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Abstract Background: This study aimed to assess the performance of three commercial
panels, the ERIC Carbapenem-Resistant Enterobacteriaceae Test (ERIC CRE test), the NG-
Test CARBA 5 (NG CARBA 5), and the BD Phoenix CPO Detect Panel (CPO panel), for the detec-
tion of main types of carbapenemases among carbapenem-resistant Enterobacterales (CRE).
Methods: We collected 502 isolates of carbapenem-resistant Enterobacterales (CRE) demon-
strating intermediate or resistant profiles to at least one carbapenem antibiotic (ertapenem,
imipenem, meropenem, or doripenem). Carbapenemase genes and their specific types were
identified through multiplex PCR and sequencing methods. Subsequently, the ERIC CRE test,
CPO panel, and NG CARBA 5 assay were conducted on these isolates, and the results were
compared with those obtained from multiplex PCR.
Results: The results indicated that the ERIC CRE test exhibited an overall sensitivity and spec-
ificity of 98.1% and 93.6%, respectively, which were comparable to 99.1% and 90.6% for the NG
CARBA 5. However, the CPO panel demonstrated a sensitivity of only 56.2% in identifying
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Ambler classes, exhibiting the poorest sensitivity for class A. Moreover, while the ERIC CRE test
outperformed the NG CARBA 5 in identifying multi-gene isolates with multiple carbapenemase-
encoding genes, the CPO panel failed to accurately classify these isolates.
Conclusions: Our findings support the utilization of the ERIC CRE test as one of the methods for
detecting carbapenemases in clinical laboratories. Nonetheless, further optimization is imper-
ative for the CPO panel to enhance its accuracy in determining carbapenemase classification
and address limitations in detecting multi-gene isolates.
Copyright ª 2024, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Carbapenems, a class of broad-spectrum b-lactam antibi-
otics, are extensively used in hospitals to address instances
of treatment failure or severe infections caused by
multidrug-resistant (MDR) pathogens in patients.1 The
emergence and widespread prevalence of ESBL-producing
Enterobacterales have resulted in increased carbapenem
utilization for treating infections caused by these bacteria.2

The emergence of carbapenem-resistant Enterobacterales
(CRE) has presented significant challenges in clinical
treatments, representing a critical global public health
concern.3,4 Numerous studies have confirmed that CRE-
related infections correlate with higher mortality rates.5e8

Currently, there are two known mechanisms that lead to
carbapenem resistance. The first mechanism involves bac-
teria producing b-lactamase along a deficiency or mutation
in associated porins, which b-lactamase commonly presents
as ESBL or AmpC.9e12 The second involves bacteria gener-
ating carbapenemases, typically carried on plasmids.13

Among carbapenemase-producing Enterobacterales (CPE),
prevalent carbapenemases include Klebsiella pneumoniae
carbapenemase (KPC), New Delhi metallo-b-lactamases
(NDM), Verona integrin-encoded metallo-b-lactamases
(VIM), imipenemase (IMP), and oxacillinases (OXA). In the
Ambler b-lactamase classification, KPC belongs to class A
and is the most prevalent class A b-lactamase among gut
bacteria.14 NDM, VIM, and IMP belong to class B; these b-
lactamases can hydrolyze all types of b-lactams and are not
inhibited by known inhibitors, requiring metal ions for ac-
tivity.14,15 OXA belongs to class D and predominantly com-
prises OXA-48 and similar enzymes (OXA-48-like). OXA
displays lower hydrolytic activity against carbapenems,
often accompanying ESBL production in isolates.16

Given that carbapenemases typically reside on mobile
genetic elements, detecting carbapenemases becomes
imperative from an infection control standpoint. Moreover,
in clinical settings, different strategies can be employed to
treat various carbapenemase types. Currently, there are
several new drugs are available, exhibiting varied efficacy
against distinct carbapenemase types.17 For instance, drugs
like ceftazidime-avibactam and meropenem-nacubactam
lack efficacy against metallo-b-lactamases. Conversely,
meropenem-vaborbactam specifically targets class A b-
lactamases. Thus, accurate diagnosis of CPE infections is
critical for optimizing antimicrobial treatment and estab-
lishing effective infection control policies.
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Several novel techniques have emerged for detecting CPE
such as the modified carbapenem inactivation method
(mCIM), Carba NP-direct test, immunochromatographic
methods (lateral flow assays), matrix-assisted laser desorp-
tion ionization-time of flight mass spectrometry (MALDI-TOF
MS), PCR, whole genome sequencing, and others.18 While
some of these methods cannot distinguish between carba-
penemase types, others have not gained widespread adop-
tion in clinical laboratories or require additional steps
beyond routine procedures. Among these, the immuno-
chromatographic assay, such as the NG-Test CARBA 5 (NG
CARBA 5; NGBiotech, Guipry, France) has been validated and
offers the advantage of a short turnaround time.19,20

Conversely, the BD Phoenix CPO Detect Test (CPO penal)
has the benefit of simultaneous testing alongside routine
antimicrobial susceptibility testing.21

This study validated two relatively less documented
detection methods: the ERIC� Carbapenem Resistant
Enterobacteriaceae Test (ERIC CRE test; Dynamiker
Biotechnology, Tianjin, China), an immunochromatographic
assay, and the CPO panel. These methods were compared
to the NG CARBA 5 using PCR results as the reference
standard. Our study encompassed various species and five
common carbapenemases, including variants. Additionally,
it focused on multi-carbapenemase genes isolates that
currently lack sufficient information.
Methods

Bacteria isolates

CRE was defined as intermediate or resistant to at least one
carbapenem antibiotic (ertapenem, imipenem, mer-
openem, and doripenem), in accordance with the CLSI
guidelines.22 This determination was established based on
MIC values of �1 mg/L for ertapenem, �2 mg/L for imi-
penem, �2 mg/L for meropenem, and �2 mg/L for dor-
ipenem. The CRE isolates utilized in this study were
randomly collected from the China Medical University
Hospital (CMUH) and National Taiwan University Hospital
(NTUH) between 2019 and 2022. A total of 502 isolates were
included in present study, comprising 442 K. pneumoniae,
43 Enterobacter cloacae complex, 12 Escherichia coli, 3
Klebsiella oxytoca, 1 Klebsiella aerogenes, and 1 Serratia
marcescens. Among the 502 isolates, 30 isolates were
resistant only to ertapenem or were intermediate to the
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tested carbapenem antibiotics. All the isolates were
cultured on sheep blood plates at 37 �C for 18 h before test.
Determination of carbapenemase-encoding genes
by multiplex PCR

Isolates were initially cultured on sheep blood plates and
subsequently in tryptone soy broth at 37 �C. DNA extraction
was carried out using the QIAamp UCP Pathogen Mini Kit
(QIAGEN, Hilden, Germany) from overnight cultures.
Multiplex PCR was employed to detect eleven common
carbapenemase-encoding genes including blaIMP, blaVIM,
blaSPM, blaKPC, blaNDM, blaBIC, blaOXA-48-like, blaAIM, blaDIM,
blaGIM, and blaSIM, as previously described.23,24 In evalu-
ating the detection capabilities of NG CARBA-5, ERIC CRE
test, and CPO panel in this study, the PCR results were
considered the reference standard. Carbapenemase vari-
ants were determined by PCR followed by sequencing as
previous described24e27 and the sequences were analyzed
by the beta-lactamase database.28
ERIC CRE test

A total of 491 isolates were subjected to the ERIC CRE test
(Fig. 1), an in vitro qualitative assay designed for the
detection of the five common carbapenemase families
(KPC, NDM, OXA-48, IMP, and VIM). The test utilizes double
antibody sandwich and colloidal gold immunochromatog-
raphy (lateral flow) methods. For each isolate, 300 ml of
extraction buffer was combined with a full 1 ml inoculation
loop of bacterial samples, and 200 ml of this suspension was
then transferred into the test cassette. Results were
Figure 1. Number of isolates tested with NG CARBA 5, the
ERIC CRE test and CPO panel. The yellow circle indicates the
number of isolates tested using NG CARBA-5, the blue circle
represents the number of isolates tested using the ERIC CRE
test, and the green circle indicates the number of isolates
tested using the CPO panel.
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interpreted after a 15-min incubation at room tempera-
ture, with reliability diminishing if read after more than
30 min of incubation.

(https://en.dynamiker.com/index/index/pro_info/aid/
666.html).

NG CARBA5

A total of 477 isolates underwent testing using NG-Test�
CARBA-5 (Fig. 1), a visualmultiplex immunochromatographic
(lateral flow) qualitative assay designed to detect and
differentiate the five most prevalent carbapenemase fam-
ilies (NDM, IMP, VIM, OXA-48 and KPC) and their most clini-
cally relevant variants in less than 15 min from a bacterial
colony. The test was performed following the manufac-
turer’s operating manual (https://www.ngbiotech.com/ng-
test-carba-5/). The variants listed in the “variants
detected by NG-Test CARBA 5 in publications” section of
the NG CARBA 5 instructions are included in Table S1.

BD Phoenix CPO Detect Test (CPO panel)

A total of 269 isolates were included in the assessment of
CPO panel (Fig. 1). This automated carbapenemase detec-
tion was conducted using the BD Phoenix Automated
Microbiology System instrument (BD Diagnostic Systems)
with the Phoenix� NMIC-500 panel which includes the CPO
Detect test (CPO panel). The test was executed following
the manufacturer’s operating manual, and the CPO panel
results were interpreted utilizing a BD Phoenix algorithm.
Bacterial colonies grown on sheep blood plates were sus-
pended in Phoenix ID broth with McFarland 0.25. These
suspensions were then inoculated into the test panel. The
CPO panel provides a single result among five categories:
carbapenemase producer, Class A carbapenemase pro-
ducer, Class B carbapenemase producer, Class D carba-
penemase producer and carbapenemase negative. E. coli
ATCC 25922 and K. pneumoniae ATCC 700603 were used as
negative and positive control of carbapenemase producing
strains, respectively.

Data analysis

The 95% confidence intervals (CI) for sensitivity and speci-
ficity were calculated by using the Newcombe-Wilson
method29 with VassarStats: Statistical computation website
(http://vassarstats.net). To address the CPO panel’s
limitation in providing a single outcome, isolates with
multiple genes were excluded from sensitivity and
specificity calculations. Moreover, considering the
potential for unclassified outcomes from the CPO panel,
two scenarios were contemplated. The first scenario was
named as “unclassified as consistent,” meaning that
regardless of the Ambler class determined by PCR for the
isolate, when the CPO panel did not classify the
carbapenemase and only provided a result of
“carbapenemase producer,” it was considered a “true
positive.” The second scenario was termed “unclassified as
inconsistent,” where the result was considered a false
negative when the CPO panel did not classify the
carbapenemase.
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Given the misclassifications observed in the CPO panel,
these results were simultaneously factored in as both false
negatives and false positives when computing the overall
sensitivity and specificity. For instance, if PCR results re-
ported Ambler class B but the CPO panel indicated Ambler
class D, one false negative is counted for class B and one
false positive for class D.

Results

Carbapenemase gene profile among CRE isolates

Out of the 502 CRE isolates, 76.3% (383/502) were found to
carry carbapenemase genes (CPE) (Fig. 2). Among these
CPE isolates, the majority (93.5%, 358/383) contained a
single carbapenemase gene, whereas 6.5% (25/383) carried
multiple genes. The predominant carbapenemase gene was
blaKPC, detected in 52.7% (202/383) of the isolates followed
by blaOXA-48-like (21.7%, 83/383), blaNDM (11.0%, 42/383),
blaIMP (6.3%, 24/383), and blaVIM (1.8%, 7/383). The other
six carbapenemase genes were not detected in any isolates.
Isolates carrying blaNDM and blaIMP were mainly from the E.
cloacae complex, while the rest were from K. pneumoniae.

Among the collected isolates, five variants of blaKPC var-
iants were identified, including blaKPC-2 (n Z 209), blaKPC-17
(n Z 2), blaKPC-33 (n Z 1), blaKPC-91 (n Z 3), and blaKPC-144
(nZ 1). The prevalent blaNDM variant was blaNDM-1, observed
in 45 isolates, accompanied by four isolates carrying blaNDM-4
and two isolates with blaNDM-5. Three different variants of
blaIMP were detected: blaIMP-8 (nZ 23), blaIMP-20 (nZ 1), and
blaIMP-23 (nZ 4). For blaVIM, all five isolates carried blaVIM-1.
Additionally, 85 isolates harbored blaOXA-48 and blaOXA-181
Figure 2. Types of cabapenemases genes determined by multip
presence of more than one carbapenemase genes. Among K. p
blaKPC þ blaVIM, five blaKPC þ blaOXA-48-like, two blaNDM þ blaOXA-48-
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was detected in 7 isolates. Fifteen carbapenemase genes
were not identified with specific variant types.

Among the 119 isolates without detected carbapenem-
ase genes, nine isolates were intermediate to all the tested
carbapenem antibiotics. Additionally, 38 isolates were
resistant to only one type of carbapenem, with 21 isolates
were resistant only to ertapenem.
Sensitivity and specificity of NG CARBA-5, ERIC CRE
test, and CPO panel

The selective results obtained from the NG CARBA-5 and
the ERIC CRE test among seven CRE isolates are depicted in
Fig. 3. The NG CARBA 5 exhibited an overall sensitivity and
specificity (with 95% CI) of 99.1% (97.3e99.8%) and a
specificity of 90.6% (83.9e94.9%), while the ERIC CRE test
showed an overall sensitivity (with 95% CI) of 98.1%
(95.9e99.2%) and a specificity (with 95% CI) of 93.6%
(87.4e97%) (Table 1). The NG-CARBA 5 displayed sensitivity
and specificity exceeding 98.8% for various carbapene-
mases, except for a sensitivity of 87.5% in VIM. Similarly,
the ERIC CRE test showed a lower sensitivity in VIM (60.0%),
while other sensitivities were above 97.8%. The CPO panel
results indicated that under the “unclassified as consistent”
scenario, all three Ambler classes exhibited over 90.0%
sensitivity and specificity, with class A performing the best
(Table 2). However, under the “unclassified as inconsistent”
scenario, the sensitivity of class A dropped to only 4.4%,
with successful classification limited to only 4 KPC-carrying
isolates (Tables 2 and 4). These findings indicate the
notably poor classification ability of the CPO panel for class
A carbapenemases.
lex PCR among all the CRE isolates. “Multi-gene” indicates the
neumoniae, 11 blaKPC þ blaNDM, three blaKPC þ blaIMP, one

like, one blaIMP þ blaVIM and two blaIMP þ blaOXA-48-like.



Figure 3. Demonstration of the performance of the two lateral flow assays: (A) the ERIC CRE tes) and (B) the NG CARBA 5 for the
detection of five main carbapenemase families (KPC, NDM, OXA-48, IMP and VIM). Line 1, control (C); line 2, positive results for KPC
(K); line 3, positive results for OXA-48-like (O); line 4, positive results for VIM (V); line 5, positive results for NDM (N); line 6, positive
results for IMP (I); line 7, positive results for both KPC (K) and NDM (D); line 8, positive results for OXA-48 (O) and NDM (N).

Table 1 Comparison of the performance of the NG CARBA 5 and the ERIC CRE test with multiplex PCR.a

Results by
multiplex
PCR

NG CARBA-5 ERIC CRE test

TP FP FN TN Sensitivity
(95% CI) (%)

Specificity
(95% CI) (%)

TP FP FN TN Sensitivity
(95% CI) (%)

Specificity
(95% CI) (%)

blaKPC 220 1 2 254 99.1 (96.4e99.8) 99.6 (97.5e100.0) 215 1 3 272 98.8 (96.3e99.7) 99.6 (97.7e100.0)
blaNDM 44 5 0 428 100.0 (90.0e100.0) 98.8 (97.2e99.6) 53 0 0 438 100.0 (91.6e100.0) 100.0 (98.9e100.0)
blaIMP 23 3 0 451 100.0 (82.2e100.0) 99.3 (97.9e99.8) 28 1 0 462 100.0 (85.0e100.0) 99.8 (98.6e100.0)
blaVIM 7 0 1 469 87.5 (46.7e99.3) 100.0 (99.0e100.0) 3 4 2 482 60.0 (17.0e92.7) 99.2 (97.8e99.7)
blaOXA-48-like 85 3 0 389 100.0 (94.6e100.0) 99.2 (97.6e99.8) 90 2 2 397 97.8 (91.6e99.6) 99.5 (98.0e100.0)
Overall 346 12 3 116 99.1 (97.3e99.8) 90.6 (83.9e94.9) 359 8 7 117 98.1 (95.9e99.2) 93.6 (87.4e97.0)

a TP, true positive; FP, false positive; FN, false negative; TN, true negative.

Table 2 Comparison of the CPO Panel with multiplex PCR.a

Results by
multiplex
PCR

Unclassified as consistent Unclassified as false

TP FP FN TN Sensitivity
(95% CI) (%)

Specificity
(95% CI) (%)

TP FP FN TN Sensitivity
(95% CI) (%)

Specificity
(95% CI) (%)

Class A 86 0 4 154 95.6 (88.4e98.6) 100.0 (97.0e100.0) 4 0 86 154 4.4 (1.4e11.6) 100.0 (97.0e100.0)
Class B 65 8 7 164 90.3 (80.4e95.7) 95.3 (90.7e97.8) 64 8 8 164 88.9 (78-7-94.7) 95.3 (90.7e97.8)
Class D 72 3 8 161 90.0 (80.7e95.2) 98.2 (94.3e99.5) 68 3 12 161 85.0 (74.9e91.7) 98.2 (94.3e99.5)
Overall 223 11 19 1 92.1 (87.9e95.1) 8.3 (0.4e40.2) 136 11 106 1 56.2 (49.7e62.5) 8.3 (0.4e40.2)

a TP, true positive; FP, false positive; FN, false negative; TN, true negative.
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Table 3 The results of the CPO panel among isolates
carrying different types of carbapenemases.

Results by multiplex
PCR (no. of isolates)

CPO panel results

Positive Class A Class B Class D NDa

blaKPC (90) 82 4 0 1 3
blaNDM (42) 0 0 41 1 0
blaIMP (23) 1 0 17 1 4
blaVIM (7) 0 0 6 0 1
blaOXA-48-like (80) 4 0 7 68 1
blaKPC þ blaNDM (11) 11 0 0 0 0
blaKPC þ blaIMP (3) 2 0 0 0 1
blaKPC þ blaVIM (1) 0 1 0 0 0
blaKPC þ blaOXA-48-like (5) 2 1 0 2 0
blaNDM þ blaOXA-48-like (2) 0 0 0 2 0
blaIMP þ blaVIM (1) 0 0 1 0 0
blaIMP þ blaOXA-48-like (2) 0 0 1 1 0
NDa (2) 0 0 1 0 1
Total (269) 102 6 74 76 11

a ND, not detectable.
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Concordance of NG CARBA-5, ERIC CRE test, and
CPO panel with PCR for detecting CPE isolates

We further assessed the detection results of the NG CARBA-
5, the ERIC CRE test, and the CPO panel for CPE isolates,
focusing on discrepancies with PCR results. Table 4 and
Table S2 listed the incorrect results from the NG CARBA-5
and the ERIC CRE test. The NG CARBA-5 inconsistencies
primarily stemmed from detecting additional carbapene-
mases, mainly NDM (35.7%, 5/14), followed by OXA-48-like
with 3 isolates. Conversely, the ERIC CRE test yielded an
approximately equal number of additional and missing re-
sults. Additional detections predominantly involved VIM
(26.7%, 4/15), followed by OXA-48-like, KPC, and IMP.
Missing results mainly comprised three isolates of blaKPC
and two isolates each of blaVIM and blaOXA-48-like. Impor-
tantly, these discrepancies did not occur simultaneously
within the same isolates, i.e., a specific type of carbape-
nemases was not mistakenly identified as another.
Table 4 Discrepant results of the NG CARBA 5 and the ERIC CR

Results by multiplex PCR

NG CARBA-5

blaKPC KPC þ IMP (1), KPC þ OXA-48-like

blaNDM NDM þ OXA-48-like (1)
blaIMP NDM þ IMP (1)
blaVIM e

blaOXA-48-like IMP þ OXA-48-like (2)
blaKPC þ blaIMP KPC þ NDM þ IMP (3)
blaKPC þ blaVIM e

blaIMP þ blaVIM NDM þ IMP þ VIM (1)
NDa KPC (1), OXA-48-like (1)
Total 14/477 (2.9%)

ND, not detectable.
The bolded portions represent results that are inconsistent with the

787
Regarding the CPO panel, excluding multi-gene isolates
and unclassified results, 20 isolates did not align with PCR
outcomes (Tables 3 and S2). Among these, nine isolates did
not detect carbapenemases, one displayed an additional
result, and ten were incorrectly classified. Notably, the
most frequent misclassification was identifying OXA-48-like
as class B.

Detection among isolation carrying multiple
carbapenemases

We also noticed that there were 25 isolates harboring
more than one carbapenemase gene. To evaluate the
performance of three methods in detecting multiple
carbapenemases, 23, 24, and 25 isolates were tested
using the NG CARBA-5, the ERIC CRE test and the CPO
panel, respectively. In multi-gene isolates, except for
both blaIMP and blaVIM being categorized as class B car-
bapenemases, the CPO panel mostly displayed “carba-
penemase producer” results. Among the 10 discrepancies
observed compared to PCR results, eight isolates were
identified as producing only one class, while the remain-
ing two isolates were not detected. The NG CARBA-5
showed discrepancies with PCR in four out of 23 iso-
lates, and all of which exhibited additional detection of
NDM. In contrast, among multi-gene isolates, the ERIC
CRE test displayed the best performance among the three
methods, with only one isolate showing discordance with
PCR results (Table 4).

The carbapenemase variant types of undetected
and misidentified results

When the results of NG CARBA-5 differ from those of PCR,
it was primarily due to the detection of additional carba-
penemases. Only two isolates were not detected with KPC,
and they were both KPC-2 variant. Similarly, for the ERIC
CRE test, the undetected KPC variants were also KPC-2.
The undetected VIM and OXA-48-like variants were VIM-1
and OXA-48, respectively, representing major types prev-
alent among the collected isolates. Similar situations were
observed in the results obtained from the CPO panel.
E test using multiplex PCR as reference.

Incorrect pattern (n)

ERIC CRE test

(1), ND (2) KPC þ VIM (4), KPC þ OXA-48-like (1), ND (3)
KPC þ NDM (1)
e

ND (1)
ND (2)
e

KPC (1)
e

IMP (1), OXA-48-like (1)
15/491 (3.1%)

PCR findings.
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Apart from the previously mentioned variants, NDM-1,
IMP-8 and IMP-23 were also among the predominant
variant types.
Discussion

In this study, we compared the performance of the NG
CARBA 5, the ERIC CRE test and the CPO panel. The results
indicated that both the NG CARBA 5 and the ERIC CRE test
demonstrated high sensitivity and specificity. However, the
CPO panel exhibited good sensitivity in detecting carba-
penemases but demonstrated relatively poorer perfor-
mance in carbapenemase classification, particularly in class
A. There was no clear evidence of significant impact from
variants on the detection in the present study. For multi-
gene isolates, the ERIC CRE test exhibited superior perfor-
mance compared to the NG CARBA 5, while the CPO panel
typically failed to provide accurate classification.

In the scenario of “unclassified as consistent,” the sensi-
tivity of the CPO panel was 92.1%. Previous reports have
indicated sensitivities ranging from 90% to 100%. A large-
scale European study reported a sensitivity of 98.8%.21 Our
findings fall within this range, albeit slightly lower. However,
considering the classification results, the sensitivity for class
A was only 4.4%. Previous studies have also noted low
sensitivity for class A (27.0e85.0%).21,30e32 Since previous
studies were conducted in Europe and Singapore and mo-
lecular typingwas not performedonour isolates,wecouldn’t
determine the reason for the significantly lower sensitivity of
class A compared to other reported studies. The large-scale
European study reported a high sensitivity for class D
(91.8%).21 However, in our research, the sensitivity for class
D was 85.0%, primarily due to misidentifying OXA-48-like as
class B. Conversely, previous studies indicated lower sensi-
tivity for class B (69.0e86.7%).21,30 However, in our case, the
sensitivity for class B was higher than that of class D, at
88.9%.

Currently, there are relatively few reports available on
the performance of the NG CARBA 5 in detecting multi-gene
isolates, often with a limited number of bacterial isolates
studied.33e35 Overall, while immunochromatographic as-
says require additional handling in clinical laboratories,
they generally exhibit better sensitivity and specificity. On
the other hand, although the CPO panel allows simulta-
neous testing with AST, its capability in carbapenemase
classification is less effective.

In a validation study comparing the NG CARBA 5 and the
Xpert Carba-R,which included 30multi-gene isolates, theNG
CARBA 5 successfully detected 20 isolates.36 In contrast, in
our study, 82.6% (19/23) of multi-gene isolates were suc-
cessfully identified by the NG CARBA 5. The ERIC CRE test
achieved a detection rate of 95.8%. However, due to limi-
tations in reporting methods, the CPO panel is notably less
suitable for detecting multi-gene isolates. When genes
belong to different classes, they often cannot be identified
into a specific category, or only one category can be
determined.

This study identified five types of KPC variants: KPC-2,
KPC-17, KPC-33, KPC-91, and KPC-144. In Taiwan, KPC,
particularly the KPC-2 variant, is predominant among
carbapenem-resistant K. pneumoniae isolates.37e39 KPC-17
788
is also a commonly found variant among K. pneumoniae
isolates in Taiwan.39,40

In the “variants detected by NG-Test CARBA 5 in publi-
cations” section of the NG CARBA 5 instructions, KPC-17,
KPC-19, KPC-144, IMP-20, and IMP-23 are not listed but
they were successfully detected in this study. Additionally,
KPC-33, mentioned as potentially undetectable in the NG
CARBA 5 instructions, was successfully detected in this
study as well.

It’s noteworthy that this is the first report of KPC-33,
KPC-91 and KPC-144 being reported in Taiwan. This requires
close attention as it has been confirmed that KPC-33 and
KPC-144 exhibit resistance to ceftazidimeeavibactam.41,42

Two types of IMP variants, IMP-8 and IMP-23, were found
in K. pneumoniae in this study. The IMP-8 was reported in
Taiwan earlier than KPC-2.43 The first reported
carbapenemase-producing K. pneumoniae outbreak in
Taiwan was caused by IMP-8.44 As of now, IMP-8 remains the
predominant variant of IMP in Taiwan, with sporadic reports
of IMP-23.40,45,46 There are fewer reports regarding
carbapenemase-producing E. cloacae complex variants in
Taiwan. IMP-8 has been previously reported in this
context.8 In this study, an IMP-20 carrying-E. cloacae com-
plex isolate was identified. Limited information is available
about IMP-20, with current understanding indicating its
lower affinity for meropenem.47 Remarkably, during the
testing of this isolate, the NG CARBA 5 additionally reported
NDM. The major carbapenemase type identified in E.
cloacae complex in the present study was NDM, which is
very surprising given that, in the past, there has only been
one documented case of NDM found in E. cloacae in Taiwan,
considered to be an imported case from overseas.48

Our study has several limitations. Firstly, not all isolates
underwent all three tests. Due to challenges in obtaining
supplies, we were unable to conduct all tests for every
isolate, particularly the CPO panel. Our focus was primarily
on CPE, leading to only two carbapenemase-nonproducing
isolates being tested using the CPO panel. This limitation
hindered our ability to obtain an accurate overall specificity
for the CPO panel combination. Secondly, there were fewer
isolates of VIM, which might have contributed to the lower
sensitivity of the NG CARBA 5 and the ERIC CRE tests to-
wards VIM. Thirdly, the molecular typing of isolates was not
included in our study, so it was difficult to assess if some
isolates belong to an outbreak. Furthermore, the presence
of multi-carbapenemase genes might affect the accuracy of
experimental interpretation, as we didn’t analyze the
expression of each gene, which renders it impossible for us
to discern the reasons for the discrepancies in the test re-
sults. Additionally, the focus of the tested isolates primarily
centered on K. pneumoniae and E. cloacae complex and
carbapenem-susceptible isolates were not included in the
present study.

In conclusion, we validated that the ERIC CRE test
exhibited comparable sensitivity and specificity to the NG
CARBA 5, and even outperforms the NG CARBA 5 in
detecting multi-gene isolates. However, the CPO panel
demonstrated poor classification capability for class A
carbapenemases and tended to have misclassifications,
especially with OXA-48-like. Furthermore, the CPO panel
exhibited performance limitations in the detection of
multi-gene scenarios.
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