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The recognition of carbapenemase-producing Enterobacteriaceae (CPE) isolates is a major laboratory challenge, and their inap-
propriate or delayed detection may have negative impacts on patient management and on the implementation of infection con-
trol measures. We describe here a matrix-assisted laser desorption ionization—time of flight (MALDI-TOF)-based method to
detect carbapenemase activity in Enterobacteriaceae. After a 20-min incubation of the isolate with 0.5 mg/ml imipenem at 37°C,
supernatants were analyzed by MALDI-TOF in order to identify peaks corresponding to imipenem (300 Da) and an imipenem
metabolite (254 Da). A total of 223 strains, 77 CPE (OXA-48 variants, KPC, NDM, VIM, IMI, IMP, and NMC-A) and 146 non-
CPE (cephalosporinases, extended-spectrum (-lactamases [ESBLs], and porin defects), were tested and used to calculate a ratio
of imipenem hydrolysis: mass spectrometry [MS] ratio = metabolite/(imipenem + metabolite). An MS ratio cutoff was statisti-
cally determined to classify strains as carbapenemase producers (MS ratio of =0.82). We validated this method first by testing 30
of our 223 isolates (15 CPE and 15 non-CPE) 10 times to calculate an intraclass correlation coefficient (ICC of 0.98), showing the
excellent repeatability of the method. Second, 43 strains (25 CPE and 18 non-CPE) different from the 223 strains used to calcu-
late the ratio cutoff were used as external controls and blind tested. They yielded sensitivity and specificity of 100%. The total
cost per test is <0.10 U.S. dollars (USD). This easy-to-perform assay is time-saving, cost-efficient, and highly reliable and might

be used in any routine laboratory, given the availability of mass spectrometry, to detect CPE.

Gram—negative bacteria (GNB) and especially Enterobacteria-
ceae, Pseudomonas aeruginosa. and Acinetobacter baumannii
have reemerged as major bacterial pathogens in resistance (1, 2).
In these species, resistance may affect all major classes of antimi-
crobial agents with activity against Gram-negative bacteria (e.g.,
B-lactams, fluoroquinolones, and aminoglycosides). Enterobacte-
riaceae account for the majority of antibiotic-resistant bacteria
and are rapidly increasing (3-5). In some cases, resistance extends
to the entire repertoire of available therapeutic agents (extremely
drug-resistant phenotypes), posing a formidable challenge to an-
timicrobial therapy and turning back the clock to the preantibiotic
era (6).

Currently, B-lactamase-mediated resistance does not spare
even the newest and most powerful B-lactams (i.e., carbapenems),
whose activity is challenged by the class B metallo-B-lactamases
(MBLs) and by class A and D serine carbapenemases (5). The
dissemination of these enzymes among Enterobacteriaceae is a
matter of concern since these pathogens are a major cause of nos-
ocomial and also community-acquired infections, and carbapen-
ems are major antibiotics in the treatment of these infections (6).

Appropriate antimicrobial therapy is of paramount impor-
tance for decreasing the mortality of patients with bloodstream
infections (7, 8). As the presence of carbapenemases has been as-
sociated with clinical failure in patients with severe infections
caused by Enterobacteriaceae isolates with high carbapenem MICs,
interpreted as resistant (9), screening of carbapenemases is a mat-
ter of importance for appropriate treatment and also for the im-
plementation of infection control measures to prevent or control
outbreaks.

Several phenotypic methods have been proposed for carbap-
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enemase routine detection. The combination disk test with vari-
ous carbapenemase inhibitors is commercially available and easy
to implement. It achieves good performance for detection and
presumptive identification of most carbapenemase-producing
Enterobacteriaceae (CPE) (but not OXA-48) but is time-consum-
ing (18 h) (10). More interestingly, the biochemical Carba NP test
has recently been developed and confirms carbapenemase pro-
duction within 2 h with excellent sensitivity and specificity (11).
Molecular identification of carbapenemases may also be per-
formed, but it remains costly and requires substantial expertise.
Recently, matrix-assisted laser desorption ionization—time of
flight (MALDI-TOF) mass spectrometry (MS) has been intro-
duced in bacteriology laboratories and has been proved to be ef-
ficient compared with other conventional methods for bacterial
identification (12). It also had a positive impact on patient clinical
management in guiding empirical treatment (13, 14). In the con-
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text of increasing carbapenemase producers, it is of the utmost
importance to detect carbapenemases to guide the most appro-
priate treatment. MALDI-TOF has recently been used to deter-
mine -lactamase activity (15-17) but, to our knowledge, has
not been used in a routine setting to detect carbapenemase
activity in clinical isolates. We describe here a method for car-
bapenemase detection in Enterobacteriaceae from primary cul-
ture plates in less than 30 min using MALDI-TOF.

MATERIALS AND METHODS

Bacterial strains and resistance detection. A total of 266 clinical entero-
bacterial isolates originating from several countries worldwide were used.
Species were identified using MALDI-TOF mass spectrometry (MALDI
Biotyper; Bruker Daltonics, France). Imipenem, ertapenem, and mero-
penem MICs were determined by Etests (bioMérieux, La Balme-les-
Grottes, France) and were interpreted using the EUCAST 2014 guidelines
(18). CPEisolates (n = 102) were characterized by carbapenem hydrolysis
(Carba NP test and/or UV spectrophotometry) (19) and by PCR and
sequencing. For non-CPE strains (n = 164), the presence of extended-
spectrum B-lactamases (ESBLs) was determined by a double-disk synergy
test between an expanded-spectrum cephalosporin and clavulanic acid.
For some isolates, the type of ESBL was determined by PCR and sequenc-
ing. The presence of cephalosporinases was shown by use of the ESBL +
AmpC screen kit (ROSCO Diagnostica, Taastrup, Denmark) or cloxacil-
lin-containing agar plates (bioMérieux).

A total of 223 isolates of the 266 isolates (77 CPE and 146 non-CPE)
were used to calculate a cutoff ratio. The 77 CPE strains included Klebsiella
pneumoniae (n = 41), Escherichia coli (n = 18), Enterobacter cloacae (n =
9), Klebsiella oxytoca (n = 3), Citrobacter freundii (n = 3), Enterobacter
asburiae (n = 2), and Raoultella planticola (n = 1). The resistance deter-
minants present in these isolates were 48 OXA-48, 2 OXA-204, 1 OXA-
181, 1 OXA-244,8 KPC,7NDM, 4 VIM, 3 IMIL, 2 IMP, and 1 NMC-A. The
146 non-CPE isolates comprised 66 E. coli, 34 E. cloacae, 14 K. pneu-
moniae, 9 C. freundii, 6 E. aerogenes, 4 Morganella morganii, 4 Proteus
mirabilis, 3 K. oxytoca, 2 Citrobacter koseri, 1 E. asburiae, 1 Hafnia alvei, 1
Providencia stuartii, and 1 Serratia marcescens. Among these 146 non-CPE
isolates, 103 produced a cephalosporinase, 24 produced an ESBL, 10 pro-
duced a cephalosporinase plus an ESBL, and 9 were porin deficient, as
revealed by resistance to moxalactam, which is an excellent antibiotic
marker for impermeability testing on a disk diffusion antibiogram, and by
carbapenem resistance in the absence of carbapenem hydrolysis. The re-
maining 43 isolates (25 CPE and 18 non-CPE) were blind tested. They
were 10 K. pneumoniae, 13 E. coli, 1 S. marcescens, and 1 E. cloacae. Resis-
tance mechanisms consisted of 9 OXA-48, 9 KPC, 5 NDM, and 2 OXA-
181. Noncarbapenemase producers were composed of 12 cephalospori-
nases, 4 cephalosporinases plus ESBLs, 1 porin defect, and 1 ESBL. There
were 12 E. cloacae, 2 C. freundii, 1 E. aerogenes, 1 E. coli, 1 K. oxytoca, and
1 K. pneumoniae. K. pneumoniae YC-producing KPC-2 and K. pneu-
moniae CIP53153 (wild-type resistance phenotype) were used as positive
and negative controls, respectively, to validate the MALDI-TOF assay
(20).

MALDI-TOF mass spectrometry analysis of imipenem hydrolysis.
Commercially available imipenem containing cilastatin (Hospira, Meudon la
Forét, France) was diluted in molecular biology-grade water (Eurobio,
Courtaboeuf, France). The imipenem solution (50 mg/ml) was stored
at —80°C for 1 month in 100-pl aliquots. Imipenem was used at a final con-
centration of 0.5 mg/ml according to Sparbier etal. (21). For each experiment,
two controls (CPE/non-CPE) were tested to validate the assay.

Cultures of the tested strains were incubated overnight on Mueller-
Hinton (MH) agar (bioMérieux, La Balme-les-Grottes, France) at 37°C. A
1-pl loop-sized amount of bacteria was suspended in 20 pl of 0.5 mg/ml
imipenem solution, incubated 20 min at 37°C, and centrifuged for 1 min
at 14,000 X g. One microliter of the clear supernatant was spotted onto an
MSP 96 target polished steel plate (Bruker Daltonics, Wissembourg,
France) and allowed to dry at room temperature, before 1 wl of matrix
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(a-cyano-4-hydroxycinnamic acid [HCCA]; Bruker Daltonics) was over-
laid onto each target spot. Mass spectra were acquired using a Microflex
LT mass spectrometer and flexControl software v3.3 (Bruker Daltonics)
operating in positive linear ion mode between 100 and 1,000 Da. The
parameters were set as follows: ion source 1, 19 kV; ion source 2, 16.3 kV;
lens, 7 kV; pulsed ion extraction, 0 ns; detector gain, 3.3 X; electronic gain,
enhanced; mode, low range; mass range selection, 80 to 1,120 Da; laser
frequency, 60 Hz; digitizer trigger level, 2,500 mV; laser attenuator, 25%;
and laser range, 30%. A total of 240 shots were acquired in one position for
one spectrum.

Internal calibration of the MALDI-TOF mass spectrometer. Peaks of
HCCA, 2HCCA, bradykinin, and angiotensin II (peptide calibration stan-
dard II; Bruker Daltonics) were used as internal calibration of the mass
spectrometer.

Spectrum analysis. Spectra were analyzed by FlexAnalysis software
v3.3 (Bruker Daltonics). They were smoothed, and the baseline was sub-
tracted. Peaks of imipenem (C,,H,,N;0,S) (300 = 0.2 Da m/z) and its
only known metabolite (C,,H,,N;0,S) (254 = 0.1 Da m/z) were manu-
ally labeled and their intensities noted. MS ratios of intensities, metabo-
lite/(metabolite + imipenem) [M/(M + I)], were calculated for the 223
cutoff strains to establish a ratio threshold between CPE and non-CPE
isolates. Strains were classified as carbapenemase producers when this
ratio was superior or equal to the cutoff.

Statistical analysis of carbapenemase activity and interpretation.
SPSS v.20 (IBM Inc., New York, NY, USA) was used for all statistical
analyses. Repeatability was evaluated using a subset of 30 isolates (15 CPE
and 15 non CPE) that were tested 10 times each. All types of carbapen-
emases were tested: 3 OXA-48, 3 NDM, 3 KPC, 3 VIM, 2 IMP, and 1
OXA-181. Noncarbapenemase-producing strains were randomly chosen:
11 cephalosporinases, 3 ESBLs, and 1 cephalosporinase plus ESBL. First,
among these 30 isolates, the mean and standard deviation (SD) were cal-
culated (22). Second, the intraclass correlation coefficient (ICC) and its
95% confidence interval (95% CI), used as an absolute reliability index,
were calculated by one-way random analysis of variance (ANOVA) (23).

A receiver operating characteristic (ROC) curve analysis was used to
determine the optimal cutoff point (24). The area under the curve (AUC)
and its 95% CI were estimated by a nonparametric method, and the op-
timal cutoff point was defined by the Youden index (25). Because two
epidemiological patterns exist in the world, one with a higher incidence
(India, United States, Greece, and others) and one with a lower incidence
of carbapenemase (Northern Europe), secondary cutoffs in the ROC
curve were defined: one with 100% sensitivity and one with 100% speci-
ficity.

The ratio-based model was validated: (i) for the internal validation, all
of the 266 strains were used and the 0.632+ bootstrapping method of
cross-validation enabled calculation of the coefficient of determination
(R?) of the model (26); (ii) for the external validation, the results of 43
well-characterized isolates and blind tested using MS ratio interpretation
were compared by the x* test (23) to molecular biology results. Identifi-
cations and resistance mechanisms were obtained only after MALDI-TOF
hydrolysis testing was performed. The model was separately verified for
the OXA-48-like carbapenemases and for the other carbapenemases.

Comparison between MS ratio model and meropenem MICs. The
meropenem MICs of the 266 isolates were determined using the EUCAST
2014 guidelines and interpretative criteria. Sensitivities and specificities
were estimated for the screening cutoff MIC of >0.12 mg/liter, corre-
sponding to the extended common object file format (ECOFF) (27), and
for the optimal MS ratio cutoff.

RESULTS

Reproducibility and determination of the cutoff ratio. The 1-pl
loop-full-of-bacteria technique has previously been used for other
biochemical tests such as the Carba NP test (11). In order to test its
reproducibility with the MALTI-TOF CPE detection assay, 30
bacteria were tested several times. No differences in the mass spec-
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FIG 1 MALDI-TOF spectra of imipenem hydrolysis assays after a 20-min incubation at 37°C. Peaks of interest in gray represent the imipenem peak at 300 Da
and its metabolite at 254 Da. (A) Imipenem alone; (B) cephalosporinase; (C) ESBL; (D) OXA-48; (E) KPC; (F) NDM. Units on the y axes represent relative

intensity.

tra were observed, suggesting that the amount of bacteria is similar
for each test. In order to verify the stability of imipenem prepara-
tions, 20 isolates (10 CPE and 10 non-CPE) were tested with imi-
penem that was freshly prepared on the day of testing and with
imipenem that was stored for 1 month at —80°C. No significant
differences were observed between the spectra of freshly prepared
imipenem and those of imipenem stored for 1 month at —80°C
for all the 20 isolates tested (data not shown). These results sug-
gest that imipenem preparations are stable at least for I month
at —80°C. Finally, no alterations in the imipenem spectra were
observed after the 20 min of incubation without a B-lactamase.
For all of the non-CPE isolates, spectra contained the molecular
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peak of imipenem at 300 Da and a minor peak at 254 Da corre-
sponding to the metabolite. For CPE isolates, spectra revealed the
increase in the metabolite peak at 254 Da along with a disappear-
ance or a decrease in the peak of imipenem (Fig. 1). The MS ratio
M/(M + 1) of CPE strains ranged from 0.68 to 1.00. The MS ratio
of non-CPE strains ranged from 0 to 0.78. The Youden index
provided an optimal cutoff at 0.82, which is identical to the max-
imal specificity cutoff. The maximal sensitivity cutoffis at 0.67. All
non-CPE strains had a ratio of <0.82. All but one CPE isolate had
a ratio of >0.82, and one OXA-204-producing isolate had an MS
ratio (r = 0.68) less than the calculated cutoff.

Validation of the model. Forty-three isolates (Table 1) were
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TABLE 1 Characteristics of CPE used in internal validation

MIC lit
Carbapenemase Carbapenemase No. of range (mg/liter)
type variant Species strains Imipenem Ertapenem Meropenem MS ratio
IMI IMI-1 E. cloacae 1 >32 >32 >32 1.00
IMI-2 E. asburiae 2 >32 1.5->32 1.5-24 0.99
IMP IMP-1 E. coli 1 6 1.5 0.99
IMP-8 K. pneumoniae 1 1 4 0.094 0.95
KPC KPC-2 E. coli 2 4-6 3->32 3->32 0.93-0.99
KPC-2 K. pneumoniae 4 24->32 12->32 6->32 0.95-1.00
KPC-3 K. pneumoniae 2 0.25->32 1.5->32 1.5->32 0.99
NDM NDM-1 E. coli 2 6—>32 2->32 2->32 0.99-1.00
NDM-1 K. pneumoniae 3 2->32 8->32 6->32 0.88-0.99
NDM-2 C. freundii 1 >32 >32 >32 1.00
NDM-4 E. coli 1 >32 >32 >32 1.00
NMCA NMCA E. cloacae 1 >32 6 6 0.99
OXA-48 like OXA-181 K. pneumoniae 1 >32 >32 >32 0.99
OXA-204 E. coli 1 0.25 1 0.19 0.98
OXA-204 K. pneumoniae 1 0.25 1 0.125 0.68
OXA-244 E. coli 1 0.5 3 0.38 1.00
OXA-48 C. freundii 2 1-2 2-3 0.5 1.00
OXA-48 E. cloacae 7 0.75-3 2->32 0.75->32 0.97-1.00
OXA-48 E. coli 10 0.5-12 0.38-3 0.19-1 0.85-1.00
OXA-48 K. oxytoca 1 0.75 0.75 0.25 0.99
OXA-48 K. pneumoniae 27 0.25->32 1->32 0.19->32 0.97-1.00
OXA-48 R. planticola 1 1 0.5 0.25 0.99
VIM VIM-1 K. oxytoca 2 2 0.25 0.38 0.99-1.00
VIM-2 K. pneumoniae 1 >32 4 4 1.00
VIM-19 K. pneumoniae 1 6 8 3 0.99
Total 77 0.68-1.00

blind tested using the calculated cutoff (r = 0.82) for external valida-
tion. All isolates were correctly classified. The 25 CPE isolates pre-
sented a ratio between 0.83 and 1.0 and the 18 non-CPE isolates had
aratio between 0.05 and 0.34. With use of external validation strains,
the sensitivity and the specificity of this imipenem hydrolysis test were
100%. For the hydrolysis method with the whole 266 strains, sensi-
tivity was 99% and specificity was 100%.

The model’s ability to discriminate between the CPE and non-
CPE isolates, using AUC values in the ROC curve analysis, showed
an outstanding value of 1 (95% CI, 0.99 to 1) (Fig. 2). The internal
and the external validations showed R* values of 0.91 and 1, re-
spectively. The repeatability also gave a consistent ICC of 0.98.

Susceptibility testing. Carbapenem MICs are summarized in
Tables 1, 2, and 3. With the recommended meropenem screening
cutoffs in the EUCAST 2014 guidelines (MIC of >0.12 g/ml)
corresponding to the ECOFF (27), 99% (101/102) of the CPE and
30% (49/164) of the non-CPE were classified as potential CPE.
One IMP-8-producing K. pneumoniae (meropenem MIC of 0.094
pg/ml) would have been considered a non-CPE with the EUCAST
screening cutoff but had an MS ratio of 0.95. Among the 49 non-
CPE isolates considered by the EUCAST screening cutoff to be
possible carbapenemase producers, all isolates presented a nega-
tive MS ratio (r of <0.82). The only strain (OXA-204-producing
K. pneumoniae) not detected as a CPE by the MS assay had a
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meropenem MIC of 0.125 pg/ml and was hence correctly sus-
pected as a CPE using the EUCAST screening cutoff. The sensitiv-
ity and specificity of the EUCAST meropenem screening cutoff
were 99% and 59%, respectively.

DISCUSSION

As dissemination of CPE is drastically increasing worldwide, an
urgent need for rapid identification methods has emerged. The
MALDI-TOF technique is becoming the method of choice for
bacterial identification due to its rapid and reliable results, and, as
a result, MALDI-TOF spectrometers are rapidly deployed in mi-
crobiology laboratories worldwide. In our study, we have success-
fully used the MALDI-TOF technique to rapidly detect carbapen-
emase activity in enterobacterial isolates, irrespective of the
carbapenemase gene present. We tested >250 isolates, corre-
sponding to a large variety of resistance mechanisms (different
carbapenemases, ESBLs, cephalosporinases, porin defects, and
combinations of mechanisms) among enterobacterial species. Us-
ing a ratio cutoff of 0.82, we found this assay reliable (99% sensi-
tivity with only one false-negative result [one OXA-204] and
100% specificity) and fast and easy to set up on a daily basis in a
laboratory routine.

MALDI-TOF has recently been used to detect B-lactamases,
ESBLs, and particularly carbapenemases (15-17, 28, 29). In these
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approaches, the action of the B-lactamases was monitored by the
analysis of antibiotics and their degradation products. We have
observed in CPE a peak of 254 Da corresponding to an imipenem
metabolite, described by Kempf et al. (30) and associated with a
strong reduction and even absence of the imipenem peak of 300
Da (Fig. 1D, E, and F). For non-CPE, the imipenem peak (300 Da)
was always present, but for some isolates, the 254-Da metabolite
peak could also be observed (Fig. 1B and C), suggesting that the
presence of this peak (254 Da) itself was not sufficient to catego-
rize a strain as a carbapenemase producer. This leads to use of the
MS ratio to reproducibly discriminate carbapenemase from non-
carbapenemase producers.

The repeatability of this approach yielded an ICC value 0f 0.98,
which is high enough to allow single testing of the strains. On the
other hand, the validity of the MS ratio model is confirmed by the
sensitivity and specificity of 100% for the blind-tested isolates and
the robustness of the test as assessed by the R of the internal
validation that is >0.90. These performances are consistent, con-
sidering that it is a blind test of a panel of clinical isolates com-
pared with the gold standard that is PCR and sequencing. The only
misclassified isolate was an OXA-204-producing K. pneumoniae.
OXA-204 is known to be a weak carbapenem-hydrolyzing en-
zyme, and its expression is likely at the limit of detection (11).

MALDI-TOF MS has recently been shown to be a reliable
method for KPC and NDM detection in Enterobacteriaceae with
high sensitivity and specificity (15, 16, 30-35). Only one study
investigated 6 OXA-48 producers (33). OXA-48, the most preva-
lent carbapenemase found in Enterobacteriaceae in France
(75.4%) (36), is one of the most difficult to detect in routine set-
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tings using phenotypic methods. Our assay classified correctly all
of the 57 OXA-48 producers tested. Furthermore, despite low car-
bapenem MICs, hydrolysis by OXA-48 was important: 43% of our
strains had an MS ratio of 1.00, corresponding to a total degrada-
tion of imipenem in 20 min and suggesting that our test can be
used for early detection of the most important carbapenemases in
various epidemiological situations. Carbapenemase detection
was, until recently, based on the analysis of susceptibility testing
results. According to the EUCAST 2014 guidelines, the mero-
penem MIC seems to have the best sensitivity and specificity to
detect carbapenemases compared to imipenem and ertapenem
(37, 38). Interestingly, one CPE (IMP-8-producing K. pneu-
moniae) which had a meropenem MIC under the EUCAST
screening cutoff was correctly identified as a carbapenemase pro-
ducer with a positive MS ratio (r = 0.95). In parallel, none of the
non-CPE with meropenem MICs higher than the EUCAST
screening cutoff had a positive MS ratio (r = 0 to 0.66). Our assay,
combining the 223 strains used for cutoff determination and the
43 external validation strains (sensitivity of 99%; specificity of
100%), performed better than the EUCAST screening cutoff (sen-
sitivity of 99%; specificity of 59%). Unlike EUCAST, for which the
meropenem screening cutoffs may vary depending on the preva-
lence of OXA-48 producers in the country, here only one MS
cutoff was used.

As detection of CPE has become a major health issue, numer-
ous diagnostic confirmation tests have been developed. Pheno-
typic methods such as the modified Hodge test (MHT) is not
recommended anymore by the EUCAST 2014 guidelines (27) due
to frequent false-positive and false-negative results (37, 39), and
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TABLE 2 Characteristics of non CPE used in internal validation

No. of MIC range (mg/liter)

Resistance Species strains Imipenem Ertapenem Meropenem MS ratio
ESBL C. freundii 1 0.25 1 0.38 0.47

C. koseri 2 0.25 0.012 0.032-0.047 0.14

E. aerogenes 1 0.38 0.38 0.094 0.57

E. cloacae 4 0.25-0.5 0.38-2 0.125-0.38 0.07-0.44

E. coli 4 0.19-0.38 0.0160.5 0.023-0.094 0.19-0.46

K. oxytoca 1 0.25 0.094 0.064 0.21

K. pneumoniae 9 0.032-3 0.047-16 0.047-6 0.12-0.64

M. morganii 1 2 0.016 0.125 0.07

P. mirabilis 1 0.38 0.032 0.064 0.21
Cephalosporinase C. freundii 7 0.38-16 0.008-32 0.023-4 0.10-0.57

E. aerogenes 4 0.38-0.75 0.19-0.5 0.094-0.19 0.10-0.35

E. asburiae 1 0.75 0.5 0.38 0.17

E. cloacae 21 0.125->32 0.094—>32 0.032->32 0.11-0.66

E. coli 62 0.125-0.75 0.004-0.25 0.12-0.094 0.02-0.77

H. alvei 1 0.25 3 0.38 0.14

K. oxytoca 2 0.25-0.38 0.064 0.064 0.19-0.78

K. pneumoniae 3 0.25-0.38 0.047-8 0.047-1.5 0.41-0.47

P. mirabilis 2 0.25-0.38 0.012 0.047 0.21-0.22
Cephalosporinase + ESBL E. cloacae 8 0.38-2 0.19-2 0.05-0.25 0.08-0.42

K. pneumoniae 1 2 16 2 0.17
Impermeability E. aerogenes 1 0.25 0.19 0.064 0.13

K. pneumoniae 1 1 0.032 0.125 0.45

M. morganii 3 2-4 0.016-0.047 0.094-0.125 0.07-0.22

P. mirabilis 1 0.75 0.012 0.064 0.20

P. stuartii 1 1.5 0.016 0.064 0.15

E. cloacae 1 3 4 1 0

C. freundii 1 0.75 0.5 0.25 0.11

S. marcescens 1 1 1 0.25 0.61
Total 164 0-0.78

the combined disk test method, which is well validated and com-
mercially available, is still lacking an inhibitor for class D enzymes
(40, 41).

A rapid biochemical test, the Carba NP test, gave excellent
results for a large variety of carbapenemases, including many
OXA-48 (11, 42). In one publication, the Carba NP test experi-
enced lower sensitivity with mucoid isolates and for some Enter-
obacteriaceae producing OXA-48 (43), but others showed 100%
sensitivity and specificity (11, 42, 44). Among the 23 OXA-48-like
isolates tested for the internal validation, 16 were negative or in-
valid with the Carba NP test (P. Bogaerts, personal communica-
tion). These 16 isolates (except one OXA-204 producer) were cor-
rectly classified by our test. UV spectrophotometry, which is
considered to be the reference method for carbapenemase detec-
tion, has been evaluated and yielded a sensitivity of 100% and
specificity ranging from 98.5% to 100% (11, 19), but this tech-
nique requires technical expertise, is time-consuming, and thus is
not suitable for routine use.

Our MALDI-TOF CPE detection assay was performed in less
than 30 min, including solution preparation, incubation, centrif-
ugation, spotting, MALDI-TOF analysis, and interpretation. The
1-min centrifugation step is initiated just before spotting on the
steel plate and thus does not delay significantly the workflow. To
our knowledge, it is the fastest assay to detect carbapenemase ac-
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tivity. This speed is a critical point for patient management at the
hospital to prevent CPE spread. Phenotypic detection methods
(modified Hodge test, combined disk tests, selective agar, etc.) are
based on cultures that require at least 18 to 24 h of incubation. In
the literature, most assays based on mass spectrometry need 1 h to
4 h of incubation (15, 16, 21, 30-35, 45). The Carba NP test re-
quires 2 h, especially for OXA-48 producers (42) and visual inter-
pretation, which can be subjective. With the MALDI-TOF CPE
detection assay, interpretation is computer assisted, thus allowing
very little error in interpretation. Finally, this assay is easily scaled
up in the sense that up to 48 or 96 samples can be processed at once
on the mass spectrophotometer.

The choice of imipenem was dictated by the fact that masses (11/z)
of the nondegraded form (300 Da) and its metabolite (254 Da) were
distinct from that of the matrix HCCA (380 Da) (21, 30, 31). Hence,
meropenem had an overlapping peak between the meropenem mo-
lecular peak (384 Da) and the HCCA peak (380 Da) (16, 30). Further-
more, there are only two peaks of interest for imipenem compared to
meropenem and ertapenem (2 to 6 molecular peaks and 1 to 7 me-
tabolite peaks) (15, 16, 31-35). This enables an easy MS ratio [M/
(M + I)] interpretation. Furthermore, in the very near future, it will
be possible to automatically calculate the ratio with the development
of a software tool. Wang et al. used ClinProTools software to auto-
matically label peaks and classify strains as CPE or non-CPE (35),
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TABLE 3 Characteristics of isolates used for external validation

MALDI-TOF-Based Rapid Carbapenemase Activity Detection

Resistance mechanism MIC range (mg/liter)
and variant Strain Species Imipenem Ertapenem Meropenem MS ratio
ESBL VT43 K. pneumoniae 0.5 16 2 0.20
Porin defect VTI12 E. coli 0.25 1.5 0.125 0.32
Cephalosporinase VT28 C. freundii 0.25 0.5 0.125 0.20
VT31 C. freundii >32 >32 12 0.11
VTI10 E. aerogenes 0.19 0.19 0.064 0.22
VT24 E. cloacae 0.19 0.19 0.032 0.18
VT32 E. cloacae 0.125 0.38 0.047 0.25
VT37 E. cloacae 0.25 0.25 0.094 0.32
VT40 E. cloacae 0.25 0.5 0.047 0.11
VT4 E. cloacae 0.19 0.38 0.064 0.27
VT20 E. cloacae 0.25 0.5 0.125 0.17
VT22 E. cloacae 1.5 1.5 0.5 0.17
VTI11 E. cloacae 4 >32 6 0.20
VT14 K. oxytoca 0.19 0.064 0.047 0.34
VT1 E. cloacae 0.25 0.75 0.125 0.25
Cephalosporinase + ESBL VT26 E. cloacae 0.38 1 0.125 0.13
V17 E. cloacae 1.5 0.5 0.19 0.38
VT42 E. cloacae 3 2 0.5 0.15
KPC
KPC-2 VT23 E. cloacae 3 6 2 0.98
KPC-2 VT29 E. coli 0.5 8 1 0.97
KPC-2 VT30 K. pneumoniae 1 8 1 0.99
KPC-2 VT17 K. pneumoniae 6 >32 4 1.00
KPC-2 VT25 K. pneumoniae 1.5 4 1.5 0.98
KPC-2 VT38 K. pneumoniae 2 24 2 1.00
KPC-2 VT35 K. pneumoniae 12 12 16 1.00
KPC-2 VT41 K. pneumoniae >32 >32 >32 1.00
KPC-2 VT36 S. marcescens >32 >32 >32 0.99
NDM
NDM-1 VTe6 E. coli 0.75 0.75 1.00
NDM-1 V127 E. coli 8 8 32 0.98
NDM-4 VT3 E. coli 0.15 >32 8 0.99
NDM-5 VT15 E. coli 2 >32 4 1.00
NDM-7 VT9 E. coli 2 >32 6 1.00
OXA-48 group
OXA-181 VT13 E. coli 0.25 1 0.125 0.98
OXA-181 VT44 E. coli 0.38 1.5 0.38 1.00
OXA-48 VT2 E. coli 0.38 0.5 0.19 1.00
OXA-48 VT5 E. coli 0.25 0.5 0.19 1.00
OXA-48 VT18 E. coli 0.25 0.5 0.25 0.98
OXA-48 VT33 E. coli 0.38 0.5 0.25 0.95
OXA-48 VT34 E. coli 0.38 1 0.25 0.99
OXA-48 VTI16 K. pneumoniae 0.25 1 0.25 1.00
OXA-48 VT8 K. pneumoniae 0.38 1.5 0.38 1.00
OXA-48 VT39 K. pneumoniae 1 1.5 0.5 1.00
OXA-48 VT21 K. pneumoniae 1.5 >32 4 1.00

while Hrabdk et al. and Hoyos-Mallecot et al. used a special Flex
analysis 3.0 software to detect peaks (16, 32). These software pro-
grams allow nonsubjective peak labeling. It is then possible to im-
prove our method by developing a software tool for an automated
interpretation of data.

If molecular methods are still the gold standard for accurate iden-
tification of carbapenemases, most of the time they require two steps:
PCR for detection and sequencing for variant determination. They
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have excellent specificities and sensitivities and require <6 h to get a
result but are expensive and require a trained microbiologist for in-
terpretation. They can detect not only the presence of known carbap-
enemase genes but also whether they are expressed, unlike pheno-
typic assays (46), and even when the gene is detected, like OXA-48
variants such as OXA-163, this does not necessarily mean the pres-
ence of a carbapenemase. Compared to the molecular method, MS
assays save costs, provided that laboratories have a mass spectrome-
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ter, which is very likely to occur in the near future, since MALDI-TOF
is becoming the gold standard method for bacterial identification.
The cost per test of our assay (including standard, matrix, and imi-
penem) is <0.10 U.S. dollars (USD).

Our protocol and its reproducibility need to be evaluated in
other laboratories and also with different culture media since here
only MH medium was evaluated. Other media such as chromo-
genic selective or Drigalski plates need to be evaluated. Finally, a
future evaluation with B-lactamase inhibitors may directly indi-
cate the carbapenemase type present.

Our study shows CPE detection in a routine setting in less than
30 min using MALDI-TOF technology. In consideration of our
266 tested isolates, our assay resulted in 99% sensitivity and 100%
specificity on a large variety of Enterobacteriaceae expressing the
most clinically relevant carbapenemases such as OXA-48, NDM,
and KPC. Itis an easy and cost-effective assay, which could be used
in real time in the flow of routine lab work, which is of the utmost
importance to prevent outbreaks and their consequences and to
treat patients appropriately.
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