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Three commercial antimicrobial susceptibility testing (AST) methods were compared to broth microdilution for testing of
Staphylococcus aureus and enterococci against vancomycin, daptomycin, and linezolid. Despite high levels of categorical agree-
ment and essential agreement, vancomycin MICs determined by MicroScan were often 1 log2 concentration higher and MICs
determined by Phoenix 1 log2 concentration lower. Daptomycin MICs were 1 to 2 log2 concentrations higher by all AST meth-
ods, except Etest, potentially impacting definitive antimicrobial therapy for bloodstream infections due to these organisms.

Despite a recently reported decline in incidence, Staphylococcus
aureus is still a major cause of bacteremia and sepsis world-

wide, and up to 50% of bacteremic episodes caused by S. aureus
have been attributed to methicillin-resistant S. aureus (MRSA)
(1–5). Vancomycin is considered a cornerstone for the empirical
treatment of bloodstream infections (BSI) due to Gram-positive
bacteria and, specifically, for the treatment of bacteremia due to
MRSA (6). In 2006, the Clinical and Laboratories Standards Insti-
tute (CLSI) adjusted the susceptibility and resistance breakpoints
for vancomycin MICs against S. aureus: the breakpoint for suscep-
tible (S) results was lowered from �4 �g/ml to �2 �g/ml, the
breakpoint for intermediate (I) results was changed from 8 to 16
�g/ml to 4 to 8 �g/ml, and the breakpoint for resistant (R) results
was changed from �32 �g/ml to �16 �g/ml (7, 8). However,
clinical failures with vancomycin treatment for MRSA bacteremia
still occur with isolates having MICs within the susceptible range
(9–12). Recognized clinical treatment failure with vancomycin
has prompted the use of high-dose vancomycin treatment regi-
mens and the use of alternate antimicrobial agents (12–15). While
recent guidelines suggest that changes in treatment for MRSA bac-
teremia should not be based solely on vancomycin MICs, the use
of alternate antimicrobial agents is recommended for certain clin-
ical settings when vancomycin MICs are �1 �g/ml (6, 16). Several
studies suggested that the determination of the vancomycin MIC
is method dependent and that, despite categorical agreement
(CA), various commercially available antimicrobial susceptibility
testing (AST) methods differ from the broth microdilution
method (BMD) in their accuracy and/or agreement in determin-
ing MICs for vancomycin (17). If certain AST methods indeed
give higher MIC values for vancomycin-susceptible MRSA iso-
lates, some health care providers may be inclined to use an alter-
nate antimicrobial agent in anticipation of vancomycin treatment
failure. The purposes of this study were to determine the distribu-
tion of MICs for vancomycin and to select alternate antimicrobial
agents against S. aureus (MRSA and methicillin-susceptible S. au-
reus [MSSA]), Enterococcus faecium, and Enterococcus faecalis and,
furthermore, to determine the accuracy of various commercially
available AST methods compared to the “gold standard” broth
microdilution method.

(This work was presented in part at the 112th General Meeting

of the American Society for Microbiology, San Francisco, CA
[18].)

During a 12-month period, AST was performed using com-
mercially available methods for testing clinical, nonduplicate iso-
lates of S. aureus (n � 150) and enterococci (n � 51) obtained
from blood cultures of unique patients hospitalized at our insti-
tution. AST was performed with the following commercial meth-
ods and systems: Etest (bioMérieux, Durham, NC); the Micro-
Scan WalkAway system; Pos Combo Panel Type 29, using the
prompt and the turbidity inoculum preparation methods (Sie-
mens Healthcare Diagnostics, West Sacramento, CA); and the
Phoenix system, panel PMIC/ID-105 (Becton, Dickinson and Co.,
Sparks, MD). All commercial AST panels were inoculated and
incubated according to the manufacturers’ specifications. For
each test run, the following quality control (QC) strains were test-
ed: S. aureus ATCC 43300 (MRSA), S. aureus ATCC 29213
(MSSA), and E. faecalis ATCC 51299 and ATCC 29212. All QC
results were within the expected ranges for each of the QC strains
tested. Upon completion of AST by the commercial methods, bac-
terial isolates were stored frozen (�70°C), and susceptibility test-
ing by the reference method was performed in a batched mode
after completion of enrollment. Prior to testing isolates by the
BMD reference method, all previously stored frozen isolates were
subcultured twice on BBL Trypticase soy agar (TSA II) with 10%
sheep blood agar (SBA) (BD Diagnostic Systems, Sparks, MD) to
ensure viability and purity before use for antimicrobial suscepti-
bility testing. The CLSI broth microdilution method (BMD) was
used as the reference method, following established guidelines
(19). Custom-designed, frozen-form AST panels were purchased
from Trek Diagnostic Systems (Thermo Fisher Scientific, Cleve-
land, OH), and CLSI-approved ATCC quality control strains were
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used for quality control and validation testing prior to panels be-
ing used. Bacterial isolates were tested using cation-adjusted Mu-
eller-Hinton broth as the test medium, according to manufactur-
er’s specifications and CLSI guidelines (19). Inoculated AST
panels were incubated for 24 h at 35°C in ambient air. Daptomy-
cin-containing wells in MIC panels contained a final concentra-
tion of approximately 50 �g of calcium/ml. The dilution ranges
(�g/ml) for all antimicrobial agents used in the BMD reference
method and all commercial AST methods were as follows: for the
MicroScan system Pos Combo panel, type 29, vancomycin, 0.25 to
16, daptomycin, 0.5 to 4, and linezolid, 1 to 4; for the Phoenix
system PMIC/ID-105 panel, vancomycin, 0.5 to 32, daptomycin,
0.25 to 4, and linezolid, 0.5 to 4; for Etest, vancomycin, daptomy-
cin, and linezolid, 0.016 to 256 (each); and for BMD, vancomycin,
0.06 to 256, daptomycin, 0.03 to 32, and linezolid, 0.03 to 32. CLSI
breakpoints for categorical susceptibility assessment of MICs were
used according to the 2012 CLSI guidelines, and essential agree-
ments (EA) (MIC � 1 log2) were assessed accordingly (7). Using
the CLSI method as the gold standard, categorical agreement (CA)
and essential agreement (EA) between the test methods was as-
sessed as described previously (20). In the absence of an interme-
diate/resistant interpretive category for daptomycin, all categori-
cal errors were defined as either major errors (false nonsusceptible
[NS]) or very major errors (false susceptible, where nonsuscep-
tible values equal resistance). Similarly, in the absence of an inter-

mediate category for testing linezolid against S. aureus, categorical
errors were either major (false resistant) or very major (false sus-
ceptible) errors. In addition, simple descriptive statistical analyses,
including t test and chi-square test analyses, were performed. The
study was approved by the Institutional Review Board of the Johns
Hopkins Medical Institutions.

MIC results, interpretative categories, and comparisons be-
tween commercial AST methods and the BMD reference method
for the 150 isolates of S. aureus are shown in Fig. 1 and for the 51
enterococcal isolates in Fig. 2. The modal MIC value for testing
staphylococci against vancomycin by BMD, Etest, and the Micro-
Scan system, irrespective of inoculum preparation method, was 1
�g/ml; for the Phoenix system, the vancomycin modal MIC was
0.5 �g/ml. For testing staphylococci against daptomycin, the
modal MIC value for BMD, Etest, and MicroScan was 0.5 �g/ml;
for the Phoenix system, the modal MIC was 0.25 �g/ml. The lin-
ezolid modal MIC was 1 �g/ml using the BMD, Etest, and Phoenix
systems; using the MicroScan system, the linezolid modal MIC
was 2 �g/ml, irrespective of the method of inoculum preparation.
The CA and EA of the four commercial methods compared with
those of the BMD method for vancomycin, daptomycin, and lin-
ezolid are shown in Table 1. Considering that the Phoenix and
MicroScan systems utilize breakpoint panels, we considered the
presence of an MIC above the breakpoint for the intermediate or
resistant category to represent agreement should the CLSI refer-
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ence method provide a more specific, higher MIC indicating an
intermediate and/or resistant result for the isolate. For AST of S.
aureus isolates against vancomycin, 100% CA was observed for the
Etest and Phoenix methods. However, for the MicroScan system,
two MRSA isolates and one MSSA isolate that were vancomycin

susceptible by the BMD method were vancomycin intermediate
by MicroScan, two by the prompt method and one by the turbidity
inoculation method (minor errors). Testing S. aureus isolates
against daptomycin, 100% CA was observed among all AST meth-
ods, except for the MicroScan system using the prompt inoculum
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preparation method. One MSSA isolate was daptomycin nonsus-
ceptible by this method, whereas the results determined by BMD
indicated the isolate was daptomycin susceptible. Despite the high
level of CA, differences in vancomycin MIC distributions for
staphylococci among all commercial AST methods, using the
CLSI BMD method as the gold standard, were statistically signif-
icant (P � 0.001), except for MicroScan using the turbidity
method (P � 0.29). MICs determined by the Etest method and
MicroScan prompt inoculum preparation method were fre-
quently 1 log2 concentration higher than MICs determined by
CLSI BMD, and MICs determined by the Phoenix were frequently
1 log2 concentration lower. In contrast, the few differences in the
daptomycin MIC distributions among all commercial AST meth-
ods were not statistically significant, except for the MicroScan
system using the prompt method for inoculation preparation
(P � 0.001); MICs determined by this method were frequently 1
log2 concentration higher than BMD MICs. A slightly higher de-
gree of variability in essential agreement between all AST methods
was observed for the enterococci tested in this study. The CA for
testing enterococci against vancomycin was 100% for Etest, Phoe-
nix, and the MicroScan prompt method and was 94% for the
MicroScan turbidity method. One isolate of E. faecium with an
MIC of 0.5 �g/ml [S] by BMD had an MIC of �16 �g/ml [R] by
the MicroScan turbidity method. Two isolates of E. faecalis had
MICs of 1 �g/ml [S] and 2 �g/ml [S] by BMD but had corre-
sponding MICs of �16 �g/ml [R] and 16 �g/ml [I] by the
MicroScan turbidity method, respectively. All three instances
were considered to be major errors. Using the BMD method as the
gold standard, there were no statistically significant differences in
the vancomycin MIC distributions among the 51 enterococci
tested by all commercial AST methods (Phoenix, P � 0.13; Etest,
P � 0.78; MicroScan prompt, P � 0.99; MicroScan turbidity, P �
0.89). We observed 100% CA among all three commercial AST
methods compared to BMD for all 29 isolates of E. faecalis against
daptomycin. One E. faecium isolate (1/22) was identified as dap-
tomycin nonsusceptible (NS) by BMD. While the one daptomy-
cin-NS isolate was correctly identified by the Phoenix method,

this method identified an additional five isolates as NS (major
errors). MicroScan using the turbidity inoculation method iden-
tified two additional isolates as daptomycin-NS, and using the
prompt inoculation method, seven isolates were identified as NS
(major errors). For all 51 enterococci, the three commercial meth-
ods more commonly resulted in daptomycin MICs that were 1 to
2 log2 concentrations higher than the MICs obtained by the BMD
method, and these differences were statistically significant (Micro-
Scan, prompt method, P � 0.001; MicroScan, turbidity method,
P � 0.026; Phoenix, P � 0.001); there was no statistically signifi-
cant difference in daptomycin MIC distribution in the compari-
sons of Etest to BMD (P � 0.0513).

Although the breakpoints for the vancomycin-susceptible cat-
egory were lowered by CLSI in 2006, some studies suggested that
these breakpoints should perhaps be lowered even further, con-
sidering the increasing number of vancomycin treatment failures
(12, 13, 17). In this regard, the accuracy of the AST results ob-
tained by the various AST methods is of critical importance. De-
spite the almost 100% CA and EA between all commercial, FDA-
approved AST methods and the BMD reference method in our
study, we found significant 1 to 2 log2 variations in the MIC values
for S. aureus and enterococci tested against vancomycin, dapto-
mycin, and linezolid. Specifically, vancomycin MICs determined
with the Phoenix system were frequently 1 log2 concentration
lower for staphylococci, whereas vancomycin MICs determined
with the MicroScan system using the prompt method for inocu-
lation preparation were frequently 1 log2 concentration higher.
Similarly, the daptomycin and linezolid MICs of S. aureus isolates
tested by the MicroScan system, specifically using the prompt in-
oculation method, were frequently 1 log2 concentration higher
than the MICs obtained by BMD (P � 0.001). Our findings were
consistent with those from other studies (17, 21). One study eval-
uated the performance of Etest, MicroScan, and the Trek Sensiti-
tre system compared to that of the CLSI BMD method for testing
of staphylococci, including 20 vancomycin-intermediate S. aureus
(VISA) isolates, against vancomycin (21). Those authors found
that vancomycin MICs determined by the CLSI BMD method

TABLE 1 Essential and categorical agreements for 4 commercial AST methods compared to the broth microdilution CLSI reference method for 150
S. aureus and 51 enterococcal isolates tested against vancomycin, daptomycin, and linezolid

Microorganism(s) ASTa method or system

Essential agreement (%) Categorical agreement (%)

Vancomycin Daptomycin Linezolid Vancomycin Daptomycin Linezolid

S. aureus (n � 150) Etest 96 100 99 100 100 100
Phoenix 99 99.3 100 100 100 100
MS—turbidity 99 100 98 100 99.3 100
MS—prompt 99 99.3 92 100 98.7 100

Enterococci (n � 51) Etest 100 96 94 100 100 94b

Phoenix 94 84 98 100 88c 95
MS—turbidity 98 90 100 94 96d 100
MS—prompt 90 96 100 94 86e 100

a Abbreviations: AST, antimicrobial susceptibility testing; MS, MicroScan system.
b Categorical agreement of 100% was observed for E. faecalis (29/29 isolates) against linezolid, whereas 86% categorical agreement was observed for E. faecium (19/22 isolates)
against linezolid.
c Categorical agreement of 97% was observed for E. faecalis (28/29 isolates) against daptomycin, whereas 77% categorical agreement was observed for E. faecium (17/22 isolates)
against daptomycin.
d Categorical agreement of 100% was observed for E. faecalis (29/29 isolates) against daptomycin, whereas 91% categorical agreement was observed for E. faecium (20/22 isolates)
against daptomycin.
e Categorical agreement of 100% was observed for E. faecalis (29/29 isolates) against daptomycin, whereas 68% categorical agreement was observed for E. faecium (15/22 isolates)
against daptomycin.

Comparison of Commercial AST Methods

June 2014 Volume 52 Number 6 jcm.asm.org 2219

http://jcm.asm.org


were frequently 1 log2 concentration lower than those determined
by Etest or MicroScan. Interestingly, those authors suggested that
the CLSI BMD method is more likely to misclassify VISA as being
vancomycin susceptible and therefore suggested verifying the
identification of VISA by either MicroScan or Etest. In their study,
which used a national repository, classification of VISA was based
on individual institutions’ AST methods, and apparently no fur-
ther testing to confirm the initial vancomycin-intermediate MIC
result of these isolates was performed. Specifically, no gene-se-
quencing analysis and/or population analysis of the MRSA isolates
was reported. The authors of that study furthermore indicated
that 2 isolates with initial MICs of 4 to 8 �g/ml had MICs of �2
�g/ml when retested by BMD at the national organism repository
site (21). An interesting observation in that study was, however,
the significant difference between the vancomycin MICs obtained
by various methods; several commercial AST methods, and spe-
cifically Etest and MicroScan, frequently produce vancomycin
MICs that are 1 log2 concentration higher than the corresponding
MICs obtained by the CLSI BMD reference method (17, 21–23).
Similarly, other studies demonstrated that various commercial
AST methods report MIC values for daptomycin that are lower
than those reported by the CLSI BMD reference method (22, 24,
25). However, Jevitt et al. described in their study that despite the
overall tendency to underestimate the daptomycin MIC by Etest, a
subset of staphylococcal isolates biased toward daptomycin-non-
susceptible isolates presented with MICs determined by Etest that
were higher than those MICs determined by the BMD method
(24). Additional studies demonstrated not only lot-related differ-
ences in daptomycin MICs for the testing of staphylococci but also
differences in categorical and essential agreements (73% to 100%)
together with various rates of very major errors (3% to 9%) and
major errors (6% to 35%) (25). In similarity to our results for
linezolid MICs, other studies described AST method-dependent
log2 variations of MICs as well as low percentages of CA and EA for
testing staphylococci against linezolid (26). With respect to anti-
microbial susceptibility testing of enterococci, few studies have
reported on the differences in the performance of various com-
mercial AST systems (26–29). One study described 100% categor-
ical agreement and 98% essential agreement for AST of entero-
cocci against vancomycin using the Phoenix system (27). The
findings of that study are concordant with the results of our inves-
tigation. In accordance with the findings of a study investigating
susceptibility of enterococci to daptomycin (28), the results from
our investigation further illustrate the fact that the MicroScan
system (prompt inoculum preparation method) has a tendency to
overestimate nonsusceptibility to daptomycin. This “discrep-
ancy” between the categorical agreement and the essential
agreement of results for enterococcal isolates tested by the
MicroScan system using the prompt inoculum preparation
method was particularly observed in enterococci with MICs at
the breakpoint of susceptible to nonsusceptible; these isolates
were considered susceptible by the BMD method but nonsus-
ceptible by the MicroScan system.

Information regarding the MICs of vancomycin is of particular
relevance to clinicians when choosing appropriate antimicrobial
therapy in cases of staphylococcal and/or enterococcal bactere-
mia/sepsis in the setting of perceived or real decreased clinical
effectiveness of vancomycin (30–35). Soriano et al. demonstrated
in their study (31) that calculation of the area under the concen-
tration-time curve over 24 h in the steady state divided by the MIC

(the AUC/MIC ratio) is the best approach to predict vancomycin
efficacy in patients with serious S. aureus infections. It is therefore
intuitive that even a 1 log2 difference in the MICs determined not
only has an impact on the AUC/MIC ratio but also has the poten-
tial to significantly impact the ability to optimize treatment (31,
36). Given the results from our study, it is important for both
laboratories and clinicians to know what type of AST system is
used for the analyses before considering changes in antimicrobial
therapy for serious, systemic MRSA infections.

There are some limitations to our study. The fact that all
isolates were obtained from a single institution may limit the
generalizability of our findings, although other institutions and
investigators have previously published similar observations.
Furthermore, the sample size was relatively small, particularly
for the enterococci. Limited enrollment of isolates may have
resulted in a bias toward E. faecalis and an underrepresentation
of linezolid-nonsusceptible isolates of S. aureus. In addition, we did
not specifically test bacterial isolates with MICs at the CLSI-de-
fined susceptibility breakpoints for specific antimicrobial agents
in order to further challenge the commercial AST systems; we
instead used clinical isolates in a real-time, clinical setting for this
performance evaluation of AST methods. Lastly, the performance
of the BMD reference method in a time-delayed, batched mode
could have affected AST results, albeit the time between storage
and AST of isolated did not in general exceed 9 months. At the
time when BMD was performed, repeat AST of a convenience
sample with commercial systems was not performed.

In summary, we determined that three commercial AST sys-
tems/methods commonly used in clinical microbiology laborato-
ries frequently produce 1 to 2 log2 differences in vancomycin and
daptomycin MICs compared to the gold standard BMD method
for susceptibility testing of staphylococci and enterococci, despite
an otherwise nearly 100% categorical agreement. In our study, the
MicroScan prompt inoculation method was less reliable in its per-
formance than the MicroScan turbidity inoculum preparation
method with respect providing accurate MIC values. Considering
that vancomycin is still considered the first choice for treatment of
serious, systemic MRSA infections, such MIC differences deter-
mined by the AST method may have implications for the choice of
recommended treatment in light of recently reported treatment
failures with vancomycin. Additional prospective clinical studies
will be necessary to determine the true impact of AST methods
and observed differences in MIC values with respect to perceived
or real vancomycin treatment failure.
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