. pneumoniae, 9

E. coli, 4 E. cloacae complex and 2 Citrobacter freundii)

recovered from clinical specimens over a period of 3

months were included. These strains were identified as

CRE in routine antimicrobial susceptibility tests. All the

clinical samples involved in this research were part of the

routine hospital laboratory procedure.

All the isolates were identified by VITEK MS

(bioMerieux, Hazelwood, MO, USA). The MIC values of

ertapenem, imipenem and meropenem were determined by

the VITEK2 compact (bioMerieux). Antimicrobial suscept-

ibilities were interpreted by the recommendation of CLSI-

M100 S29.17 For phenotypic tests described below,

K. pneumoniae strain ATCC BAA-1705 was used as positive

control for mCIM and mrCIM, and K. pneumoniae ATCC

BAA-2146 was used as positive control for eCIM and

reCIM, whereas K. pneumoniae ATCC BAA-1706 as the

negative control.

mCIM and eCIM
The mCIM and eCIM were performed following the pro-

tocol recommended by CLSI-M100 S29. And the results

of mCIM and eCIM were interpreted with CLSI-M100

S29 guideline.17

mrCIM and reCIM
The mrCIM was developed based on rCIM previously

described by Muntean et al16 with some modifications.

Firstly, isolates were incubated with meropenem for 45

min. Secondly, the indicator E. coli ATCC 25922 was
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incubated for 2.5 h in the next incubation step. Thirdly,

growth of indicator E. coli with OD > 2.0 is highly

indicative of carbapenemase production, and OD < 1.0

can be considered as carbapenemase negative. For indica-

tor E. coli growth between 1.0 and 2.0, 30 min of addi-

tional incubation was beneficial (Figure 1). In the reCIM,

a second 1-mL sterile water tube with final concentration

of 5 mM EDTAwas needed, and the following procedures

were the same as those in mCIM (Figure 1). When the

turbidity of indicator E. coli with and without EDTA both

reach more than 2.0, it can be considered as reCIM-

negative, indicating that the test strains producing

a serine carbapenemase. On the contrary, if the test strain

is mrCIM positive and the turbidity of indicator E. coli is

less than 1.0 in the presence of EDTA, then the reCIM is

positive (Figure 1). The cut-offs in mrCIM and reCIM

were defined using control strains ATCC BAA-1705

(KPC positive), ATCC BAA-1706 (carbapenemase nega-

tive) and ATCC BAA-2146 (NDM positive) in 10 times

repetition of mrCIM and reCIM tests.

Molecular Detection of the β-Lactamase

Genes
An in-house PCR was performed as previously described and

primers targeting carbapenemase genes including blaKPC,

blaNDM, blaOXA-48-like, blaVIM, and blaIMP, other β-lactamase

genes encoding ESBLs and AmpC, and genes encoding

porins such as OmpK, OmpF were used.18,19 DNA template

for the isolates was prepared as follows. Five colonies were

inoculated in 100 μL of distilled water, followed by heating at

95°C for 10 min. Subsequently, the suspensions were centri-

fuged at 15,000 rpm for 2 min and the supernatant was used

as PCR template. PCR was performed as: a volume of 14.5

μL of PCR Master Mix was mixed with 2 μL of forward and

reverse primers in a 25-μL reaction. Then, 1 μL of sample

from each test isolate was added to the mixture. The PCR

program consisted of an initial denaturation step at 95°C for 5

mins, followed by 35 cycles of denaturation at 95°C for 30 s,

annealing at 60°C for 30 s, elongation at 72°C for 30 s, and

a final extension at 72°C for 10 mins. Molecular detection by

Figure 1 Procedure and results of mrCIM and reCIM. (A) Two 10-µL loopfuls of an overnight culture taken from solid media were homogenized into an Eppendorf tube

containing 1mL of sterile water. (B) Two meropenem disks were added to the suspension and vortexed for 1 min. (C) For reCIM, add 10 µL of the 0.5 M EDTA to the

Eppendorf tube to obtain a final concentration of 5 mM EDTA. (D) The tube was incubated for 45 min at 37°C, subsequently vortexed for an additional minute, and then

centrifuged for 5 min at 10,000 rpm (for highly mucoid strains, a second centrifugation step may be needed). (E) Five hundred µL of the supernatant was added to 2500 µL of

an E. coli ATCC 25922 resuspended in TSB at a 1.0 McFarland. The tubes were incubated at 37°C for 2.5 h with a nephelometer reading taken every 30 min to assess the

growth of the indicator E. coli strain. For indicator E. coli growth between 1.0 and 2.0, 30mins of additional incubation was beneficial. (F) Results of mrCIM and reCIM for

strain with Ambler class B metallo-β-lactamases, with OD > 2.0 for mrCIM and OD < 1.0 for reCIM. (G) Results of mrCIM and reCIM for strain with Ambler class A serine

β-lactamases, with OD > 2.0 for mrCIM and OD > 2.0 for reCIM. (H) Results of mrCIM and reCIM for strain without carbapenemase, with OD < 1.0 for mrCIM and OD <

1.0 for reCIM.
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PCR and sequencing was considered as the gold standard for

β-lactamase characterization.

Statistical Analysis
All statistical analyses were performed with the SPSS

software version 24.0 (Chicago, IL, USA). The sensitivity

and specificity were calculated, with their respective 95%

CI. Test sensitivities and specificities were compared using

the McNemar’s v2 test from the base R package.

Results
Carbapenemase Genes Expressed by

Tested Strains
Of the 247 CRE isolates used in the retrospective study, 107

isolates were carbapenemase gene carriers. As shown in Table

1, the carbapenemase genes identified were blaKPC-2 (31/107,

29.0%), blaNDM-1 (44/107, 41.1%), blaNDM-5 (13/107, 12.1%),

blaIMP-4 (5/107, 4.7%), blaIMP-8 (1/107, 0.9%). Two strains

(2.0%) were found to carry blaNDM-1 and blaIMP-8, and one

strain carrying blaNDM-1 and blaIMP-4. In addition, blaKPC-2
and blaNDM-1 were simultaneously detected in 8 isolates

(7.5%), blaKPC-2 and blaIMP-4 in one isolate (0.9%). There

was also one isolate (0.9%) harboring blaKPC-2, blaNDM-1 and

blaIMP-4 at the same time. In a prospective study, the 47 CRE

strains were identified to be blaKPC-like carriers (33/47, 70.2%),

blaNDM-like carriers (8/47, 17.0%) and blaIMP-like carriers (1/47,

2.1%) (Table 2).

Sensitivity and Specificity of mrCIM and

reCIM in Retrospective Analysis
A total of 247 CRE isolates were firstly screened for carbape-

nemase genes, followed by tests with mCIM and mrCIM to

evaluate the sensitivity and specificity of mrCIM due to the

changes in conditions compared with the original rCIM. The

isolates included 107 carbapenemase producers and 140 non-

carbapenemase producers. At 2.5 h of incubation, the indica-

tor strain, when challenged with inactivated antibiotic, grew to

a median of OD value 3.13 (range 1.61–4.00, IQR 2.85–3.42)

(Figure 2). In contrast, when challenged with active antibiotic,

the median growth was of 0.73 (range 0.15–2.21, IQR 0.54–-

0.88) (Figure 2). As shown in Table 1, at 2.5 h post incubation,

the mrCIM correctly identified 96.3% of carbapenemase pro-

ducers (103/107) and 98.6% of non-carbapenemase producers

(138/140), respectively. Two Enterobacter cloacae complex

isolates which produced growth around 1.5 McFarland units

at 2.5 h were further incubated for 30 mins, and growth

declined to less than 1.0 McFarland units. Consequently, the

accuracy of mrCIM of examining non-carbapenemase

Table 1 Results from the Retrospective Study, Showing Agreements and Differences Between the mCIM and mrCIM, eCIM and

reCIM for a Well-Characterized Set of Enterobacteriaceae. Results for 2.5 h Growth Time of the Indicator Strain

Groups CarbapenemResistant

Determinants (n)

mCIM mrCIM eCIM reCIM

Carbapenemase + – + – + – + –

Ambler class A blaKPC-2 (31) 31 (100%) 0 31 (100%) 0 0 31 (100%) 0 31 (100%)

Ambler class B blaNDM-1 (44) 44 (100%) 0 44 (100%) 0 44 (100%) 0 43 (97.7%) 1

blaNDM-5 (13) 13 (100%) 0 12 (92.3%) 1 12 (92.3%) 1 12 (92.3%) 1

blaIMP-4 (5) 5 (100%) 0 4 (80%) 1 4 (80%) 1 4 (80%) 1

blaIMP-8 (1) 1 (100%) 0 1 (100%) 0 1 (100%) 0 1 (100%) 0

blaNDM-1+blaIMP-4 (1) 1 (100%) 0 1 (100%) 0 1 (100%) 0 1 (100%) 0

blaNDM-1+blaIMP-8 (2) 2 (100%) 0 1

(50%)

1 1

(50%)

1 0 2

Ambler class

A + B

blaKPC-2+blaNDM-1 (8) 8 (100%) 0 7 (87.5%) 1 1 7 0 8

blaKPC-2+blaIMP-4 (1) 1 (100%) 0 1 (100%) 0 0 1 0 1

blaKPC-2+blaNDM-1+blaIMP-4 (1) 1 (100%) 0 1 (100%) 0 0 1 0 1

Non-

carbapenemase

blaAmpC (23) 0 23 (100%) 0 23 (100%) / / / /

blaAmpC+porin loss (9) 0 9 (100%) 0 9 (100%) / / / /

blaESBL (21) 0 21 (100%) 1 20 (95.2%) / / / /

blaESBL+porin loss (18) 0 18 (100%) 0 18 (100%) / / / /

blaAmpC+blaESBL (24) 0 24 (100%) 1 23 (95.8%) / / / /

blaAmpC+blaESBL+porin loss (45) 0 45 (100%) 0 45 (100%) / / / /

Abbreviations: mCIM, modified carbapenem inactivation method; mrCIM, modified rapid carbapenem inactivation method; eCIM, EDTA-modified carbapenem inactivation

method; reCIM, rapid EDTA-modified carbapenem inactivation method; AmpC, Ampler class C β-lactamases; ESBL, extended spectrum β-lactamases.
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producers increased to 100% (140/140). Thus, the sensitivity

of mrCIM was 96.3% (95% CI 90.1–98.8%) and the specifi-

city was 100% (95% CI 96.7%%-100%) at 3 hrs. Among the

undetected strains, there were one Escherichia coli carrying

blaNDM-5, one Enterobacter cloacae complex carrying

blaIMP-4, one Enterobacter cloacae complex carrying

blaNDM-1 and blaIMP-8, one Citrobacter freundii carrying

blaKPC-2 and blaIMP-4 (Table 1).

The 107 carbapenemase carriers were further screened by

eCIM and reCIM to evaluate the ability to detect metallo-β-

lactamases. As shown in Table 1, both eCIM and reCIM

correctly identified all the 31 class A carbapenemase carriers.

63/66 (95.5%) class B carbapenemase carriers were detected

definitely by eCIM, while 61 isolates were positive by reCIM

(92.4%). Detailedly, twoEscherichia coli strains with blaNDM,

one Enterobacter cloacae complex with blaIMP-4 and two

Enterobacter cloacae complex isolates expressing blaNDM-1

and blaIMP-8 got false-negative results in reCIM. At 2.5 h of

incubation, the indicator strain in class A carbapenemase

positive strains grew to a median of OD value 2.49 (range

2.15–3.19, IQR 2.33–2.78), while the median growth declined

to 0.81 (range 0.29–2.22, IQR 0.67–0.88) in class

B carbapenemase positive strains (Figure 3). When further

incubated to 3 h, the OD value of the blaNDM-1-carrying

Escherichia coli with false-negative reCIM result reduced

from 1.26 to 0.87 (Figure 3). As a result, the sensitivity of

reCIM was 93.9% (95% CI 84.4–98.0%) and the specificity

was 100% (95% CI 86.3%%-100%) at 3 h. Since the eCIM-

derived carbapenemase phenotype detection methods can not

differentiate serine carbapenemase from metallo-β-lactamase

in isolated producing multiple-carbapenemases,10 the 10 iso-

lates carrying both class A carbapenemase and class

B carbapenemase were not included in the retrospective eva-

luation of reCIM.

Prospective Evaluation of mrCIM and

reCIM
The 47 CRE isolates of prospective study were identified as

carbapenem resistant with resistance to ertapenem, imipe-

nem or meropenem in routine antimicrobial susceptibility

tests and then tested by mrCIM. Using the cut-off defined

in the retrospective study, 41 strains (87.2%, 41/47) got

positive results at 2.5 hrs post incubation. With further

incubation for 30 mins, another one strain with OD value

Table 2 Results from the Prospective Study, Showing Agreements and Differences Between the mrCIM, reCIM and Molecular Results.

Results for 2.5 h Growth Time of the Indicator Strain

Groups CarbapenemResistant Determinants (n) mrCIM reCIM

+ – + –

Ambler class A blaKPC-like (33) 33 (100%) 0 0 33 (100%)

Ambler class B blaNDM-like (8) 8 (100%) 0 8 (100%) 0

blaIMP-like (1) 0 1 (100%) 0 1 (100%)

Non-carbapenemase blaAmpC (1) 0 1 (100%) / /

blaESBL (1) 0 1 (100%) / /

blaAmpC+blaESBL (3) 0 3 (100%) / /

Abbreviations: mrCIM, modified rapid carbapenem inactivation method; reCIM, rapid EDTA-modified carbapenem inactivation method; AmpC, Ampler class C β-
lactamases; ESBL, extended spectrum β-lactamases.

Figure 2 Dynamics of E. coli indicator strain growth in mrCIM in the retrospective

study. Box and whisker plot showing the dynamics of growth of the E. coli ATCC
25922 indicator strain from the retrospective study (n=247). Measurements were

made every 30 min after supernatant challenge of the indicator strain.

Carbapenemase producers and non-producers are presented side by side for

each measurement time point. Results represent baseline-subtracted growth, and

are expressed as McFarland units. Filled circles represent outliers. The blue hor-

izontal line marks the 1.0 McFarland carbapenemase negative cut-off chosen, and

the red line marks the 2.0 McFarland carbapenemase positive cut-off.
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around 1.8 also got a positive result (Figure 4). The 5 isolates

with negative mrCIM results were identified to produce

hyperproduced cephalosporinase, ESBL, or hyperproduced

cephalosporinases and ESBLs simultaneously. Thus, the

specificity of mrCIM in the prospective study was 100%

(95% CI 46.3–100%), and the sensitivities were 97.6% (95%

CI 85.9–99.9%) and 100% (95% CI 89.6–100%) at 2.5 h and

3 h post incubation, respectively. In a prospective study of

reCIM, 8 positive results were observed in strains carrying

blaNDM-like genes and 33 negative results seen in isolates

expressing

blaKPC-like genes at 2.5 h post incubation. Unfortunately,

there was no significant decrease in OD value in the

blaIMP-like positive strain co-cultured with EDTA (Table 2,

Figure 5), even with further incubation. Therefore, the spe-

cificity and sensitivity of reCIM in prospective study were

100% (95% CI 87.0–100%) and 88.9% (95% CI 50.7–-

99.4%), respectively.

Taking together the results of retrospective analysis

and prospective analysis, mrCIM had a sensitivity of

96.3% (95% CI 90.1–98.8%) and a specificity of 97.1%

(95% CI 92.4–99.1%) at 2.5 h post incubation, and the

specificity increased to 98.6% (95% CI 94.4–99.8%) at 3

h. In addition, reCIM showed a sensitivity of 95.4% (95%

CI 85.4–98.8%) and a specificity of 100% (95% CI 86.-

3–100%) at 2.5 h post incubation, and the sensitivity

increased to 97.0% (95% CI 88.5–99.5%) at 3 h. These

performance characteristics are comparable to the mCIM

and eCIM; however, compared with mrCIM and reCIM

which need at least 24 hrs to detect results, the mrCIM and

reCIM required less than 4 hrs of total work time, which is

compatible with the daily practice of a clinical microbiol-

ogy laboratory.

Discussion
The quick spread of CPE remains a significant clinical and

public health concern, making reliable phenotypic detec-

tion of carbapenemase production an essential first step in

combating this problem. In this work, we present and

evaluate the performance of mrCIM test and reCIM. We

can conclude that mrCIM has high sensitivity and specifi-

city in the detection of CPE, comparable to the original

rCIM14 and the CLSI approved mCIM test.10 Also, reCIM

has comparative performance characteristics with eCIM in

distinguishing MBLs from carbapenemases. The combined

mrCIM and reCIM could not only detect carbapenemase

activity in Enterobacteriaceae isolates but also identify

Amber B carbapenemases simultaneously.

Figure 3 Dynamics of E. coli indicator strain growth in reCIM in the retrospective

study. Box and whisker plot showing the dynamics of growth of the E. coli ATCC
25922 indicator strain from the retrospective study (n=97). Measurements were

made every 30 min after supernatant challenge of the indicator strain. Class

A carbapenemase producers and class B carbapenemase producers are presented

side by side for each measurement time point. Results represent baseline-

subtracted growth, and are expressed as McFarland units. Filled circles represent

outliers. The blue horizontal line marks the 1.0 McFarland metallo-carbapenemase

negative cut-off chosen, and the red line marks the 2.0 McFarland metallo-

carbapenemase positive cut-off.

Figure 4 Dynamics of E. coli indicator strain growth in mrCIM in the prospective

study. Box and whisker plot showing the dynamics of growth of the E. coli ATCC
25922 indicator strain from the prospective study (n=47). Measurements were

made every 30 min after supernatant challenge of the indicator strain.

Carbapenemase producers and non-producers are presented side by side for

each measurement time point. Results represent baseline-subtracted growth, and

are expressed as McFarland units. Filled circles represent outliers. The blue hor-

izontal line marks the 1.0 McFarland carbapenemase negative cut-off chosen, and

the red line marks the 2.0 McFarland carbapenemase positive cut-off.
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In this research, the rCIM was modified (mrCIM) to

adjust reCIM. To achieve maximum inhibition of MBLs

by EDTA without non-specific inhibition of non-class

B carbapenemases, 45 min incubation was needed in the

pre-incubation step, and 2.5 h to 3 h incubation of indica-

tor E. coli required in the next step. Also, the cut-offs were

changed to 2.0 for positives and 1.0 for negatives.

Accordingly, these conditions were applied to the com-

bined mrCIM, leading to the difference compared with

rCIM. In rCIM, 30 min incubation is needed in the pre-

incubation step, and 1.5 h to 2 h incubation of indicator

E. coli is required. Cut-off of 1.0 is used to differ between

positives and negatives.

In a retrospective study, the mrCIM showed 97.6% of

accuracy which was comparable with the original rCIM,16

with 2 false-positive and 4 false-negative results at 2.5 h post

sub-incubation. The false-positive results were seen in strains

carrying blaCTX-M-1 and blaCTX-M-15 genes, and we hypothe-

sized this result is due to a low carbapenemase activity of

ESBL enzymes as previously described.20 Besides, four

mrCIM false-negative results were randomly found in iso-

lates harboring blaNDM-5 or blaIMP-4, which were probably

caused by partial hydrolysis and low level of some specific

carbapenemases or the delay for the ATCC25922 to grow in

the presence of meropenem. Therefore, mrCIM may not be

suitable for the detection of strains with low carbapenemase

activity. However, based on our experimental results, the

sensitivity and specificity of detecting carbapenemase in

Enterobacteriaceae for mrCIM is comparable with that for

the original rCIM, and this was also verified in the prospec-

tive analysis.16 What’s more, combined with reCIM we

developed in this research, distinction of carbapenemase

types could be quickly performed simultaneously.

In both retrospective and prospective analysis, the com-

bined mrCIM and reCIM showed satisfactory detection and

identification of class A carbapenemase; however with

respective 92% and 95.5% accuracy of identifying class

B carbapenemase for reCIM and eCIM, there seem some

problems in the identification of MLBs for the EDTA-

inhibition-based methods. To achieve complete inhibition

of MBLs by EDTA in the retrospective evaluation of

reCIM, when the EDTA concentration was increased to

twofold or even higher folds, growth inhibition of indicator

E. coli were observed in all MBLs strains (data not shown),

confirming that these enzymes could be totally inhibited

when using a high concentration of EDTA. However, non-

specific inhibitions were also detected for non-class

B carbapenemases at higher EDTA concentrations.

Compared with other carbapenemase phenotype detec-

tion methods described these years,21–24 the combined

mrCIM and reCIM have several distinct advantages. Firstly,

the detection time is less than 4 hrs, 1 day shorter than the

mCIM and eCIM or other reported methods. Secondly, the

tests are simple to perform and the results are easy to assess.

Thirdly, no special equipment or reagents other than mero-

penem disks, TSB medium and the EDTA. The former two

reagents are common in clinical microbiology lab and the

EDTA is stable at ambient temperature and can therefore be

kept for several years. Moreover, the tests are accessible to

any laboratory throughout the world as it requires only basic

laboratory materials.

The mrCIM and reCIM we evaluated in this study also

has some limitations. We tested the major carbapenemase

types only (NDM, IMP, KPC) as VIM, GES, and OXA-48

carbapenemase-producing Enterobacteriaceae are scarce in

Chongqing,18,25 and the performances should be evaluated

using other different carbapenemase enzymes. Using PCR

and sequencing, several isolates were confirmed to produce

multiple different enzymes, including both blaKPC and

blaNDM or blaVIM, and reCIM failed to detect MBLs in multi-

carbapenemase. This issue has been raised for other

Figure 5 Dynamics of E. coli indicator strain growth in reCIM in the prospective

study. Box and whisker plot showing the dynamics of growth of the E. coli ATCC
25922 indicator strain from the prospective study (n=42). Measurements were

made every 30 min after supernatant challenge of the indicator strain. Class

A carbapenemase producers and class B carbapenemase producers are presented

side by side for each measurement time point. Results represent baseline-

subtracted growth, and are expressed as McFarland units. Filled circles represent

outliers. The blue horizontal line marks the 1.0 McFarland metallo-carbapenemase

negative cut-off chosen, and the red line marks the 2.0 McFarland metallo-

carbapenemase positive cut-off.
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phenotypical-based characterization test,8,25 however, the

incidence rate of Enterobacteriaceae isolates co-harboring

different carbapenemases is relatively low in China, espe-

cially in Chongqing.26–28 Some researchers have developed

in-house phenotypical methods using EDTA combined boric

acid to inhibit MBLs and serine enzymes, respectively.29

Indeed, here the majority of carbapenemase positive strains

can be correctly identified at 2.5 hrs post sub-incubation,

however the results of isolates with OD. value around

1.5–2.0 are uncertain and prolonged 30 mins incubation are

necessary.

Conclusion
Overall, compared to CLSI recommended mCIM and

eCIM, the high sensitivity and specificity, the simplicity

and convenience, and the low cost of combined mrCIM

and reCIM, as well as the significantly decreased turn-

around time, make it a useful tool for routine detecting

CPE and MBLs in clinical microbiology laboratories.

These combined tests not only resolve the main limitation

of the original rCIM as they can identify MBLs but also

provide same-day results compared with CLSI recom-

mended mCIM and eCIM.

In conclusion, the combined mrCIM and reCIM bring

important improvement to phenotypic detection methods

of carbapenemase-producing Enterobacteriaceae in clini-

cal microbiology laboratories, guiding the appropriate

treatment and efficient implementation of infection control

measures of CPE infections.
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