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Tigecycline is one of the few remaining therapeutic options for extensively drug-resistant (XDR) Gram-negative bacilli (GNB).
MICs of tigecycline to Acinetobacter baumannii have been reported to be elevated when determined by the Etest compared to
determinations by the broth microdilution (BMD) method. The study aim was to compare the susceptibility of GNB to tigecy-
cline by four different testing methods. GNB were collected from six health care systems (25 hospitals) in southeast Michigan
from January 2010 to September 2011. Tigecycline MICs among A. baumannii, carbapenem-resistant Enterobacteriaceae (CRE),
extended-spectrum �-lactamase (ESBL)-producing Enterobacteriaceae, and susceptible Enterobacteriaceae isolates were deter-
mined by Etest, BMD, Vitek-2, and MicroScan. Nonsusceptibility was categorized as a tigecycline MIC of >4 �g/ml for both A.
baumannii and Enterobacteriaceae. The study included 4,427 isolates: 2,065 ESBL-producing Enterobacteriaceae, 1,105 A. bau-
mannii, 888 susceptible Enterobacteriaceae, and 369 CRE isolates. Tigecycline nonsusceptibility among A. baumannii isolates
was significantly more common as determined by Etest compared to that determined by BMD (odds ratio [OR], 10.3; P < 0.001),
MicroScan (OR, 12.4; P < 0.001), or Vitek-2 (OR, 9.4; P < 0.001). These differences were not evident with the other pathogens.
Tigecycline MICs varied greatly according to the in vitro testing methods among A. baumannii isolates. Etest should probably
not be used by laboratories for tigecycline MIC testing of A. baumannii isolates, since MICs are significantly elevated with Etest
compared to those determined by the three other methods.

Infections due to multidrug-resistant (MDR) and extensively
drug-resistant (XDR) Gram-negative bacillus (GNB) patho-

gens, such as extended-spectrum �-lactamase (ESBL)-producing
Enterobacteriaceae, Acinetobacter baumannii, and carbapenem-re-
sistant Enterobacteriaceae (CRE), continue to increase worldwide
and pose significant management challenges due to the lack of
available therapeutic alternatives (1–4). These infections are asso-
ciated with devastating outcomes, and they place a huge burden
on and threaten the general population (1, 2, 5–8). Tigecycline is
one of the few available agents that possess antimicrobial activity
against these resistant pathogens (9–14). Tigecycline has a rela-
tively safe therapeutic profile compared to that of other agents that
often have activity against these pathogens (e.g., polymyxins and
aminoglycosides) (3, 15). However, tigecycline has limitations as a
therapeutic agent. It achieves low serum levels, and data pertain-
ing to the effective treatment of invasive infections with tigecy-
cline are lacking (1–3, 13). Recent meta-analyses and reports from
the U.S. Food and Drug Administration have detailed an in-
creased mortality risk among subjects receiving tigecycline in clin-
ical trials (13, 14, 16). Due to the lack of options, tigecycline is still
frequently used for the treatment of clinical infections due to A.
baumannii and CRE, often with similar and, in some instances,
favorable clinical efficacy compared to that of other available ther-
apeutic options (3).

In the past years, several in vitro studies reported a worrisome
trend of elevated MICs to tigecycline among A. baumannii (17),

ESBL producers (18), and CRE (19). For A. baumannii, elevated
resistance was reported even in locales where the drug had not yet
been introduced into clinical use (17). The MIC determinations in
these reports were obtained by using Etest strips for in vitro sus-
ceptibility testing (17). When in vitro analyses compared MICs
obtained using the Etest with those obtained using the broth mi-
crodilution (BMD) method, major discordances were reported.
Pillar and colleagues (20) reported comparisons between Etest
and BMD for in vitro susceptibility testing results among 227 U.S.
A. baumannii isolates and 902 Klebsiella pneumoniae and Esche-
richia coli isolates. The differences in results obtained by the dif-
ferent methods were mostly evident among the A. baumannii iso-
lates. Results obtained via Etest resulted in a �4-fold increase in
MIC in 29% of the isolates. Among the 43% of A. baumannii
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strains considered resistant by Etest, none had an MIC in the re-
sistant range when tested by BMD (20). In a study by Casal and
colleagues (21), the MICs for A. baumannii isolates (n � 148)
determined by Etest were completely discordant compared to
those determined by BMD. Among the isolates with an MIC of �2
mg/liter determined by Etest, values were at least 2 dilutions lower
when determined by BMD. It was hypothesized that high concen-
trations of manganese in Mueller-Hinton agar plates might have
been responsible for the increased MICs of tigecycline to A. bau-
mannii isolates determined by Etest (22).

It is important that MICs for the “last-line” agents such as
tigecycline be accurately determined. The issues pertaining to ac-
curate susceptibility testing for tigecycline are especially urgent
because many institutions use Etest to determine tigecycline
MICs, as not all automated susceptibility-testing methods have
tigecycline on their panels/cards. We therefore designed this mul-
ticenter study in order to compare the MIC results determined by
four different susceptibility-testing methodologies for tigecycline
to A. baumannii isolates, as well as to a variety of other GNB.

MATERIALS AND METHODS
A multicenter prospective investigation was conducted in southeastern
Michigan between 1 January 2010 and 31 August 2011. Six health care
systems participated, i.e., Detroit Medical Center (DMC), Henry Ford
hospitals network, St. Joseph Mercy Hospital, St. John Providence Health
System, University of Michigan Health System, and Oakwood Healthcare
institutions. A total of 25 hospitals within these health systems partici-
pated. The Department of Infection Prevention, Epidemiology, and An-
timicrobial Stewardship at the DMC served as the central coordinating
unit for all data and organisms, storage, testing, and analyses. The study
was approved separately in each health care system by the local institu-
tional review boards, and the data were deidentified prior to transfer to the
coordinating unit.

Unique clinical isolates of A. baumannii, K. pneumoniae, and E. coli
(both ESBL and non-ESBL producing) and of CRE (K. pneumoniae, E.
coli, and Enterobacter species) were prospectively collected. CRE were de-
fined as any of the aforementioned bacteria that were resistant to �1
carbapenem or were carbapenemase producers (determined by the mod-
ified Hodge test, conducted in accordance with the 2009 Clinical and
Laboratory Standards Institute [CLSI] criteria [23]). ESBL production
was determined by the automated system and confirmed with the double
disk diffusion test (23). The centers were asked to collect all resistant
isolates (i.e., A. baumannii, ESBL-producing Enterobacteriaceae, and
CRE) but were limited to 150 susceptible isolates per health system (col-
lected randomly). For the purposes of this analysis, susceptible Enterobac-
teriaceae were those that were susceptible to third-generation cephalospo-
rins and lacked detectable ESBL production. Isolates were tested for
susceptibility to tigecycline by four different methods: MicroScan (Sie-
mens, Germany), Etest (bioMérieux, France), Vitek-2 (bioMérieux,
France), and BMD. All susceptibility testing was conducted at the DMC,
except for Vitek-2 testing, which was conducted at the Henry Ford Med-
ical Center. All Etest analyses were performed using the BBL brand of
Mueller-Hinton agar previously determined to have a lower manganese
content than that of other brands (22). All susceptibility testing and inter-
pretations were conducted according to the 2009 CLSI criteria and rec-
ommendations (23). There are no CLSI Enterobacteriaceae MIC break-
points for tigecycline (23), so the FDA breakpoints for susceptible (MIC �
2 mg/liter), intermediate (4 mg/liter), and resistant (MIC � 8 mg/liter)
were used to categorize tigecycline susceptibility (Enterobacteriaceae
strains with an MIC of �4 mg/liter were considered to be nonsusceptible).
No MIC breakpoints exist for tigecycline to Acinetobacter spp. The com-
mon practice at the participating centers at the time of the study was to use
the same FDA breakpoints that were set for Enterobacteriaceae for A. bau- T
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mannii as well (i.e., an isolate with an MIC of �4 mg/liter was considered
nonsusceptible).

All statistical analyses were performed using IBM-SPSS 20 (Chicago,
IL, USA). Throughout the text, the percentages that are displayed are the
valid percentages, which exclude missing data from the denominator.
Bivariate analyses were performed using Fisher’s exact test or the chi-
square test for categorical variables and the independent samples t test, or
the Mann-Whitney U test for continuous variables. All P values were two
sided. We used several definitions in order to display the correlations
between Etest and the other susceptibility-testing methods (20): (i) essen-
tial agreement was determined if the Etest MICs were either identical to or
1 doubling dilution from the MIC of the test to which Etest was being
compared, (ii) a minor error was determined if the isolate was interpreted
by Etest as intermediate (MIC � 4 mg/liter) but was either susceptible
(MIC � 2 mg/liter) or resistant (MIC � 8 mg/liter) by the test to which
Etest was being compared, (iii) a major error was determined when the
isolate was interpreted as false resistant (nonsusceptible) by Etest (MIC �
4 mg/liter), and (iv) a very major error was determined when the isolate
was interpreted as falsely susceptible (MIC � 2 mg/liter) by Etest.

RESULTS

In total, 4,427 patients’ unique Gram-negative isolates were col-
lected, including 2,065 ESBL-producing Enterobacteriaceae, 1,105
strains of A. baumannii, 888 strains of susceptible Enterobacteria-
ceae, and 369 strains of CRE. Tables 1 and 2 display the tigecycline
susceptibilities and MICs determined by the four different testing
methodologies.

Nonsusceptibility among A. baumannii isolates was signifi-
cantly more common when determined by Etest than when deter-
mined with BMD (59.8% versus 11.9%; odds ratio [OR], 10.3; P �
0.001), MicroScan (59.8% versus 6.9%; OR, 12.4; P � 0.001), or
Vitek-2 (59.8% versus 36.1%; OR, 9.4, P � 0.001); the median
MICs were significantly elevated when testing was conducted us-
ing Etest (P � 0.001 for all comparisons). The rate of nonsuscep-
tibility measured by Vitek-2 among A. baumannii isolates was also
significantly elevated compared to those measured by BMD
(36.1% versus 11.9%; OR, 8.7; P � 0.001) and MicroScan (36.1%
versus 6.9%; OR, 10.6; P � 0.001).

In contrast, among Enterobacteriaceae isolates (ESBL-produc-
ing Enterobacteriaceae, CRE, or susceptible isolates), the discor-
dances and variations in MIC testing between Etest and the BMD-
based methods (BMD and MicroScan) were not as notable. For
some Enterobacteriaceae, the MICs determined by Etest were ac-
tually lower than the MICs determined by the other methods (Ta-
bles 1 and 2).

Additional significant variations were evident among the CRE
isolates, as the rates of resistance and the MICs of tigecycline were
significantly higher when the MICs were measured by Vitek-2
than when they were measured by BMD (21.3% versus 7.8%, re-

spectively, were resistant; OR, 16.7; P � 0.001), MicroScan (21.3%
versus 9.1%, respectively, were resistant; OR, 178.8; P � 0.001),
and Etest (21.3% versus 7.8%, respectively, were resistant; OR,
21.6; P � 0.001). There were multiple other minor variations

TABLE 2 MICs to tigecycline among patient unique Gram-negatives determined by various testing methodologiesa

Organism

Etest BMDb MicroScan Vitek-2

MIC
Range MIC50 MIC90

MIC
Range MIC50 MIC90

MIC
Range MIC50 MIC90

MIC
Range MIC50 MIC90

A. baumannii (n � 1,105) 0.12–48 3 8 0.06–16 1 4 �1–8 �1 2 0.25–16 2 4
ESBL-producing Enterobacteriaceaec (n � 2,065) 0.03–24 0.5 1.5 0.03–16 0.25 1 �1–8 �1 �1 0.25–16 �0.5 1
CREd (n � 369) 0.19–32 2 3 0.12–32 1 2 �1–8 �1 �1 0.25–32 2 2
Susceptible Enterobacteriaceae (n � 888) 0.09–12 �0.5 1.5 0.05–8 0.25 1 �1–4 �1 �1 �0.25–16 0.25 1
a n � 4,427.
b BMD, broth microdilution.
c ESBL, extended-spectrum �-lactamase.
d CRE, carbapenem-resistant Enterobacteriaceae.

a 

b 

c 

2 

4 

4 

≥8 

≥8 

≤1 

≤1 2 

BMD 

MicroScan 

14.3% 8.9% 75% 

21.8% 65.1% 46.4% 

1.5% 1.9% 35.7% 

0.3% 0.9% 8.9% 

2 

4 

4 

≥8 

≥8 

≤1 

≤1 2 

BMD 

E-test 

63.6 19.5% 94.3% 

5.3% 33.4% 62.7% 47% 

0.4% 5.2% 17.2% 

0 0.3% 0.6% 

2 

4 

4 

≥8 

≥8 

≤1 

≤1 2 

BMD 

Vitek-2 

52.2% 16.1% 90.2% 

8.1% 40.4% 63% 

1.1% 7% 19.7% 

0.6% 0.4% 1.3% 

6.1% 

40.8% 

28.6% 

24.5% 

13.6% 

26.5% 

12.9% 

0 

38.9% 

61.1% 

0 

FIG 1 Variations in the MICs of tigecycline among Acinetobacter baumannii
isolates as determined by three methodologies, Etest versus BMD (a), Vitek-2
versus BMD (b), and MicroScan versus BMD (c).
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among the various testing methodologies, but none reached sta-
tistical significance.

Figure 1a displays comparative MICs determined by Etest and
BMD for A. baumannii isolates. Figure 1b displays the variations
between the MICs determined by Vitek-2 and BMD. For both
comparisons, the discordances between the methods were partic-
ularly evident in the higher-MIC range, as determined by Etest or
Vitek-2. Figure 1c displays the variations between the MICs deter-
mined by MicroScan and BMD. Variations in the MICs were in-
significantly discordant for MicroScan and BMD.

Table 3 shows the various correlations among A. baumannii
MICs determined by Etest versus those determined by the other
methodologies. An essential agreement of only 55% was noted
between Etest and BMD; compared to MicroScan, the essential
agreement between the tests (Etest versus MicroScan) was �50%.
Major errors were noted, again, between MICs as determined by
Etest compared to the MICs determined by broth microdilution
methodologies. There were only a few very major errors when the
MICs for A. baumannii were determined by Etest. The rate of very
major errors was 2.6% when Etest was compared to Vitek-2.

DISCUSSION

This cohort consisting of nearly 4,500 Gram-negative isolates
from unique patients, collected from 25 hospitals during a 20-
month period, clearly demonstrates that discordances and ele-
vated MICs of tigecycline determined by Etests are issues that are
unique to the testing of A. baumannii isolates among the bacteria
that were trailed. MICs also varied among Enterobacteriaceae iso-
lates as a result of the susceptibility-testing methodology, but the
Etest MIC results were not exceptionally higher. The reason for
this unique phenomenon in A. baumannii has been reported be-
fore in small single-center studies (20, 21), but this report, con-
ducted on a large multicenter cohort, confirms this finding and
provides important new information. Previous reports have asso-
ciated the variation in MIC results with different compositions of
the Mueller-Hinton medium used for Etesting (particularly the
manganese concentration) (22, 24). This study demonstrates that
similar results are observed even when using testing plates with a
low manganese concentration.

One plausible explanation for the high MICs reported via the
Etest methodology might be that tigecycline heteroresistance is
particularly common among A. baumannii isolates and that het-
eroresistant colonies are identified by Etest, which elevates the

absolute MIC values (25). This theory, however, should be sub-
jected to future advanced population analysis investigations.

Interestingly, there were also significant variations among the
tigecycline MICs for A. baumannii isolates when the MICs were
determined by Vitek-2 compared to those determined by BMD.
The reason for this discordance is unclear, and it suggests that
Vitek-2 might not be appropriate for determining tigecycline
MICs for A. baumannii isolates. Clinicians who utilize Vitek-2 test
results should be aware of this issue related to tigecycline suscep-
tibility testing for A. baumannii isolates.

The discordances between MICs determined by Etest and the
other test methods are cause for concern, as many clinical micro-
biology laboratories utilize Etest for tigecycline testing of A. bau-
mannii isolates. Future studies should analyze the impact of MICs
of tigecycline determined by Etest on the outcomes of patients
with infection due to A. baumannii who are treated with tigecy-
cline. As tigecycline is often one of the only available agents avail-
able to treat some strains of A. baumannii, it is critically important
for health care providers to be aware of the limitations and discor-
dances associated with in vitro susceptibility testing performed
using the Etest methodology.
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