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Carbapenemase-producing Enterobacteriaceae (CPE) are rapidly spreading worldwide. Early detection of fecal CPE carriers is
essential for effective infection control. Here, we evaluated the performance of a meropenem combined disk test (CDT) for rap-
idly differentiating CPE isolates directly from rectal swabs. The screening method was applied for 189 rectal swabs from hospi-
talized patients at high risk for CPE carriage. Swabs were suspended in 1 ml saline and cultured for confluent growth onto a Mac-
Conkey agar plate with a meropenem (MER) disk alone, a MER disk plus phenyl boronic acid (PBA), a MER disk plus EDTA, and
a MER disk plus PBA and EDTA. An inhibition zone of <25 mm around the MER disk alone indicated carriage of carbapenem-
resistant organisms. Furthermore, >5-mm differences in the inhibition zone between MER disks without and with the inhibi-
tors (PBA, EDTA, or both) were considered positive results for detecting Klebsiella pneumoniae carbapenemase (KPC), metallo-
�-lactamase (MBL), or both carbapenemases, respectively. For comparison, rectal suspensions were tested using MacConkey
plates with ertapenem (MacERT) disks and PCR (PCR-S) for carbapenemase genes. Of the 189 samples, 97 were genotypically
confirmed as CPE positive by one of the three protocols tested. The CDT, MacERT disks, and PCR-S assays exhibited sensitivities
of 94.8%, 96.9%, and 94.8% and specificities of 100%, 98.9%, and 100%, respectively, for detecting CPE-positive swabs. More-
over, the CDT correctly differentiated the production of KPC, MBL, or both carbapenemases in 78 of the 97 (80.4%) CPE-posi-
tive rectal swabs. Our results demonstrate that the CDT may provide a simple and inexpensive method for detecting and differ-
entiating the carbapenemase type within a single day without requiring further testing and additional delay, supporting the
timely implementation of infection control measures.

The ongoing dissemination of carbapenemase-producing En-
terobacteriaceae (CPE) represents a significant public health

issue in many regions of the world. Early detection and infection
control strategies are key factors for successfully restricting the
further spread of CPE (1–3). Toward this goal, surveillance cul-
tures have been applied effectively as part of the multifaceted na-
tionwide interventional strategies contributing to a decrease in the
CPE prevalence in countries where it is highly endemic (4). Fur-
thermore, the prompt identification of CPE carriers at the hospital
level may guide the recognition of cases brought into the hospital
and may allow the early cohorting of colonized patients, thus as-
sisting in the control of hospital epidemics (5–8). In addition, the
identification of an individual patient’s carriage status provides
information about patients at risk for CPE infections who should
be monitored closely, and it facilitates the administration of ap-
propriate empirical treatments (9, 10).

Several approaches have been developed for rectal screen-
ing. In-house-prepared protocols include selective agar plates
with impregnated carbapenems or with carbapenem disks (11–
13). These approaches have been applied with or without initial
broth enrichment, which causes an additional delay, while its
performance still remains controversial (12, 13). Several chro-
mogenic media, such as CHROMagar KPC and Colorex KPC
(CHROMagar, Paris, France) (11, 14–16), Brilliance CRE
(Oxoid, Basingstoke, United Kingdom) (14, 17), and chromID
Carba (bioMérieux, Marcy l’Etoile, France) (16, 18), have also
been used for the active screening of carbapenem-resistant En-
terobacteriaceae (CRE) or CPE. In addition, the specific culture
medium Supercarba was developed and evaluated for the de-
tection of CPE (14, 19), while the nonspecific chromogenic

medium chromID extended-spectrum �-lactamase (ESBL)
(bioMérieux) has been applied for CRE detection (16, 20).
These culture-based techniques exhibited variable perfor-
mance characteristics; while they detect carbapenem-resistant
organisms, they cannot differentiate the carbapenemase type
present in the same day, requiring subsequent phenotypic or
molecular testing of isolated colonies, with a further delay of at
least 1 day (21). Rapid and specific PCR techniques have also been
used to directly identify the carbapenemase type (15, 22–25); how-
ever, they do not yield isolates for susceptibility testing, they are not
widely applicable, and they are relatively costly.

We have previously shown that a meropenem combined disk
test (CDT) provides a simple and accurate phenotypic method for
the specific differentiation of Enterobacteriaceae isolates possess-
ing Klebsiella pneumoniae carbapenemases (KPCs), metallo-�-
lactamases (MBLs), or both carbapenemase types (26). The aim of
the present study was to evaluate this method as an easy and low-
cost approach for the rapid detection of CPE and the differentia-
tion of carbapenemase types directly from rectal swabs.
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MATERIALS AND METHODS
Setting, patients, and surveillance samples. Rectal swab specimens were
collected from patients hospitalized between September 2010 and Febru-
ary 2012 at Tzaneio General Hospital, a 480-bed tertiary hospital, as part
of an active surveillance program for CPE. This program included rectal
screening of patients at high risk for CPE carriage: (i) intensive care unit
(ICU) patients at admission and weekly, (ii) patients admitted from other
institutions or hospitalized during the previous year, (iii) patients with
CPE-positive clinical samples, and (iv) contacts of known CPE carriers,
defined as patients hospitalized in the same ward or having received care
from the same medical or nursing staff. Only the first positive sample per
patient was included in the analysis. The rectal sample was collected with
a nylon-flocked swab with 5 ml of Amies gel transport medium. The swab
was inserted 2 to 3 cm into the rectum, rotated several times, and placed in
the tube with the gel transport medium. The tube was directly transferred
to the laboratory and then processed.

Rectal screening protocols. Each swab containing a sample was sus-
pended in 1 ml sterile saline by rotating and agitating it several times to
release the microorganisms. Each suspension was subsequently cultured
onto two MacConkey agar plates using separate swabs, and bacterial
growth was evaluated after an overnight (18- to 24-h) incubation at 37°C
in ambient air. The first plate was streaked to four quadrants for colony
isolation, and two 10-�g ertapenem (MacERT) disks were added at the
junction of the first/second and second/third quadrants; an inhibition
zone of �27 mm was considered indicative of carbapenem resistance, as
suggested previously (13). The second plate was streaked for confluent
growth, and the CDT was applied using four 10-�g meropenem (MER)
disks (Oxoid, Basingstoke, United Kingdom), including a MER disk
alone, a MER disk plus 10 �l of 40 mg/ml phenyl boronic acid (PBA)
(Sigma-Aldrich, Steinheim, Germany) for KPC inhibition, a MER disk
plus 10 �l of 0.1 M EDTA (Sigma-Aldrich) for MBL inhibition, and a
MER disk plus both PBA and EDTA for simultaneous inhibition of KPC
(by PBA) and MBL (by EDTA) (26). MER disks were set about 30 mm
apart. The inhibition zone of �25 mm around the MER disk alone was the
optimal breakpoint, exhibiting the best performance for CPE detection. A
difference of �5 mm in the inhibition zone between the MER disk with-
out and with the inhibitors (PBA, EDTA, or both), taking also into ac-
count scattered colonies within the inhibition halo, was considered a pos-
itive result for the detection of KPC, MBL, or both carbapenemases,
respectively (Fig. 1). Only lactose-fermenting colonies were evaluated.
Several enterobacterial colonies with different morphotypes grown
around the MER and ERT disks were picked up, subcultured, identified to
the species level, and subjected to susceptibility testing by the Vitek 2

automated system (bioMérieux, Marcy l’Étoile, France). These colonies
were also tested phenotypically for carbapenemase production (26) that
was further confirmed by PCRs for genes encoding carbapenemases
(VIM, KPC, IMP, NDM, and OXA-48) (27). PCR-negative isolates were
further tested by the modified Hodge test (MHT) according to CLSI
guidelines in order to exclude the presence of other carbapenemases not
amplified by the PCR primers used.

In addition, DNA was extracted directly from the same rectal suspen-
sions using a QIAamp DNA mini kit (Qiagen, Inc., Valencia, CA) and was
subjected to PCR for the carbapenemase genes (PCR-S) mentioned above.

Limits of CPE differentiation by the CDT screening protocol. The
limits of differentiation (LODs) were determined by spiking CPE-nega-
tive rectal swabs, as determined by PCR-S. Nine previously well-charac-
terized CPE strains from our collections that consisted of four KPC-pos-
itive K. pneumoniae clinical strains (meropenem MICs, 2, 8, 16, and �32
�g/ml), three VIM-positive K. pneumoniae clinical strains (meropenem
MICs, 2, 4, and 16 �g/ml), one KPC- and VIM-positive K. pneumoniae
clinical strain (meropenem MIC, 16 �g/ml), and one OXA-48-positive K.
pneumoniae clinical strain (meropenem MIC, 1 �g/ml) were used to as-
sess the LOD of the carbapenemase present by the CDT protocol. These
strains were thawed, subcultured onto MacConkey plates before use, and
suspended in saline to the density of a 0.5 McFarland standard, followed
by serial 10-fold dilutions. An aliquot of 100 �l from each dilution (�107

CFU and lower) was suspended in 900 �l of a CPE-negative rectal suspen-
sion and then swabbed onto the CDT plates and also onto the MacConkey
plates without MER disks to estimate viable colony counts. The experi-
ments were performed in triplicate. The LOD was the lowest concentra-
tion of each strain that resulted in the differentiation of the carbapen-
emase present.

Sensitivity and specificity. The sensitivity, specificity, positive predic-
tive value (PPV), negative predictive value (NPV), and overall accuracy
were calculated for each of the screening methods. True-positive results
for carbapenemase production were considered to be all samples yielding
presumptive positive CPE colonies by any of the two MacConkey culture
methods described above that were confirmed by PCR testing on isolated
colonies or positive for carbapenemase genes by PCR-S. False-positive
results were considered to be all presumptive CPE colonies by the CDT
and MacERT disks that were CPE negative by confirmatory PCR assays.
False-negative results for each individual culture-based protocol were
considered to be those not yielding presumptive CPE colonies but being
CPE positive by PCR-S or the other culture-based method. False-negative
samples by PCR-S were considered to be those having negative PCR-S
results but yielding genotypically confirmed CPE colonies by any of the
two culture-based protocols. Furthermore, the results of the CDT were
evaluated for the accurate identification of the specific carbapenemase
type present, as defined by the PCR-S and/or PCR confirmatory assays on
isolated colonies.

RESULTS
Detection of CPE isolates in surveillance rectal swabs. A total of
189 rectal swabs, collected from 165 patients during the study
period, were included in the analysis of the present study. CPE
isolates were identified in 97 of the 189 (51.3%) swabs by at least
one of the tested protocols; they were subsequently confirmed by
phenotypic and molecular assays to be 60 KPC positive, 9 VIM
positive, 25 KPC and VIM positive, and 3 OXA-48 positive. In
particular, the CDT detected as CPE positive 92 of the 97 samples
(sensitivity, 94.8%), of which 57 were shown to be KPC positive, 9
to be MBL positive, 25 to be KPC and MBL positive, and 1
OXA-48 to be positive; no false-positive results were produced
(specificity, 100%). By the MacERT protocol, 94 CPE-positive
samples were identified (sensitivity, 96.9%; 58 KPC positive, 9
MBL positive, 25 KPC and MBL positive, and 2 OXA-48 positive),
and one false-positive result was noted (specificity, 98.9%). Lastly,

FIG 1 Appearance of a CDT positive for KPC-producing CPE. Inhibition
zone diameters were 19 mm for the meropenem (MER) disk, 20 mm for the
MER disk � EDTA, 29 mm for the MER disk � phenyl boronic acid (PBA),
and 31 mm for the MER disk � PBA � EDTA. MEM, meropenem 10 mg.
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the PCR-S assays yielded 92 CPE-positive samples (sensitivity,
94.8%; 56 KPC positive, 9 MBL positive, 24 KPC and MBL posi-
tive, and 3 OXA-48 positive) and no false-positive results. The
performance characteristics of the protocols tested are presented
in Table 1. Of the 97 CPE-positive samples, 87 (89.7%) were de-
tected by all three methods tested, while 8 (8.2%) and 2 (2.1%)
were detected by two methods and one method, respectively.

The 94 samples that were CPE positive by culture methods
yielded a total of 105 distinct CPE isolates (104 from K. pneu-
moniae and 1 from Escherichia coli). Confirmatory PCR assays
revealed that 79 of these isolates carried the blaKPC gene, 19 carried
the blaVIM gene, 5 carried the blaKPC and blaVIM genes, and 2 car-
ried the blaOXA-48 gene.

Limits of differentiation by the CDT protocol. The LODs,
determined by spiking carbapenemase-negative rectal swabs,
ranged from 4.1 � 104 to 1.8 � 107 CFU/ml of rectal suspension,
depending on the carbapenem MICs of the suspended strains. The
MBL-producing organisms had LODs ranging from 4.1 � 104 to
6 � 107 CFU/ml rectal suspension, the KPC-producing organisms
had LODs ranging from 5.6 � 104 to 8.4 � 106 CFU/ml, the KPC-
and MBL-producing organisms had an LOD of 3.8 � 105 CFU/ml,
and the OXA-48-producing organisms had an LOD of 1.8 � 107

CFU/ml.
Differentiation of carbapenemase type in surveillance rectal

swabs. The performances of the CDT and PCR-S assays for direct
differentiation of carbapenemase types in the 97 CPE-positive
swabs are presented in Table 2. The MacERT method was ex-
cluded from this analysis, as this method does not directly differ-
entiate the carbapenemase type present. Overall, the CDT cor-
rectly differentiated the carbapenemase type in 78/97 (80.4%)
CPE-positive rectal swabs: 57/60 samples with KPC only, 9/9 sam-
ples with MBL only, and 11/25 samples with KPC and MBL. On
the other hand, the PCR-S assays correctly identified the carbap-
enemase genes present in 87 of the 97 (89.7%) CPE-positive rectal
swabs. It should be noted that all 97 CPE-positive samples were
detected by either the CDT or the PCR-S assays.

The CDT and PCR-S assays produced concordant results for

the presence of CPE isolates and differentiation of carbapenemase
types in 160 of the 189 (84.7%) surveillance swabs. The analysis of
the 29 discrepant results between the CDT and PCR-S assays is
presented in Fig. 2. The CDT correctly differentiated KPC produc-
ers from producers of MBL or both enzymes in 78 of the 92
(84.8%) CDT-positive samples. Of the remaining 14 samples, the
CDT identified only KPC in 12 cases and only MBL in 2 cases.
These samples were found by the PCR-S or by PCR confirmatory
assays to be positive for the blaKPC and blaVIM genes. The PCR-S
assays produced five false-negative results; in four of them, geno-
typically confirmed KPC-producing K. pneumoniae isolates were
recovered by the CDT, and one sample was positive for two dif-
ferent CPE strains carrying the blaKPC and blaVIM genes, respec-
tively. In addition, the PCR-S assays detected only the blaKPC or
blaVIM gene in five samples positive by the CDT for both KPC and
VIM.

The turnaround time (TAT) of the CDT for specific results for
the carbapenemase type was 1 day, and no subsequent testing was
necessary. By the PCR-S assay, a specific result was available on the

TABLE 1 Performance of the three screening methods for detection of CPE in surveillance swabs

Methoda

Performance (% [95% CI])b

Sensitivity Specificity PPV NPV Accuracy

CDT 94.8 (87.8–98.0) 100 (95–100) 100 (95–100) 94.8 (87.8–98.0) 97.4 (95.1–99.6)
MacERT 96.9 (90.5–99.1) 98.9 (93.2–99.9) 98.9 (93.4–99.9) 96.8 (90.2–99.1) 97.9 (95.8–99.9)
PCR-S 94.8 (87.8–98.0) 100 (95–100) 100 (95–100) 94.8 (87.8–98.0) 97.4 (95.1–99.6)
a CDT, combined disk test; MacERT, MacConkey agar plate with an ertapenem disk; PCR-S, PCR from a rectal swab.
b CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.

TABLE 2 Ability of the CDT and PCR-S assays to directly differentiate
carbapenemase types present in 97 CPE-positive surveillance swabs

Carbapenemase type (n)

No. (%) positive bya:

CDT PCR-S

KPC (60) 57 (95) 56 (93.3)
VIM (9) 9 (100) 9 (100)
KPC � VIM (25) 11 (44) 19 (76)
OXA-48 (3) 1 (33.3) 3 (100)
Total (97) 78 (80.4) 87 (89.7)
a CDT, combined disk test; PCR-S, PCR from a rectal swab

3 swabs 
CDT-nega�ve 

PCR-S-posi�ve for KPC 

12 swabs  
CDT-posi�ve for KPC 

PCR-S-posi�ve for KPC+VIM 

2 swabs  
CDT-posi�ve for VIM 

PCR-S-posi�ve for KPC+VIM 

1 swab  

PCR-S-nega�ve 
CDT-posi�ve for KPC+VIM 

4 swabs  

PCR-S-nega�ve 
CDT-posi�ve for KPC 

3 swabs  

PCR-S-posi�ve for KPC  
CDT-posi�ve for KPC+VIM 

2 swabs  

PCR-S-posi�ve for VIM 
CDT-posi�ve for KPC+VIM 

2 swabs  

PCR-S-posi�ve for OXA-48 
CDT-nega�ve

 

Discrepant results  
29 samples 

FIG 2 Analysis of discrepant results for CPE isolates and type of carbapen-
emase present for the methods that differentiate carbapenemase types. CDT,
combined disk test; PCR-S, PCR from a rectal swab.
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same day of the sampling. On the other hand, the MacERT disk
required 1 or 2 extra days compared with the time for the CDT to
phenotypically differentiate the carbapenemase type.

It should be noted that 8 samples tested positive by PCR-S for
the blaVIM genes, which proved to be due to the presence of VIM-
producing Pseudomonas aeruginosa. These results were excluded
from our analysis, because the proposed protocol is intended for
the identification of CPE. Coincidentally, these samples were also
positive for KPC-producing CPE isolates that were correctly iden-
tified by all three methods studied.

DISCUSSION

The prompt identification of fecal CPE carriers is an integral part
of the interventional strategies required to constrain the global
threat of hospital infections due to CPE (1, 2). Several protocols,
including culture-based and molecular techniques, have been de-
veloped and evaluated in this context. A reference method for
screening for carriers has not been proposed, and the performance
of each method varies considerably between studies, depending
on the comparator method used (11, 18, 21). Thus, there is no
consensus on the optimal method for rectal screening. The cul-
ture-based methods that have been evaluated to date used either
in-house-prepared or commercially available chromogenic media
(11–16, 18–20). These methods are intended to detect the pres-
ence of carbapenem-resistant and/or carbapenemase-producing
isolates but do not provide information about the carbapenemase
type present; subsequent testing is necessary to identify the type of
carbapenemase, increasing the workload, the cost, and the turn-
around time for results.

The simultaneous occurrence or spread of different carbapen-
emase types in several countries (3, 28) necessitates the identifica-
tion of the specific enzyme to allow appropriate implementation
of patient cohorting. PCR-based assays performed directly on rec-
tal swabs exhibit high performance (15, 22–25); however, they
may not be available for routine testing in clinical laboratories,
especially in regions with low resources. To facilitate the specific
identification of CPE carriers in a routine laboratory practice, we
evaluated a simple and inexpensive in-house approach for the
rectal detection of CPE and simultaneous differentiation of KPC
and MBL production.

The bacterial loads needed to allow the differentiation of the
carbapenemase present by the CDTs, as estimated by the spiking
of CPE-negative rectal samples, were rather high, as was also re-
ported previously for disk-based screening tests (11), which are
considered somewhat less sensitive than chromogenic media for
the detection of CPE (21). The relatively high LOD of the CDT
could have been anticipated, as this protocol was originally de-
signed to be applied in isolated colonies (26), where heavy inocula
of a 0.5 McFarland standard (108 CFU/ml) are swabbed. Despite
this LOD, the CDT in our study correctly detected most CPE-
positive swabs. This might be attributed to the predictably high
bacterial loads of CPE-colonized ICU patients, whose normal
flora are significantly affected due to exposure to large doses of
antibiotics.

The proposed CDT protocol exhibited high sensitivity (94.8%)
and excellent specificity for the detection of CPE while effectively
differentiating KPC and/or MBL production. Compared with the
alternative approaches tested, the CDT had performance charac-
teristics comparable to those of the MacERT disk, and considering
that the CDT saves time and labor, it can be deemed clearly supe-

rior. Furthermore, the CDT applied in this study exhibited sensi-
tivity and specificity equal to those of the PCR-S assay, in contrast
with a recent report of an investigation of a local outbreak that
used a two-disk combined test and showed a lower sensitivity than
PCR directly from the rectal swabs (29). The CDTs exhibited five
false-negative results, which might be due either to low mero-
penem MICs, producing large inhibition zones around all mero-
penem disks, or to low-level CPE carriage. In fact, these false-
negative swabs contained three KPC-producing isolates (two had
meropenem MICs of 2 �g/ml, and one had a meropenem MIC of
4 �g/ml) and two OXA-48 producers, each having meropenem
MICs of 1 �g/ml. The PCR-S assays also exhibited five false-neg-
ative results that might be attributed to low bacterial inocula,
yielding insufficient DNA templates. It should be noted that the
CDTs overall correctly differentiated the carbapenemase type in a
relatively lower proportion of CPE-positive swabs (80.4%) than
the PCR-S assays (89.7%). However, the PCR-S assay has signifi-
cant disadvantages: it targets only specific carbapenemase genes
(25) (potentially missing genes not amplified by the primers
used), it does not reveal enzyme production, it does not yield
viable organisms for identification, susceptibility testing, and typ-
ing, and it is not suitable for application as a daily routine.

The described CDT protocol cannot differentiate other car-
bapenemase types apart from KPC and MBLs, such as OXA-48.
However, non-MBL- and non-KPC-producing CPE isolates can
be detected as colonies grown in the proximity of all disks if they
exhibit reduced susceptibility to meropenem. The performance of
our protocol for the detection of OXA-48 producers cannot be
evaluated due to the low number of positive samples. The detec-
tion of OXA-48 producers by culture-based methods is difficult
(18) due to their usually low MICs for carbapenems and expand-
ed-spectrum cephalosporins and mainly requires PCR (21). Fi-
nally, we did not evaluate the performance of CDT for the differ-
entiation of CRE isolates due to ESBL or AmpC production
combined with porin loss, as we did not detect such isolates in
surveillance samples from the survey period.

In conclusion, this simple combined disk algorithm enables
simultaneous detection and differentiation of the carbapenemase
type within 1 day of rectal screening without requiring subsequent
testing, delay, and cost, thus supporting the timely implementa-
tion of infection control measures. We believe that it is clearly
cost-effective for implementation in active CPE surveillance pro-
grams. Depending on the local epidemiology of circulating car-
bapenemase genes, this test can be applied in a simpler way by
using only 2 disks (a MER disk only and a MER disk plus PBA or a
MER disk plus EDTA).
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