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The accurate phenotypic detection of Klebsiella pneumoniae carbapenemase (KPC)-producing Enterobacteri-
aceae is an increasing necessity worldwide. We evaluated the performance of boronic acid combined-disk tests
using as substrate imipenem or meropenem and as inhibitor of KPC production 300 �g aminophenylboronic
acid (APBA), 600 �g APBA, or 400 �g phenylboronic acid (PBA). Tests were considered positive when an
increase in the growth-inhibitory zone around a carbapenem disk with KPC inhibitor was 5 mm or greater of
the growth-inhibitory zone diameter around the disk containing carbapenem alone. The comparison of the
combined-disk tests was performed with 112 genotypically confirmed KPC-possessing Enterobacteriaceae iso-
lates. To measure the specificity of the tests, 127 genotypically confirmed KPC-negative Enterobacteriaceae
isolates that were nonsusceptible to at least one carbapenem were chosen for testing. Using disks containing
imipenem without and with 300 �g APBA, 600 �g APBA, or 400 �g PBA, 72, 92, and 112 of the KPC producers,
respectively, gave positive results (sensitivities, 64.3%, 82.1%, and 100%, respectively). Using disks containing
meropenem without and with 300 �g APBA, 600 �g APBA, or 400 �g PBA, 87, 108, and 112 of the KPC
producers, respectively, gave positive results (sensitivities, 77.7%, 96.4%, and 100%, respectively). Among KPC
producers, the disk potentiation tests using meropenem and PBA demonstrated the largest differences in
inhibition zones (P < 0.001). All combined-disk tests correctly identified 124 of the 127 non-KPC producers
(specificity, 97.6%). This comparative study showed that PBA is the most effective inhibitor of KPC enzymes,
and its use in combined-disk tests with meropenem may give the most easily interpreted results.

Carbapenem resistance among Enterobacteriaceae clinical
isolates had been infrequent. However, during the last decade,
carbapenem resistance has emerged among Enterobacteriaceae
in health care settings and is increasingly attributed to the
production of �-lactamases capable of hydrolyzing carbapen-
ems (4). Among these enzymes, the class A Klebsiella pneu-
moniae carbapenemases (KPCs) have a rapid international
spread, being harbored predominantly by K. pneumoniae and
less frequently by other Enterobacteriaceae genera (23). The
KPC-producing pathogens have become increasingly prevalent
in the northeastern regions of the United States since the
beginning of the 2000s (5, 19) and have subsequently dissem-
inated and caused outbreaks in Israel and Greece, as well as in
large geographic areas such as South America and China (6,
20, 28, 31).

The current wide spread of KPC enzymes makes them a
potential threat to currently available antibiotic-based treat-
ments (23). It is also of note that KPCs are mostly plasmid-
encoded determinants that can easily disseminate to other

enterobacterial strains and species (9, 30, 36). Therefore, the
accurate phenotypic detection of this carbapenem resistance
mechanism is crucial for controlling the spread of KPC en-
zymes among Enterobacteriaceae. The phenotypic detection of
KPC-producing organisms was originally based on reduced
susceptibility to carbapenems, which has to be confirmed by
the modified Hodge test (MHT) (1). While the MHT was
found to be useful for the phenotypic detection of KPC en-
zymes in hospitals where these �-lactamases are endemic (1),
the test cannot discriminate between KPCs and other carbap-
enemases, and obviously, its positive predictive value for KPC
detection is low in regions where other carbapenem-hydrolyz-
ing enzymes, like metallo-�-lactamases (MBLs), are also pre-
vailing.

In that regard, boronic acid compounds have recently been
proposed to be inhibitors that can be used in disk potentiation
tests and efficiently differentiate KPC producers from those
producing MBLs or other broad-spectrum �-lactamases (12,
16, 24, 34). However, the described combined-disk methods
are often based on different substrates and boronic acid com-
pounds or concentrations, as well as on different interpretation
criteria, and therefore, their reliability for KPC detection may
vary considerably. In the present study, under the same con-
ditions, we compared the performance of the proposed bo-
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ronic acid combined-disk tests concerning their ability to de-
tect effectively KPC producers in the clinical laboratory.

MATERIALS AND METHODS

Clinical isolates. The evaluation of the boronic acid disk tests for the detection
of KPC was performed with 112 genotypically confirmed KPC-possessing Enter-
obacteriaceae isolates that belonged to different species. The collection contained
clinical isolates of K. pneumoniae (n � 89), Serratia marcescens (n � 8), Esche-
richia coli (n � 7), Enterobacter spp. (n � 5), and Klebsiella oxytoca (n � 3) (Table
1). The isolates were recovered from 2007 to 2010 from separate patients who
were hospitalized in six tertiary care hospitals located in four distinct Greek
regions (two hospitals in the broad region of Athens and one hospital each in
Thessaloniki, Larissa, and Serres) and in one Italian region (Catania).

To measure the specificity of methods to detect KPC-mediated resistance, 127
genotypically confirmed KPC-negative Enterobacteriaceae clinical isolates were
chosen for testing (Table 1). Non-KPC-possessing isolates were randomly se-
lected from among isolates that possessed MBLs, AmpCs, and/or extended-
spectrum �-lactamases (ESBLs) and were nonsusceptible to at least one of the
carbapenems (imipenem, meropenem, or ertapenem; imipenem and meropenem
MICs � 1 �g/ml; ertapenem MICs � 0.25 �g/ml) (7). These 127 isolates came
from collections held at the clinical laboratories providing KPC-positive isolates
for the present study. The identification of all isolates was confirmed by using the
API 20E system (bioMérieux, Marcy l’Etoile, France). In addition, the reference
strains K. pneumoniae NCTC 13442 and E. coli NCTC 13476, carrying OXA-48
and IMP-type carbapenemases, respectively, were included in the study.

Antimicrobial susceptibility testing and phenotypic screening. Detailed sus-
ceptibility analysis was carried out by the agar dilution method following the
CLSI guidelines and interpretative criteria (7). For tigecycline, the U.S. Food
and Drug Administration recommendation was used (susceptible, �2 �g/ml;
resistant, �8 �g/ml), and for colistin, the CLSI recommendation for Acinetobac-
ter spp. was used (susceptible, �2 �g/ml; resistant, �4 �g/ml). The MHT was
applied to detect carbapenemase production (1). The MBL Etest (AB Biodisk,
Solna, Sweden) and the combined-disk test with imipenem and EDTA (15) were
used to screen for the production of class B carbapenemases. ESBL production
was tested using the CLSI confirmatory test and a modification which uses
clavulanate in combination with boronic acid (35).

Molecular testing for �-lactamase genes. �-Lactamase genes were amplified in
single PCRs for each gene using a panel of primers for detection of all types of
MBLs (18), KPCs (22), OXA-type carbapenemases (27), plasmid-mediated
AmpCs (26), and ESBLs, including SHV, TEM, CTX-M, and GES/IBC enzymes
(37). Among Enterobacter aerogenes and Enterobacter cloacae isolates, total RNA
from logarithmic-phase-grown cultures was extracted with TRI reagent (Am-
bion, Austin, TX), and reverse transcription (RT) of 1 �g of total RNA was
performed with a ThermoScript RT-PCR system (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Derepressed AmpC-hyperproduc-
ing E. aerogenes and E. cloacae isolates were identified with quantitative
real-time PCR using the Quanti test SYBR green (Qiagen, Hilden, Germany)
and primers described previously (2, 29). The positive controls used were
previously characterized isolates from our collection carrying all types of
tested �-lactamases.

The PCR products were subjected to direct sequencing. PCR products were
purified using ExoSAP-IT reagent (USB Corporation, Cleveland, OH) and used

as templates for sequencing on both strands with an ABI Prism 377 DNA
sequencer (Applied Biosystems, Foster City, CA).

Phenotypic methods for detection of KPCs. The phenotypic detection of KPC-
possessing Enterobacteriaceae isolates was evaluated employing boronic acid
combined-disk tests that use as antibiotic substrate imipenem or meropenem and
as inhibitor of KPC production 300 �g of aminophenylboronic acid (APBA), 600
�g of APBA, or 400 �g of phenylboronic acid (PBA).

The stock solution of PBA was prepared as previously recommended (8, 34) by
dissolving PBA (benzeneboronic acid; Sigma-Aldrich, Steinheim, Germany) in
dimethyl sulfoxide and water at a concentration of 40 mg/ml. From this solution,
10 �l (containing 400 �g of PBA) was dispensed onto commercially available
antibiotic disks. The stock solutions of APBA compounds at 300 �g and 600 �g
were prepared by dissolving APBA (Sigma-Aldrich) in water at concentrations of
30 mg/ml and 60 mg/ml, respectively. From these solutions, 10 �l (containing 300
�g and 600 �g of PBA, respectively) was dispensed onto commercially available
antibiotic disks.

The combined-disk tests were performed by inoculating two Mueller-Hinton
agar plates with a sample of the tested strain. The inoculum was adjusted to a 0.5
McFarland turbidity standard (7) and was placed in one plate with disks of
imipenem (10 �g; Becton Dickinson, Sparks, MD) without and with 300 �g of
APBA, 600 �g of APBA, and 400 �g of PBA and in the other plate with disks
of meropenem (10 �g; Becton Dickinson) without and with 300 �g of APBA, 600
�g of APBA, and 400 �g of PBA. The diameter of the growth-inhibitory zone
around a carbapenem disk with boronic acid was compared with that around the
carbapenem disk without boronic acid. The test was considered positive for the
detection of KPC enzyme production when the growth-inhibitory zone diameter
around a carbapenem disk with boronic acid was 5 mm or greater of the growth-
inhibitory zone diameter around the disk containing the carbapenem alone.
Interpretation of all tests was performed by two microbiologists after incubation
of agar plates at 37°C for 18 h.

Sensitivity, specificity, and statistical analysis. The performance of the vari-
ous combined-disk tests for the detection of KPC-possessing Enterobacteriaceae
was evaluated by using PCR as the “gold standard.” For each test, the sensitivity
was calculated from the number of KPC-possessing organisms that were cor-
rectly determined, while the specificity was calculated from the number of non-
KPC-possessing organisms that were correctly determined. Positive and negative
predictive values were also calculated.

All available data were entered into a database using SPSS statistical software
(SPSS, version 15.0, for Windows; SPSS Inc., Chicago, IL). Numerical data were
analyzed using the one-way analysis of variance (ANOVA) in order to compare
the mean values. A probability equal to or less than 5% was considered statis-
tically significant.

RESULTS

Antimicrobial susceptibilities. Carbapenem MICs varied
substantially among the 112 KPC-positive isolates and ranged
from 2 to 64 �g/ml, 1 to 64 �g/ml, and 4 to �128 �g/ml for
imipenem, meropenem, and ertapenem, respectively (Table 2).
All KPC-positive isolates exhibited resistance to penicillins
(ampicillin and piperacillin), �-lactam–�-lactamase–inhibitor

TABLE 1. Strain groups and species of Enterobacteriaceae clinical isolates used in this study

Group

No. of isolates

Klebsiella
pneumoniae

Klebsiella
oxytoca

Escherichia
coli

Enterobacter
spp.

Serratia
marcescens Total

KPC and KPC/ESBLa producers (n � 112) 89 3 7 5 8 112
VIM and VIM/ESBLb producers (n � 58) 39 4 3 12 58
AmpC and AmpC/ESBLc producers (n � 47) 20 19 8 47
ESBLd producers (n � 22) 7 15 22

Total 155 7 44 25 8 239

a blaCTX-M-3 (n � 2), blaCTX-M-15 (n � 5), blaSHV-5 (n � 3), and blaSHV-12 (n � 63).
b blaCTX-M-15 (n � 6) and blaSHV-5 (n � 27).
c blaCTX-M-3 (n � 3), blaCTX-M-15 (n � 6), and blashv-5 (n � 18).
d blaCTX-M-3 (n � 3), blaCTX-M-15 (n � 17), and blaSHV-5 plus blaCTX-M-3 (n � 2).
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combinations (amoxicillin-clavulanate, piperacillin-tazobac-
tam), cefoxitin, expanded-spectrum cephalosporins (ceftazi-
dime, cefotaxime, cefepime), and aztreonam. Additionally, 101
KPC producers showed resistance to ciprofloxacin, 92 to trim-
ethoprim, 85 to amikacin, 23 to colistin, 7 to gentamicin, and 5
to tigecycline.

Among the 127 KPC-negative isolates, 74 were nonsuscep-
tible to imipenem and/or meropenem (MIC � 1 �g/ml) (Table
2). Additionally, as many as 108, 125, and 127 were nonsus-
ceptible to cefoxitin (MIC � 8 �g/ml), ceftazidime (MIC � 4
�g/ml), and cefotaxime (MIC � 1 �g/ml), respectively.

Phenotypic and molecular screening. PCR and sequencing
results showed that all 112 KPC-positive isolates contained the
KPC-2 variant, except 8 K. pneumoniae isolates that contained
the KPC-3 variant. Phenotypic testing for ESBL production
was in accordance with molecular testing and revealed that 73
of the 112 KPC-bearing isolates were additionally ESBL pro-
ducers, while the remaining 39 isolates were negative for ESBL
production. In 66 cases an SHV-type ESBL was detected, and
in 7 cases a CTX-M type ESBL was detected (Table 1). PCR
testing for other groups of ESBL genes (TEM, GES/IBC), as
well as for plasmid-mediated AmpC genes, was consistently
negative. Quantitative real-time PCR showed that compared
to control Enterobacter sp. strains containing inducible chro-
mosomal AmpCs, all 5 Enterobacter sp. KPC-positive isolates
contained stably derepressed AmpCs. It is also of note that 85
of the 112 KPC producers harbored the TEM-1 �-lactamase.

Molecular testing in combination with phenotypic testing of
the 127 non-KPC-possessing isolates showed that 58 harbored
VIM-type MBLs, 82 harbored ESBLs (45 harbored SHV types,
35 harbored CTX-M types, and 2 harbored SHV and CTX-M
types), and 47 harbored AmpC �-lactamases which belonged
in two of the six plasmid-mediated AmpC clusters (28 be-
longed to the cluster MOX-1, MOX-2, CMY-1, and CMY-8 to
CMY-11, and 19 belonged to the cluster LAT-1 to LAT-4,
CMY-2 to CMY-7, and BIL-1) (Table 1). In addition, quanti-
tative real-time PCR showed that compared to control Entero-

bacter sp. strains containing inducible chromosomal AmpCs,
all E. aerogenes and E. cloacae non-KPC-possessing isolates
produced high levels of AmpCs, which were therefore specified
to be stably derepressed AmpCs.

Boronic acid combined-disk tests. Detailed results of the
boronic acid disk tests regarding the increases in the inhibition
zone diameters of imipenem and meropenem (in mm) in the
presence of 300 �g APBA, 600 �g APBA, and 400 �g PBA for
KPC-positive and KPC-negative isolates are presented in Ta-
bles 3 and 4, respectively, while their sensitivities, specificities,
positive predictive values, and negative predictive values are
shown in Table 5. Using disks containing imipenem without
and with 300 �g APBA, 600 �g APBA, or 400 �g PBA, as
many as 72, 92, and 112 of the KPC producers, respectively,
gave positive results (sensitivities, 64.3%, 82.1%, and 100%,
respectively). PBA enhanced remarkably (mean increase, 9
mm) the activity of imipenem in all 112 KPC producers, irre-
spective of the carbapenem MICs, clearly indicating the inhib-
itory activity of PBA against KPC enzymes. Considerably lower
mean increases in the inhibition zones were obtained using as
inhibitor 300 �g or 600 �g of APBA (5 and 6 mm, respec-
tively), resulting in several false-negative results (Table 3).

Using disks containing meropenem without and with 300 �g
APBA, 600 �g APBA, or 400 �g PBA, as many as 87, 108, and
112 of the KPC producers, respectively, gave positive results
(sensitivities, 77.7%, 96.4%, and 100%, respectively). Although
few false-positive results were obtained using meropenem
disks and 600 �g APBA as inhibitor, the mean increase in the
inhibition zone differed considerably between 400 �g of PBA
(mean increase, 10 mm) and 600 �g of APBA (mean increase,
8 mm) (Table 4). Eventually, the comparative study showed
that the meropenem duplicate disk with and without 400 �g
PBA exhibits the largest differences in inhibition zone diame-
ters among KPC producers (Tables 3 and 4).

For KPC producers, the mean diameter increase in the in-
hibition zone of imipenem as well as meropenem among the
three different combined-disk tests (using as inhibitor 300 �g

TABLE 2. Distribution of carbapenem MICs for the carbapenemase-positive and carbapenemase-negative clinical isolates of the study

PCR-confirmed strain group/antimicrobial
No. of isolates with an MIC (mg/liter) of:

�0.5 0.5 1 2 4 8 16 32 64 128 �128

KPC and KPC/ESBL positive (n � 112)
Imipenem 6 17 25 31 23 10
Meropenem 2 9 21 33 23 18 6
Ertapenem 8 16 27 38 17 4 2

VIM and VIM/ESBL positive (n � 58)
Imipenem 2 4 13 16 17 5 1
Meropenem 4 6 15 18 13 2
Ertapenem 3 7 12 21 11 3 1

AmpC and AmpC/ESBL positive (n � 47)
Imipenem 8 13 11 7 5 3
Meropenem 16 12 9 6 4
Ertapenem 14 10 7 5 4 4 3

ESBL positive (n � 22)
Imipenem 6 11 4 1
Meropenem 10 8 4
Ertapenem 8 9 3 2
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APBA, 600 �g APBA, or 400 �g PBA) was shown to be
significantly different (ANOVA test; P � 0.001 both for imi-
penem and meropenem). Also, the impact of 400 �g PBA on
the increase of the inhibition zone was greater than that of the
other two inhibitors (P � 0.001 for both imipenem and mero-
penem). Furthermore, the use of 600 �g APBA as an inhibitor
resulted in a greater increase in the inhibition zone than that
given by 300 �g APBA (P � 0.001 for both imipenem and
meropenem).

All combined-disk tests employing imipenem or meropenem
correctly identified 124 of the 127 non-KPC producers (spec-
ificity, 97.6%; Tables 3 and 4). Three stably derepressed E.
aerogenes isolates harboring SHV-type ESBLs gave false-pos-
itive results with all boronic acid combined-disk tests. The
MHT has been applied in these three E. aerogenes isolates and
gave results difficult to interpret. Using MHT and meropenem
as the substrate, one of these isolates was considered weakly
positive and the remaining two isolates were considered neg-
ative, while using MHT and ertapenem as the substrate, two E.
aerogenes isolates were considered weakly positive and the
remaining one was considered negative.

Finally, the two reference strains carrying IMP-type and
OXA-48 carbapenemases showed clearly negative results for
KPC production, with all substrate-boronic acid derivative

combinations having increases in the inhibition zone ranging
from 0 to 2 mm.

DISCUSSION

Carbapenem-nonsusceptible KPC-producing Enterobacteri-
aceae strains are rapidly disseminating in several countries and
over large geographic areas (9, 19, 23). However, Enterobacte-
riaceae that produce carbapenemases of MBL types are still
widespread worldwide (4), while broad-spectrum �-lactama-
ses, such as ESBLs and plasmidic AmpCs, may also contribute
to reduced levels of susceptibility to carbapenems (13, 21, 38).
Thus, in regions where carbapenem resistance might also be
caused by other resistance mechanisms, competent and easily
interpreted tests are needed to differentiate KPC producers
(32). Indeed, the application of an accurate and simple phe-
notypic assay is the crucial first step to implement infection
control measures and ensure optimal therapeutic schemes in
regions where KPC enzymes are endemic (17).

Current studies have proposed that KPC-producing Entero-
bacteriaceae can be detected by implementing an imipenem
disk-diffusion test or testing carbapenem MICs according to
the 2010 CLSI updated criteria (3, 10). However, these meth-
ods obviously lack specificity in regions where other carbap-

TABLE 3. Detailed results of the three combined-disk tests employing imipenem with 300 �g APBA, 600 �g APBA, or 400 �g PBA against
the 112 KPC-positive and 127 non-KPC-producing isolates

�-Lactamase

Imipenem � 300 �g APBA (�5 mm) Imipenem � 600 �g APBA (�5 mm) Imipenem � 400 �g PBA (�5 mm)

Increase in
inhibition zone

diam (mm)a
No. of isolates

Increase in
inhibition zone

diam (mm)
No. of isolates

Increase in
inhibition zone

diam (mm)
No. of isolates

Range Mean
increase Positive Negative Range Mean

increase Positive Negative Range Mean
increase Positive Negative

KPC (n � 112) 2 to 8 5 72 40 3 to 9 6 92 20 5 to 12 9 112 0
VIM (n � 58) 0 to 2 0 0 58 0 to 3 0 0 58 0 to 3 1 0 58
AmpC (n � 47) �2 to 5 1 3 44 �2 to 6 0 3 44 0 to 7 2 3 44
ESBL (n � 22) �3 to 1 �1 0 22 �2 to 1 �1 0 22 0 to 3 2 0 22

Total non-KPC
(n � 127)

�3 to 5 0 3 124 �2 to 6 0 3 124 0 to 7 2 3 124

a Increase in inhibition zone diameter around imipenem disks containing �-lactamase inhibitors.

TABLE 4. Detailed results of the three combined-disk tests employing meropenem with 300 �g APBA, 600 �g APBA, and 400 �g PBA
against the 112 KPC-positive and 127 non-KPC-producing isolates

�-Lactamase

Meropenem � 300 �g APBA (�5 mm) Meropenem � 600 �g APBA (�5 mm) Meropenem � 400 �g PBA (�5 mm)

Increase in
inhibition zone

diam (mm)a
No. of isolates

Increase in
inhibition zone

diam (mm)
No. of isolates

Increase in
inhibition zone

diam (mm)
No. of isolates

Range Mean
increase Positive Negative Range Mean

increase Positive Negative Range Mean
increase Positive Negative

KPC (n � 112) 3 to 10 6 87 25 4 to 12 8 108 4 6 to 14 10 112 0
VIM (n � 58) 0 to 2 0 0 58 0 to 3 1 0 58 0 to 3 1 0 58
AmpC (n � 47) �1 to 6 1 3 44 0 to 6 2 3 44 0 to 7 2 3 44
ESBL (n � 22) �1 to 3 1 0 22 �1 to 3 1 0 22 0 to 3 2 0 22

Total non-KPC
(n � 127)

�1 to 6 1 3 124 �1 to 6 1 3 124 0 to 7 2 3 124

a Increase in inhibition zone diameter around imipenem disks containing �-lactamase inhibitors.
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enem resistance mechanisms may also exist. MHT is also a
phenotypic method that has been recommended for the detec-
tion of KPC-producing organisms (7). While the latter assay
has been found to be useful for KPC detection (1), its inter-
pretation is often difficult and subjective (3, 10, 16) and does
not distinguish between carbapenemase types (32). There is
also increasing evidence that the MHT may give false-positive
results among CTX-M ESBL-positive or AmpC-hyperproduc-
ing Enterobacteriaceae (14, 25).

Recently, there has been increasing interest in the use of
boronic acid compounds as KPC inhibitors for the phenotypic
detection of KPCs. Disk tests based on the inhibitory activity of
boronic acid have originally been described for the detection of
plasmid-mediated AmpC enzymes using as substrates various
cephamycins and oxyimino-cephalosporins (8, 11). The initial
testing of boronic acid compounds as inhibitors of KPC en-
zymes has revealed that KPC production is associated with
positive combined-disk tests using boronic acid and cefepime
and carbapenems as substrates (33). A further evaluation with
a large number of KPC-producing isolates revealed that com-
bined-disk tests using 400 �g of PBA with and without
cefepime, imipenem, or meropenem are highly sensitive and
specific for the detection of KPC enzymes (34). Combined
carbapenem disk tests using different APBA concentrations
have also been employed for the detection of KPC production.
In a collection of KPC-producing K. pneumoniae isolates, var-
ious APBA concentrations were tested, and promising results
were found using as inhibitor 300 �g of APBA and disks of
ertapenem or meropenem (12). However, in this report the
rate of KPC detection was low when APBA was combined with
imipenem. Another study used the same concentration of
APBA and concluded that the required augmentation of the
inhibition zone to detect production of class A carbapenemase
should be equal to or greater than 4 mm (24). This study has
shown that when imipenem was used as substrate, the highest
sensitivity and specificity for KPC detection were obtained.
Furthermore, combined-disk tests using meropenem and 600
�g of APBA were successfully employed for the detection of
KPCs (16). The latter study has shown some false-positive
results among AmpC hyperproducers when the required aug-

mentation of the inhibition zone of KPC detection was equal to
or greater than 4 mm.

The discrepancies in the literature regarding the substrates,
the boronic acid compounds, and the required augmentation
of the inhibition zones prompted the design of the present
study. A large collection of KPC-producing and non-KPC-
producing Enterobacteriaceae isolates with reduced susceptibil-
ity to carbapenems was used to compare combined-disk tests
based on different carbapenems and different boronic acid
compounds and concentrations. Ertapenem was not used as
substrate in the present evaluation, since ertapenem was pre-
viously found to exhibit some false-positive results among
AmpC-producing isolates which were not observed with imi-
penem or meropenem (12, 34).

The current study has shown that meropenem is a more
sensitive substrate than imipenem for the detection of KPCs,
irrespective of the boronic acid compound or concentration.
Similar findings have been observed in some of the previous
phenotypic studies employing as KPC inhibitor PBA or APBA
(12, 34). The present evaluation has also shown that 600 �g of
APBA may identify more KPC producers than 300 �g of
APBA without compromising the specificity of the method.
Moreover, it was found that the combined-disk tests using PBA
exhibit the greatest sensitivities for KPC detection, while their
specificities are equal to those of potentiation tests using
APBA at various concentrations.

It should be noted that using 400 �g PBA, the combined-
disk tests accurately detected KPC producers even in cases of
strains that exhibited very low carbapenem MICs (imipenem
and/or meropenem MIC range, 1 to 2 �g/ml). Moreover, the
PBA potentiation tests were able to identify all KPC-2- and
KPC-3-possessing Enterobacteriaceae and successfully detected
KPCs in Enterobacter sp. isolates with derepressed AmpCs that
coproduced ESBLs. It is also noteworthy that the use of PBA
was associated not only with higher sensitivities but also with
very significantly higher mean values in the increase of inhibi-
tion zones, allowing the easy interpretation of KPC-positive
samples. It should also be pointed out that in the present
evaluation, surprisingly, in some AmpC and/or ESBL produc-
ers, the inhibition zones around the disks containing carbap-
enem with 300 or 600 �g of APBA were lower than those
containing only carbapenem. Similar observations have previ-
ously been noticed in phenotypic studies using APBA for KPC
detection (16).

In the microbiological laboratory, it is vital to promptly
report any isolate with carbapenemase activity to the hos-
pital infection control team to allow the implementation of
appropriate infection control measures (17). In that respect,
the combined-disk test using meropenem and PBA is a very
convenient procedure that may be effectively used for the
detection of KPCs. Further studies will be needed to estab-
lish the efficiency of boronic acid-based tests in detecting
KPC enzymes among nonfermenting Gram-negative bacte-
ria. Efforts also have to be applied to the identification of
boronic acid compounds that more specifically inhibit the
acitivity of KPCs. The mapping of the KPC binding site may
suggest alterations to enhance the affinity of boronic acid
derivatives for KPCs.

TABLE 5. Summary of sensitivities, specificities, positive predictive
values, and negative predictive values of the combined-disk tests
using different boronic acid compounds and different antibiotic

substrates in the phenotypic detection of KPC-producing isolates

Antibiotic
substrate and
boronic acid

Sensitivity (%) Specificity (%) PPVa (%) NPVb (%)

Imipenem
APBA, 300 �g 64.3 97.6 96.0 75.6
APBA, 600 �g 82.1 97.6 96.8 86.1
PBA, 400 �g 100 97.6 97.4 100

Meropenem
APBA, 300 �g 77.7 97.6 96.7 83.2
APBA, 600 �g 96.4 97.6 97.3 96.9
PBA, 400 �g 100 97.6 97.4 100

a PPV, positive predictive value.
b NPV, negative predictive value.
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