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Three phenotypic methods (modified Hodge test, chromogenic agar, and meropenem discs combined with
specific inhibitors) used for the detection of carbapenemase activity were tested on a panel of characterized
Enterobacteriaceae expressing various f3-lactamase mechanisms. Overall, the meropenem-plus-inhibitor ap-
proach was more sensitive and specific than the other methods, despite its limitation of being unable to detect

class D carbapenemases.

The identification of carbapenemase production in Entero-
bacteriaceae that results in resistance or intermediate resis-
tance to one or more carbapenems has serious implications in
hospital infection control and/or epidemiological investiga-
tions. Several approaches for the detection of these microor-
ganisms have been described, including the modified Hodge
test (MHT) (3), chromogenic agars (1, 13, 18), and the use of
carbapenem discs with the addition of specific B-lactamase
inhibitors (7, 9, 10, 15, 16, 19, 22). In this study, we compared
these 3 approaches with a panel of characterized Enterobacte-
riaceae. The goal of this comparison was to find the most
accurate method for the detection of carbapenemase activity in
clinical isolates when these enzymes are suspected in labora-
tories after initial antimicrobial susceptibility screening.

A panel of 77 genotypically characterized strains harboring
different mechanisms of B-lactam resistance was used for this
study (Table 1). Carbapenem hydrolysis was measured by spec-
trophotometer analysis as described previously (15). MICs
were determined by the agar dilution method and Etest
(bioMérieux) and interpreted using Clinical and Laboratory
Standards Institute guidelines (3). The imipenem-EDTA
Etest (metallo-B-lactamase [MBL]-EDTA hereinafter) was
used when necessary. The sensitivities and specificities of the
inhibitor assay (7), MHT (3), and KPC chromogenic agar (Col-
orex KPC; Inverness Medical, Ottawa, Canada) in the detec-
tion of carbapenemase activity were compared. MHT was per-
formed using both meropenem and ertapenem discs (Oxoid).
Since our previous tests showed similar results for both mero-
penem and imipenem discs combined with dipicolinic acid
(DPA), aminophenylboronic acid (BA), or cloxacillin (CLX)
(data not shown), the discs used in this study (meropenem
discs [Oxoid] supplemented with DPA [M-DPA], BA [M-BA],
and CLX [M-CLX] [Sigma]) and the interpretation of the
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assays were based on a recent study by Giske et al. (7). Briefly,
an increase of 4 mm in the inhibition zone for M-BA and 5 mm
for M-CLX or M-DPA compared with the zone when the
meropenem disc was used alone were considered to be positive
results. A positive result for only M-BA indicates the presence
of a serine carbapenemase; a combination of M-BA and M-
CLX inhibitions indicates AmpC hyperproduction plus imper-
meability (AmpC+imp); an M-DPA-positive result indicates
the inhibition of a metallo-B-lactamase. The in-laboratory-pre-
pared discs were kept at —20°C; their stability was tested once
a week during 5 weeks by using the same positive controls
selected from the panel studied and comparing the results to
the results obtained with freshly prepared discs. Extended-
spectrum B-lactamase (ESBL) and carbapenemase gene
screening were performed when necessary (4, 20).
Enterobacter spp. can display a carbapenemase-resistant
phenotype that is commonly due to the combination of chro-
mosomal AmpC+imp (8, 17, 21, 23). In our panel, we included
26 Enterobacter spp. with different B-lactam resistance mecha-
nisms (Table 1). MHT detected all serine carbapenemase pro-
ducers but also the strains with AmpC-+imp, thus reducing the
specificity (Table 2). All 26 Enterobacter spp. showed positive
results on the Colorex KPC plates. The inhibitor approach was
able to detect all 4 serine carbapenemase-producing Entero-
bacter cloacae. Interestingly, synergy with the M-CLX disc (A
of 6 to 7 mm [where A is the difference between the inhibition
zones with meropenem alone and meropenem-inhibitor], sug-
gesting AmpC hyperproduction) was observed in 2 of them,
but the increase in the inhibition zones was much lower than
that observed with M-BA (A of 12 to 15 mm, KPC-2/IMI-1 and
NMC-A producers), showing a clear difference from the re-
sults for the 4 isolates displaying only AmpC+imp (see below).
The inhibitor method also allowed us to detect previously
unknown MBL activity (M-DPA positive, A of 7 mm) in 2 of
these 4 serine carbapenemase-producing isolates. The MBL-
EDTA confirmed these results (isolate M3202, imipenem
MIC = 256 pg/ml and imipenem-EDTA MIC of 12 pg/ml;
isolate M9967, imipenem = 256 pg/ml and imipenem-EDTA
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TABLE 2. Sensitivity, specificity, and positive and negative
predictive values of the methods tested”

Strain group Method SN SP PPV NPV
Enterobacter spp. MHT 1 0.73 0.33 1
Colorex 1 0.50 0.15 1
M 1 1 1 1
E. coli MHT 1 1 1 1
Colorex 1 0.82 0.67 1

M 0.80 1 1 0.90
Klebsiella spp. MHT 1 1 1 1
Colorex 1 0.54 0.56 1

M 0.93 1 1 0.93

Other MHT 0.88 1 1 0.80
Colorex 1 0.50 0.64 1
M 1 1 1 1

“ All values are relative to the genotypic characterization. MHT, modified
Hodge test; Colorex, Colorex KPC selective agar; IM, inhibitor method; SN,
sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predic-
tive value.

MIC of 64 wg/ml). PCR did not detect the most common MBL
genes (blayyp, blayy, and blaypy,), and these 2 isolates re-
main under study. The phenotype AmpC+imp was detected in
4 of 8 cases (M-BA and M-CLX positives, A of 5 to 7 mm).
This differential detection (in only 4 isolates with that pheno-
type) could be attributed to different levels of expression of the
chromosomal bla s \p.c gene.

Thirteen Escherichia coli isolates were also studied (Table
1). MHT and Colorex KPC plates detected 4 carbapenemase
producers (Table 1), but 2 plasmid-mediated AmpC producers
also grew on chromogenic agar. Using the inhibitor approach,
strong potentiation with M-DPA (A of 6 to 12 mm) was ob-
served among 3 MBL producers (2 VIM-1 and 1 NDM-1),
but the OXA-48-producing strain could not be detected with
this method; this limitation was also previously reported (7).

One Klebsiella oxytoca and 26 Klebsiella pneumoniae isolates
with different mechanisms of B-lactam resistance were in-
cluded (Table 1). MHT detected all carbapenemase producers,
while the Colorex KPC also detected most other Klebsiella
isolates (hence reducing specificity) (Table 2). The inhibitor
approach clearly detected all the KPC- and GES-5-producing
isolates (potentiation with M-BA only, A of 5 to 10 mm), as
well as one NDM-1 strain (positive result with M-DPA, A of 12
mm) but was not able to detect OXA-48. One isolate also
displayed potentiation with M-CLX (A of 6 mm), suggesting
the expression of a plasmid-mediated AmpC. Another strain
was positive for M-DPA (A of 6 mm), and the MBL activity
was confirmed by MBL-EDTA (isolate M5825, imipenem MIC
of 32 pg/ml and imipenem-EDTA MIC of 1.5 pg/ml). How-
ever, no plasmid-mediated AmpC- or carbapenemase-encod-
ing genes were detected in these last 2 isolates, and they re-
main under investigation.

The remaining 11 isolates in the collection included 1 Provi-
dencia stuartii, 1 Providencia rettgeri, 1 Salmonella sp., 2 Citro-
bacter freundii, 2 Morganella morganii, and 4 Serratia marc-
escens (Table 1). MHT could detect all serine carbapenemases,
but it failed to detect the NDM-1-producing M. morganii. All
11 isolates were positive on the Colorex KPC agar. The inhib-
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itor test detected all carbapenemase activity correctly (M-BA,
A of 4 to 8 mm, and M-DPA, A of 11 to 15 mm, detecting
serine and metallo carbapenemase activity, respectively).

The stability of in-laboratory-prepared discs, stored at
—20°C, was tested weekly for 5 weeks, using 3 controls express-
ing MBL (NDM-1, to test M-DPA discs), serine carbapen-
emase (KPC-3, for M-BA discs), and derepressed AmpC plus
porin loss (for M-BA and M-CLX discs). The activities of discs
prepared in week 1 were compared with those of freshly made
discs, and similar inhibition zones were observed for all mero-
penem-inhibitor combinations during the period studied, indi-
cating that these discs can be prepared and kept at —20°C
without losing activity.

Although new CLSI guidelines have minimized the im-
portance of phenotypic tests for clinical purposes (3), accu-
rate identification of carbapenem resistance mechanisms in
the clinical laboratory could help guide proper antibiotic ther-
apy against these Enterobacteriaceae. For example, clinical iso-
lates with a combination of mechanisms causing carbapenem
resistance (e.g., impermeability plus ESBLs and/or hyper-
produced AmpC) could still respond to carbapenem treat-
ment (5), whereas carbapenemase-producing Enterobacteri-
aceae would rule out the use of B-lactams to treat patients,
thus significantly limiting treatment options for life-threat-
ening infections. Also, the use of reliable tests for the de-
tection of carbapenemases in microbiology laboratories has
great impact on infection control and epidemiological sur-
veillance of this resistance. Accurate results obtained at this
stage followed by proper infection control measures could
prevent the dissemination of these carbapenem-resistant mi-
croorganisms in nosocomial settings. MHT is the current
method recommended by CLSI for these purposes. In the
analysis of different Enterobacteriaceae species, we found
that MHT was sensitive and able to detect carbapenemase
activity in K. pneumoniae and E. coli. However, this study
was limited by the lack of isolates expressing ESBLs (like
CTX-Ms) plus impermeability, a combination that has been
shown to display false-positive results (2, 16). Many false
positives were observed in Enterobacter spp. with this test.
Most alarming, a false negative was found in one NDM-1-
producing M. morganii isolate. Laboratories using the MHT
should be aware of these test limitations.

In this study, we found Colorex KPC to be a poor predictor
of carbapenemase activity, as our results have shown that all 29
carbapenemase producers and 39 non-carbapenemase produc-
ers grew on this selective medium. In previous studies, high
sensitivity and specificity have been assigned to a similar com-
mercial KPC chromogenic agar (CHROMagar KPC), but En-
terobacteriaceae with different B-lactam resistance mechanisms
were not included (13, 18). Considering that the Colorex KPC
is designed to detect bacteria with carbapenem resistance (In-
verness Medical technical sheet) and all isolates tested in this
study expressed reduced susceptibility/resistance to at least one
carbapenem, their detection was correct but most of the cases
were carbapenemase false positives.

The inhibitor method could specifically detect carbapen-
emase activity (i.e., KPC-2/3, GES-5, IMI-1, NMC-A, NDM-1,
and VIM-1 producers included in the bacterial collection) and
differentiate it from AmpC+imp. Using this approach, we
could distinguish serine carbapenemase activity in 2 of the
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E. cloacae isolates with derepressed AmpC, comparing differ-
ent A values obtained for M-BA and M-CLX (the A of M-BA
was double the A of M-CLX) (Table 1). The method allowed
us to identify previously unknown MBL activity in 3 isolates
and AmpC activity in 1 K. pneumoniae isolate. However, since
there are no currently known specific inhibitors for class D
carbapenemases, this method was unable to detect 2 OXA-48-
producing isolates, and their detection in suspected Enterobac-
teriaceae negative by this approach has to be performed by
molecular methods.

In conclusion, the inhibitor approach appears to be the most
accurate method in detecting all carbapenemases from class A
and B but not from class D (Table 2). Despite this limitation,
this method has proven to be best of the 3 tested in this study.
With this test, carbapenemase-producing Enterobacter spp.
could be differentiated from the isolates expressing combina-
tions of other mechanisms. Based on the specificity of the
inhibitors used (BA, CLX, and DPA), this approach could also
be used to differentiate Klebsiella spp. isolates expressing
ESBLs (e.g., CTX-M) plus impermeability, as has been re-
ported in part by Pasteran and collaborators using ertap-
enem-BA and ertapenem-oxacillin discs (16). Regardless, mo-
lecular tests must be used to confirm the phenotypic results,
which are an important tool for rapid epidemiologic or infec-
tion control purposes.

We are indebted to Prasad Rawte, Stephen Lo, and Heather Siebert
for their technical support. We are grateful to Fernando Pasteran and
Alejandra Corso for supplying some reference strains for this study.
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