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Purpose: Carbapenem-resistant Enterobacteriaceae (CRE) strains are extensively resistant
to most antibiotics. Tigecycline is one of the few effective drugs that can be used to treat
infections caused by CRE. The aim of this study was to evaluate the accuracy of different
methods for detecting the susceptibility of CRE to tigecycline.

Methods: Seven commonly used drug susceptibility testing methods were compared and
evaluated for the ability to determine CRE tigecycline susceptibility: broth microdilution
(BMD), agar dilution method (ADM), disk diffusion method, Etest, MicroScan, Vitek2
COMPACT, and BD Phoenix 100.

Results: The minimum inhibitory concentration (MIC) of tigecycline to inhibit 50% and
90% of CRE growth (MICs, and MICy,, respectively) assessed by ADM and BD Phoenix
100 was the same as that determined by the reference method, BMD. The MICs, was 2 ug/
mL, and the MICyy was 4 ng/mL. The highest number of susceptible strains was detected by
MicroScan, followed by BMD, Etest, ADM, BD Phoenix 100, Vitek2 COMPACT, and disk
diffusion method, in descending order. No significant differences were observed among the
tigecycline susceptibility results (P > 0.05) obtained from MicroScan, Etest, BD Phoenix
100, and BMD. BMD confirmed that 82.0% of strains were susceptible to tigecycline. ADM,
MicroScan, and BD Phoenix 100 yielded the categorical agreement of 96%, 92%, and 93%,
respectively. No method was found to present any very major errors (VMEs), and only the
Vitek2 COMPACT yielded major errors (MEs) greater than 3%.

Conclusion: Among the seven methods tested, the ADM, MicroScan, and BD Phoenix 100
methods were accurate for determining the tigecycline susceptibility of CRE. MicroScan was
acceptable with better performance than other methods.

Keywords: tigecycline, antibiotic susceptibility test, carbapenem-resistant Enterobacteriaceae,
CRE

Introduction

Carbapenem-resistant Enterobacteriaceae (CRE) has become an urgent and serious
threat to public health due to the lack of effective alternative treatment options."
According to the Centers for Disease Control and Prevention (CDC), CRE refers to
any member of Enterobacteriaceac when developing resistance to the carbapenem
antibiotics.” Bloodstream infections caused by CRE are associated with high
mortality rates of up to 24% to 43%, according to some studies.> Tigecycline is
one of the few remaining options for the treatment of multidrug-resistant gram-
negative bacteria, including CRE.® As the use of tigecycline increases, an
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increasing number of tigecycline-resistant strains are being
reported.”* Commonly used methods for determining tige-
cycline susceptibility include broth microdilution (BMD),
agar dilution method (ADM), disk diffusion method, Etest,
and automated microbial identification and drug suscept-
ibility systems, such as the Vitek2 COMPACT and the BD
Phoenix 100. Previous studies have shown that the out-
comes of in vitro tigecycline susceptibility testing can be
affected by the testing method used.’

Clinical microbiologists require accurate tigecycline
susceptibility results to guide clinical drug use, which
can have an important impact on the treatment strategies
used for CRE. The Clinical and Laboratory Standards
Institute (CLSI) offers no breakpoints or recommended
methods for the tigecycline susceptibility testing of
Enterobacteriaceae, and few studies have examined the
reliability of the various methods for testing the tigecy-
cline susceptibility of Enterobacteriales. Recently, Yin
et al evaluated several methods for testing the tigecycline
susceptibility of carbapenem-resistant Klebsiella pneumo-
niae (CRKP) and carbapenem-resistant Acinetobacter bau-
mannii (CRAB). The authors clarified that a modified
Kirby-Bauer (K-B) disk diffusion method was a simple,
accurate, and inexpensive method for testing tigecycline
susceptibility in CRKP and CRAB.'® However, they did
not include any tigecycline-resistant isolates in their study.
Furthermore, the CRE isolates were limited to CRKP. The
aim of the present study was to examine a variety of CRE,
species including tigecycline-resistant isolates, to evaluate
the currently available methods for determining tigecy-
including BMD, ADM, Etest
(bioMérieux, France), disk diffusion method, MicroScan
(Beckman Coulter, America), Vitek2 COMPACT
(bioMérieux, France), and BD Phoenix 100, to guide the
choice of suitable, convenient, and accurate methods for

cline susceptibility,

use in clinical laboratories.

Materials and Methods

Bacterial Isolates

In this study, a total of 100 CRE isolates obtained from
sputum (48%), blood (18%), ascites (13%), urine (13%),
bile samples (6%), and catheter tip (2%) were collected
from 2017 to 2018 at Xiangya Hospital, including 78
Klebsiella pneumoniae isolate, 10 Escherichia coli iso-
lates, 7 Enterobacter cloacae isolates, 2 Serratia marces-
cens 1isolates, 2 Klebsiella oxytoca isolates, and 1
Enterobacter aerogenes isolate. All of the strains were

identified by matrix-assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF; Bruker,
Germany), and carbapenem antimicrobial susceptibility
was determined using an AST CN16 panel (VITEK
Compact, bioMérieux, France).

CRE isolates with minimum inhibitory concentrations
(MICs) of >2 pg/mL for ertapenem or >4 pg/mL for
meropenem or imipenem were included in this study.
The E. coli strain ATCC 25922 was used as a quality
control strain for tigecycline susceptibility testing accord-
ing to CLSI recommendations.''

Antimicrobial Susceptibility Testing

The MICs of tigecycline against all strains were detected
using six methods, including BMD, ADM, and Etest
(bioMérieux, France), and three automated microbial iden-
tification and drug susceptibility systems: MicroScan
(Beckman Coulter, America), using the NUC61 type
card; Vitek2 COMPACT (bioM¢érieux, France), using the
AST-GNI16 card; and BD Phoenix 100 (Becton Dickinson,
America), using the NMIC-413 type card. The disk diffu-
sion method (Oxoid, UK) was used to detect the inhibition
zone diameter for MIC evaluation. The size of the inhibi-
tion zone is inversely proportional to the MIC. All tests
accordance  with  CLSI

were  performed  in

recommendations.'? '

For the BMD method, the strains were grown in 0.5
McFarland Standard (McF) bacterial suspension using
Mueller-Hinton broth (Oxoid, UK) and diluted 100 times.
Next, bacterial suspensions were added to broth containing
serial 2-fold dilutions of tigecycline in a 96-well flat-bottom
cell culture plate (Costar, America). For all other methods,
the strains were grown in 0.5 McF bacterial suspension
using normal saline. ADM was performed by adding various
concentrations of tigecycline-containing solutions into
Mueller-Hinton agar (Oxoid, UK), 2 pL of the bacterial
suspension was diluted 10 times and dropped onto the agar
surface. The 96-well culture plates and agar plates were
incubated at 35°C £ 2°C for 1620 hours.

To perform the disk diffusion method and Etest, the
bacterial suspension was applied to the Mueller—Hinton
agar surface with a sterile cotton swab. A disk containing
15 pg tigecycline or an Etest strip was placed onto the agar
surface. For the MicroScan, Vitek2 COMPACT, and BD
Phoenix 100 analyses, diluted suspensions were added to
the respective gram-negative bacilli susceptibility identifi-
cation cards for culture and identification, according to the
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manufacturer’s instructions and the standard operating
procedures provided for the instrument.

Data Analysis
The
Enterobacteriaceae issued by the United States Food and

tigecycline  breakpoint  interpretations for
Drug Administration (FDA) were as follows: susceptible
(S): MIC < 2 pg/mL; intermediate (I): MIC = 4 pg/mL; and
resistant (R) MIC > 8 ug/mL."> For the disk diffusion method,
an inhibition zone diameter <14 mm was classified as R,
a diameter > 19 mm was classified as S, and a diameter of
15-18 mm was classified as I. According to the interpretation
criteria, the proportions of susceptible, intermediate, and resis-
tant isolates were determined using each method. All data
analysis was performed using SPSS software (version 25.0)
with the McNemar test. A P-value < 0.05 was considered
significant.

The consistency of the results determined by all methods
was compared against those for the BMD method, which
was set as the standard method. The misclassification of
a resistant strain as susceptible was considered to be a very
major error (VME), whereas the reporting of a susceptible
strain as resistant was classified as a major error (ME). The
interpretive categories of either susceptible or resistant
strains as intermediate or vice versa was considered
a minor error (mE). Categorical agreement (CA) was eval-
uated as the percentage of isolate characterizations produced
by each method that was consistent with the results (R, S, or
I) reported for the BMD method. Essential agreement (EA)
was established when the method reported an MIC of no
more than one dilution different from that determined by the
BMD method. When CA or EA > 90% (if reporting MIC),
VME < 1.5%, and ME < 3%, the tested method was con-

sidered acceptable according to CLSI criteria.'®

Ethics
This study was reviewed and approved by the Ethics

Committee of Xiangya Hospital of Central South University
and was performed in accordance with the Declaration of
Helsinki and its amendments or comparable ethical standards.
The requirement for patient informed consent was waived
because this study only focused on the susceptibility testing
methods, and no patient information was used.

Results

In this study, we evaluated seven tigecycline susceptibility
testing methods for 100 CRE strains. The MICs, and MICy,
values, tigecycline susceptibility categories, and the rates of
CA, EA, VME, ME, and mE relative to those for the BMD
method are shown in Table 1. The MICs, and MICy, values
for the ADM and BD Phoenix 100 analyses were the same as
the reference method, BMD, which resulted in an MICs of 2
pug/mL and an MICyq of 4 pg/mL. Due to the MicroScan drug
susceptibility card that we used only included two concentra-
tions of tigecycline, the MICsy was documented as <2 pg/
mL. The MICs, of the Etest was 1.5 pg/mL below that of the
BMD evaluation. The MICy, of Vitek2 COMPACT was 8
pg/mL, which was higher than that evaluated by the BMD
method. The percentage of resistance among the tested strains
is shown in Supplementary Table 1.

As shown in Table 1, for all seven methods, the
MicroScan reported the highest number of susceptible
strains, followed by BMD, Etest, ADM, BD Phoenix
100, Vitek2 COMPACT, and the disk diffusion method,
in descending order. After paired analysis, no significant
difference was detected between the MicroScan, Etest, BD
Phoenix 100, and BMD test results (P > 0.05) for CRE
susceptibility to tigecycline. The ADM, MicroScan, and
BD Phoenix 100 yielded CA values of 96%, 92%, and

Table | Tigecycline Susceptibility Results Against |00 Enterobacteriaceae Strains Using Seven Different Testing Methods

MIC (ug/mL) Susceptibility (%) CA (%) | EA (%) Type of Error (%)

MICs, | MICy, s | R VME (%) | ME (%) | mE (%)
BMD 2 4 82 12 6 - - - - -
ADM 2 4 72 17 I 9% 9% 0 [ 5
Disk diffusion method - - 44 49 53 - 0 2 41
Etest 1.5 4 77 14 9 88 79 0 2 10
MicroScan <2 4 87 8 5 92 - 0 0 8
Vitek2 COMPACT 8 68 10 2 74 86 0 9 18
BD Phoenix 100 4 72 2 7 93 92 0 0 2

Abbreviations: MIC, minimum inhibitory concentration; BMD, broth microdilution; ADM, agar dilution method; S, susceptible; |, intermediate; R, resistant; CA, categorical

agreement; EA, essential agreement; VME, very major error; ME, major errors; mE, minor errors.
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93%, respectively. No methods resulted in VME, and only
the Vitek2 COMPACT yielded an ME rate greater
than 3%.

In contrast, the proportions of resistant and intermedi-
ate strains measured by ADM and the disk diffusion
method were higher than those identified by the BMD
method. Strains that were identified as susceptible and
intermediate by BMD were identified as resistant by
ADM, which increased the resistance rate of the strains.
In contrast, the disk diffusion method identified multiple
susceptible strains as being intermediate strains. The
Vitek2 COMPACT also returned higher resistance rates
than the BMD method. The results for all methods are
shown in Table 2.

Table 2 Comparison of Results Between the Reference Method,
BMD, and Six Other Testing Methods

BMD All
S | R
ADM S 71 | 0 72
I 10 7 0 17
R | 4 6 Il
All 82 12 6 100
Disk diffusion S 44 0 0 44
method | 36 10 3 49
R 2 2 3 7
All 82 12 6 100
Etest S 74 3 0 77
I 6 8 0 14
R 2 | 6 9
All 82 12 6 100
MicroScan S 8l 6 0 87
I | 6 | 8
R 0 0 5 5
All 82 12 6 100
Vitek2 COMPACT S 67 | 0 68
I 6 2 2 10
R 9 9 4 22
All 82 12 6 100
BD Phoenix 100 S 68 4 0 72
I 14 6 | 21
R 0 2 5 7
All 82 12 6 100

Abbreviations: BMD, broth microdilution; ADM, agar dilution method; S, suscep-
tible; |, intermediate; R, resistant.

With reference to previous CLSI standards, the accep-
table methods were identified as ADM, MicroScan, and
BD Phoenix 100. However, the ADM and BD Phoenix
100 both had high probabilities of returning mEs, at 15%
and 20%, respectively.

Discussion

This study was conducted to compare and evaluate seven
common tigecycline susceptibility testing methods for 100
CRE strains collected over a 12-month period from 2017
to 2018. Because no convenient and accurate method has
been established for tigecycline susceptibility testing in
clinical, microbiological laboratories, the identification of
an appropriate method for clinical use remains urgent.

The BMD method was used as the reference standard
for the comparison and analysis of the results returned for
the other six methods. However, the BMD method is time-
consuming and requires an experienced professional to
perform accurately. Previous studies have reported that
some factors associated with the culture medium could
affect the performance of tigecycline susceptibility testing;
therefore, fresh (<12 hours) broth was used in this
experiment.!” The different methods examined in this
study resulted in different MIC values for tigecycline
against CRE.

Studies have shown that for severe multidrug-resistant
Acinetobacter baumannii infections, the tigecycline MIC
values are more reliably determined by reference tests,
such as ADM or BMD.'® Similar to other studies, in our
study, the ADM showed better stability than other tests,
resulting in the same MICs as BMD; however, the ADM
wrongly reported 10 susceptible strains as being inter-
mediate, 1 intermediate strain as being susceptible, and 1
susceptible and 4 intermediate strains as being resistant,'”
which were inconsistent with the test results obtained
using the BMD method. Although the ADM was identified
as an acceptable method for tigecycline susceptibility test-
ing, and the mE rate was 15%, indicating that this test still
returns errors. In addition, the operation and interpretation
of results for the ADM can be complicated, making it less
commonly used in clinical practice.

Compared with the BMD, the results of the disk diffu-
sion method had a relatively high and significantly differ-
ent intermediate rate of 49%. The disk diffusion method
also had the highest probability of mEs among all tested
methods, as a large number of susceptible strains were
reported as intermediate. The disk diffusion method is
cheap, simple, and fast, which has resulted in its wide
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adoption by most clinical laboratories in China.
Intermediate results returned by this method may require
the use of additional methods for further confirmation.

Zarkotou et al considered the Etest to be consistent
with the BMD method in an experiment comparing the
BMD, Etest, MTS strip, and Vitek2 system for the detec-
tion of tigecycline susceptibility against CRE.*° In our
study, we also found that compared with the Vitek2 sys-
tem, the Etest was more consistent with the BMD method.
Casal et al reported that when interpreting the tigecycline
susceptibility results against Acinetobacter baumannii
assessed by Etest, for MICs was higher than 2 pg/mL,
especially those in the 2—4 pg/mL range, some intermedi-
ate results were reported as susceptible when using the
BMD method.”' Our experiment identified a similar phe-
nomenon, suggesting that this issue is worthy of attention.
However, the Etest is associated with high costs and is not
suitable for large-scale testing.

Automated microbial identification and drug suscept-
ibility systems are increasingly being used in clinical
practice, but these systems remain unreliable for some
drug susceptibility tests. A previous study reported that
the Vitek2 COMPACT system differed greatly from the
BMD for the determination of tigecycline MICs against
gram-negative bacilli.” In this study, most of the methods
resulted in MICsy and MICq, values similar to those for
the BMD method, whereas the Vitek2 detected an MICy,
of 8. Similarly, the resistance rate of 22% measured by the
Vitek2 was the highest among all tested methods.
Importantly, the ME (9%) rate of the Vitek2, which is
the rate at which susceptible strains are reported as being
resistant, was the highest among all tested methods.
Therefore, this method would misjudge too many strains
as being resistant. A recent phenomenon of “false resis-
tance” has been reported. Lat et al reported that the Vitek2
system had a high error rate for the tigecycline suscept-
ibility test against K. pneumoniae, whereas Huang et al
reported that the Vitek2 system was consistent when used
for tigecycline susceptibility testing against E.coli.***
However, in our study, most of the strains were
K. pneumoniae, which may explain why the Vitek2
reported an increased resistance rate.

Compared with the other two automated methods,
MicroScan was more consistent with the BMD reference
method. MicroScan was also identified as an acceptable
method according to CLSI standards. The MIC values did
not differ significantly between MicroScan and BMD,
similar to another study that examined tigecycline

susceptibility testing for gram-negative bacilli.” However,
the MicroScan misclassified 6 intermediate strains as sus-
ceptible and 1 resistant strain as intermediate, resulting in
the highest detection rate of susceptible strains. The pri-
mary disadvantage was that the concentrations of tigecy-
cline on the drug susceptibility identification card were
limited to 2 and 4 pg/mL; the addition of 1pg/mL or 8
pg/mL concentrations would increase the accuracy of the
results.

The BD Phoenix 100 was consistent with the reference
BMD method. According to existing research, the BD
Phoenix appears to provide the most accurate determination
of tigecycline susceptibility in  multidrug-resistant
Acinetobacter baumannii compared with the Vitek2 and the
MicroScan.”* In our study of Enterobacteriales, the BD
Phoenix 100 performed well, with a CA of 93%, VME and
ME values of 0%, and it qualified as one of the acceptable
methods according to CLSI criteria. However, it also com-
mitted a lot of mEs, reporting several susceptible strains as
intermediate. Although the BD Phoenix 100 had good con-
sistency, the susceptibility rate was much lower than that for
the BMD method, which was also observed in our study,
which may indicate additional tests would be necessary in
clinical practice to improve accuracy.”> One limitation of our
study was that the numbers of strains were not evenly distrib-
uted among species because CRKP is the most common CRE
species in our country. We will continue to collect more CRE
species with detailed carbapenemases genotype for future
studies.

Conclusion

Compared with the reference method, BMD, ADM was an
accurate manual method for performing tigecycline sensi-
tivity tests against CRE. Automated microbial identifica-
tion and drug susceptibility systems are convenient, and
the MicroScan system was acceptable according to CLSI
criteria, with better performance than other automated
methods. Understanding the advantages and disadvantages
of different methods will help us to select appropriate
methods to meet the intended purposes of research and
provide better and more accurate results.
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