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Objectives: To evaluate the proficiency of microbiology laboratories in Spain in antimicrobial susceptibility
testing (AST) of Staphylococcus spp.

Materials and methods: Eight Staphylococcus spp. with different resistance mechanisms were selected: six
Staphylococcus aureus (CC-01/mecA, CC-02/mecC, CC-03/BORSA, CC-04/MLSBi, CC-06/blaZ and CC-07/linezolid
resistant, cfr); one Staphylococcus epidermidis (CC-05/linezolid resistant, 23S rRNA mutation); and one
Staphylococcus capitis (CC-08/daptomycin non-susceptible). Fifty-one laboratories were asked to report: (i) AST
system used; (ii) antimicrobial MICs; (iii) breakpoints used (CLSI or EUCAST); and (iv) clinical category. Minor, major
and very major errors (mEs, MEs and VMEs, respectively) were determined.

Results: The greatest MIC discrepancies found were: (i) by AST method: 19.4% (gradient diffusion); (ii) by anti-
microbial agent: daptomycin (21.3%) and oxacillin (20.6%); and (iii) by isolate: CC-07/cfr (48.0%). The greatest
error rates were: (i) by AST method: gradient diffusion (4.3% and 5.1% VMEs, using EUCAST and CLSI, respective-
ly); (ii) by breakpoint: 3.8% EUCAST and 2.3% CLSI; (iii) by error type: mEs (0.8% EUCAST and 1.0% CLSI), MEs
(1.8% EUCAST and 0.7% CLSI) and VMEs (1.2% EUCAST and 0.6% CLSI); (iii) by antimicrobial agent: VMEs (4.7%
linezolid and 4.3% oxacillin using EUCAST); MEs (14.3% fosfomycin, 9.1% tobramycin and 5.7% gentamicin using
EUCAST); and mEs (22.6% amikacin using EUCAST).

Conclusions: Clinical microbiology laboratories should improve their ability to determine the susceptibility
of Staphylococcus spp. to some antimicrobial agents to avoid reporting false-susceptible or false-resistant
results. The greatest discrepancies and errors were associated with gradient diffusion, EUCAST breakpoints and
some antimicrobials (mEs for aminoglycosides; MEs for fosfomycin, aminoglycosides and oxacillin; and VMEs for
linezolid and oxacillin).

Introduction

Staphylococcus aureus is one of the most common causes of
community- and hospital-acquired infections and is associated
with high morbidity and mortality. The annual epidemiological re-
port for 2017 conducted by the ECDC showed that S. aureus was
the second most common cause of ICU-acquired pneumonia and
that CoNS were the leading cause of ICU-acquired bloodstream
infections (23.6%).1

Both S. aureus and CoNS can also become resistant to many of
the antimicrobial agents used in clinical practice. One of the most
important antimicrobial resistance mechanisms described in
S. aureus is the acquisition of methicillin resistance mediated by
the mecA gene and, less frequently, by the mecC gene.2–4

Methicillin resistance among S. aureus can also be due to hyperpro-
duction of b-lactamases and, in some cases, to point mutations in
PBP genes, leading to the so-called borderline oxacillin-resistant
S. aureus (BORSA).2,3,5,6 The rates of MRSA in Europe vary
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considerably, ranging from 0% (Iceland) to 43% (Romania).7

Other resistance mechanisms reported less frequently than
oxacillin resistance, but still having a great clinical and
epidemiological impact, include: acquisition of 23S rRNA meth-
ylases encoded by a variety of erm genes, with either constitu-
tive or inducible expression, that lead to cross-resistance to
macrolides, lincosamides and streptogramin B agents (MLSBs);
linezolid resistance due to either mutations in 23S rRNA or ac-
quisition of the chloramphenicol-florfenicol resistance gene
(cfr) coding for a methyltransferase able to methylate ribo-
somes and decrease linezolid binding; and alterations of the
cell surface charge conferring daptomycin resistance.8–12

Antimicrobial susceptibility testing (AST) of staphylococci
presents certain challenges related to several factors, such as spe-
cies identification, acquired resistance mechanisms, types of anti-
microbial discs (e.g. antimicrobial activity may vary significantly
depending on the manufacturer and disc content) or the method-
ology used (e.g. broth microdilution versus disc diffusion).13–15

Another factor that can influence the susceptibility result is the
interpretation criteria used (CLSI or EUCAST).16–17

It is possible to infer the mechanisms of resistance to antimicro-
bials in staphylococci as part of the interpretative reading of the
antibiogram for epidemiological purposes.18–19 Such inference may
be particularly difficult when (i) several resistance mechanisms are
present (e.g. fluoroquinolone and aminoglycoside resistance), (ii)
the mechanism of resistance is unknown or not well understood
(e.g. resistance to daptomycin), (iii) the expression of resistance is

inducible (e.g. clindamycin resistance induced by macrolides) or (iv)
resistance is heterogeneous (e.g. oxacillin or vancomycin).

These challenges led us to perform the present study with the
aim of identifying the most frequent problems found in AST of
Staphylococcus spp. in Spanish clinical microbiology laboratories.

Materials and methods

Bacterial isolates, species identification and AST

Eight Staphylococcus spp. isolates with different mechanisms of antimicrobial
resistance were selected for this study (Table 1). Isolates were coded from
CC-01 to CC-08: CC-01 (S. aureus/mecA), CC-02 (S. aureus/mecC), CC-03 (S.
aureus/BORSA), CC-04 (S. aureus/inducible MLSB resistance), CC-05
(Staphylococcus epidermidis/linezolid resistant, 23S rRNA mutation), CC-06 (S.
aureus/penicillin resistant, blaZ positive), CC-07 (S. aureus/linezolid resistant,
cfr positive) and CC-08 (Staphylococcus capitis/daptomycin non-susceptible).
The resistance mechanism of each isolate was not revealed to the participat-
ing laboratories. All the isolates tested, except for CC-02, were collected
from patients admitted to the University Hospital Gregorio Mara~nón
(Madrid, Spain). Isolate CC-02/S. aureus mecC was a clinical isolate obtained
from a patient at the University Hospital Lucus Augusti (Lugo, Spain).

Bacterial identification, antimicrobial susceptibility and confirmation of
the mechanisms of resistance were verified independently by two clinical
microbiology reference laboratories: Hospital Universitario Virgen Macarena
(Seville, Spain) and Hospital General Universitario Gregorio Mara~nón (Madrid,
Spain). Identification was performed by conventional microbiological tests
and MALDI-TOF (Bruker Daltonics, Madrid, Spain). The antimicrobials tested
were oxacillin, cefoxitin, penicillin G, vancomycin, teicoplanin, linezolid,

Table 1. MICs (mg/L) of 21 antimicrobials against eight Staphylococcus spp. isolates obtained by the reference laboratories

Antimicrobial

CC-01
(S. aureus)

mecA

CC-02
(S. aureus)

mecC

CC-03
(S. aureus)

BORSA

CC-04
(S. aureus)

MLSBi

CC-05
(S. epidermidis)

23S rRNA
mutation

CC-06
(S. aureus)

blaZ

CC-07
(S. aureus)

cfr

CC-08
(S. capitis)

Daptomycin
non-susceptible

Oxacillin >32 4 2 16 >32 0.25 >32 0.25

Cefoxitina 64 16 4 32 128 0.5 512 1

Benzylpenicillin 128 2 2 >32 16 2 32 0.5

Vancomycin 1 1 0.5 0.5 1 0.5 1 4

Teicoplanin 0.25 0.25 0.5 �0.125 2 0.25 1 4

Linezolid 2 2 2 1 256 2 64 2

Daptomycin 0.12 0.12 0.12 0.25 0.12 0.12 0.12 4

Erythromycin 64 0.25 64 >128 8 0.125 >512 0.25

Clindamycin �0.06 0.12 �0.06 0.06 2 �0.06 >512 0.125

Ciprofloxacin 2 0.5 16 0.25 32 0.125 >32 0.25

Levofloxacin 0.5 0.25 8 0.25 8 0.12 >32 0.125

Co-trimoxazole 0.06 0.06 0.125 0.06 8 0.06 0.125 0.06

Rifampicin �0.003 �0.015 �0.003 �0.015 128 �0.015 0.015 0.015

Gentamicin �0.05 0.25 0.5 0.5 >64 0.125 >128 0.03

Tobramycin 0.5 0.25 1 0.5 >64 0.25 64 0.25

Amikacin 16 2 16 2 128 2 8 1

Tetracycline 32 0.5 0.25 0.25 1 0.25 0.125 0.125

Chloramphenicol 4 8 4 4 128 8 >128 0.25

Fusidic acid 0.06 0.06 1 0.06 8 0.06 0.06 0.06

Quinupristin/dalfopristin �0.25 0.12 0.25 0.25 0.125 0.12 4 0.25

Fosfomycin �8 �8 �8 �8 �8 �8 >64 �8

MICs shown in bold correspond to the R clinical category using EUCAST breakpoints version 8.1 whereas MICs in normal type correspond to the S category.
aNo EUCAST breakpoints are defined for cefoxitin and those defined by CLSI have been used.
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daptomycin, erythromycin, clindamycin, ciprofloxacin, levofloxacin, co-
trimoxazole, rifampicin, gentamicin, tobramycin, amikacin, tetracycline,
chloramphenicol, fusidic acid, quinupristin/dalfopristin and fosfomycin. All
the antimicrobials except fosfomycin were tested in duplicate at each refer-
ence centre by disc diffusion and broth microdilution, according to EUCAST
and CLSI guidelines.20,21 MICs of fosfomycin were determined by agar
dilution. The 2018 EUCAST and CLSI breakpoints were used for the interpret-
ation of clinical categories.20,21

Study design
Isolates were sent in Amies transport medium to 52 participating hospitals
in October 2018. One hospital did not send the results required and was not
included in the study, so the actual number of participating hospitals was
51. Six results obtained using the Wider I system, which is currently off the
market, and four results obtained by Sensititre were excluded from the
study as results from these two AST systems were not representative
(<0.1% of all the MICs reported).

The instructions specified that isolates should be treated as blood cul-
ture isolates. Participating laboratories were requested to fill in an electronic
form for each isolate, which included: (i) the laboratory system or method
used for AST; (ii) the antimicrobial susceptibility results [inhibition zone
diameters or MIC values, and clinical category: susceptible (S), intermediate
(I), if using CLSI guidelines, and resistant (R)]; (iii) the breakpoints used
(CLSI or EUCAST); and (iv) any inferred mechanism(s) responsible for the
observed phenotype of resistance.

Data analysis
The analysis of results consisted of: (i) a descriptive analysis of AST meth-
ods, breakpoints applied and clinical category assigned; (ii) an analysis
of discrepancies in MICs; (iii) an analysis of categorical error rates [minor
errors (mEs), major errors (MEs) and very major errors (VMEs)]; and (iv) the
ability of participating laboratories to accurately infer possible underlying
resistance mechanisms.22

We considered that there was a discrepancy in the MIC value of any anti-
microbial tested when the MIC provided by the participating laboratory was
not within a single 2-fold dilution (±1 doubling dilution) of the reference result.

Results

Type of AST system

Fifty out of the 51 participating laboratories performed AST using
an MIC-based system (5075 MIC determinations reported),

whereas only 1 centre used the disc diffusion method. The percen-
tages of MIC determinations obtained using the different quantita-
tive AST systems were as follows: 64.8% MicroScan WalkAway
(Beckman Coulter Inc., Brea, CA, USA); 28.4% VITEK 2 (bioMérieux,
Marcy-l’Étoile, France); 3.3% in-house broth microdilution; 2.1%
gradient strips [1.9% EtestVR (bioMérieux) and 0.2% LiofilchemVR

(Waltham, MA, USA)]; and 1.4% Phoenix (BD Biosciences, Sparks,
MD, USA).

With respect to the AST method used (Table 2), the discrepan-
cies in MIC results ranged from 19.4% (gradient strips) to 6.8%
(Phoenix). The least reliable of the AST systems tested were gradi-
ent strips and in-house broth microdilution. Using gradient strips,
the discrepancies were associated with high VMEs (4.3% using
EUCAST and 5.1% using CLSI), mainly with linezolid and daptomy-
cin. Using in-house broth microdilution, the more relevant MIC dis-
crepancies were associated with high MEs (4.8% using EUCAST),
these MEs being associated with oxacillin. For VITEK 2, MicroScan
and Phoenix, in contrast to gradient strips and in-house broth
microdilution, the discrepancies observed were associated with
low VMEs (�1.4%), MEs (�1.7%) and mEs (�1.4%). MicroScan was
the least reliable automated AST system, with the highest VMEs
(e.g. oxacillin and linezolid), MEs (e.g. tobramycin, gentamicin and
oxacillin) and mEs (e.g. amikacin). Using VITEK 2, the errors were
as follows: VMEs (e.g. erythromycin), MEs (e.g. oxacillin and
erythromycin) and mEs (e.g. oxacillin and erythromycin). Using
Phoenix, there was only one VME with linezolid and one ME with
oxacillin.

Discrepancies and categorical errors by type of
antimicrobial agent and breakpoint applied

MIC discrepancies ranged from 21.3% (daptomycin) to 0.0%
(chloramphenicol) and were unacceptably high (>10%) for dapto-
mycin, oxacillin, fosfomycin, clindamycin and penicillin G (Table 3).
The discrepancies in the MICs of daptomycin, oxacillin, fosfomycin,
clindamycin, tobramycin, quinupristin/dalfopristin, gentamicin,
amikacin, linezolid and tetracycline produced an unacceptably
high percentage of categorical errors (Tables 3 and 4). In contrast,
the discrepancies in the MICs of the remaining antimicrobials

Table 2. Distribution of discrepancies in MIC results and categorical error rates obtained using different AST systems for Staphylococcus spp.

AST system

No. of MICs
reported
(no. of

centres)a
Discrepant
MICs (%)b

No. of MICs
interpreted using

Categorical errors (%)c

Overall mEs MEs VMEs

EUCAST CLSI EUCAST CLSI EUCAST CLSI EUCAST CLSI EUCAST CLSI

Gradient diffusion 108 (23) 19.4 69 39 4.3 5.1 0.0 0.0 0.0 0.0 4.3 5.1

VITEK 2 1439 (17) 11.8 892 547 2.0 2.6 0.6 1.1 0.7 1.3 0.7 0.2

MicroScan 3289 (33) 9.8 2477 812 3.8 2.0 0.9 0.7 1.7 0.4 1.2 0.9

Broth microdilution 166 (3) 8.4 21 145 4.8 2.1 0.0 1.4 4.8 0.7 0.0 0.0

Phoenix 73 (1) 6.8 73 0 1.4 0.0 0.0 0.0 0.0 0.0 1.4 0.0

aNumber of MIC determinations reported for each AST system. The number of laboratories reporting MICs for each AST system is indicated in paren-
theses. The 21 antimicrobials were not tested by all five AST methods. Thirteen out of the 33 laboratories using MicroScan and 10 out of the 17 labo-
ratories using VITEK 2 reported the MICs of some antimicrobials, particularly vancomycin, linezolid or daptomycin, using gradient strips.
bPercentages of discrepancies in the MICs. MICs >1 dilution from the reference values were considered discrepant. MIC discrepancies >10% are high-
lighted in bold.
cThe highest percentages of overall errors, as well as mEs >10%, MEs >3% and VMEs >1.5%, are highlighted in bold.
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produced very low categorical errors (erythromycin, fusidic acid,
levofloxacin, rifampicin and cefoxitin) or did not produce any
errors (vancomycin, teicoplanin, co-trimoxazole, ciprofloxacin and
chloramphenicol) (Tables 3 and 4).

As shown in Table 4, for daptomycin, oxacillin, erythromycin
and cefoxitin, more than 75% of the discrepant MICs that caused
categorical errors were in the susceptible category (MIC underesti-
mation) using EUCAST breakpoints. The discrepant MICs of
daptomycin, erythromycin and cefoxitin were responsible for all
the VMEs and MEs, whereas discrepant MICs of oxacillin were re-
sponsible for 10/11 VMEs and 4/5 MEs (Table 4). In contrast, for fos-
fomycin, tobramycin, gentamicin, amikacin and rifampicin, more
than 70% of the discrepant MICs that caused categorical errors
were in the resistant category (MIC overestimation) using EUCAST
breakpoints (Table 4). The discrepant MICs of gentamicin and ami-
kacin were responsible for all the MEs, whereas the discrepant
MICs of fosfomycin and rifampicin were responsible for 1/2 of the
MEs. The discrepant MICs of tobramycin were responsible for 0/1 of
the VMEs and 13/17 of the MEs. With respect to the discrepant

MICs producing mEs, amikacin was the antimicrobial associated
with the fewest mEs (3/19).

Although more than 70% of the discrepant MICs of penicillin G
and fusidic acid that caused errors were in the resistant category,
they did not produce MEs.

The discrepant MICs of clindamycin, linezolid, levofloxacin and
tetracycline that caused errors were in the resistant category
(56.3% for clindamycin, 50.0% for levofloxacin, 38.5% for linezolid
and 28.6% for tetracycline) and the formerly intermediate cat-
egory, known at present as ‘susceptible, increased exposure’
(14.3% for tetracycline and 43.8% for clindamycin) (Table 4).
These discrepant MICs produced all of the VMEs for linezolid,
tetracycline and levofloxacin, and all of the MEs for clindamycin,
levofloxacin, linezolid and tetracycline.

Non-discrepant MICs (MICs within ±1 dilution from the refer-
ence values) that were associated with categorical errors occurred
with amikacin (16/21), clindamycin (5/8), fosfomycin (1/2), penicil-
lin G (2/3), tobramycin (5/18), tetracycline (1/5) and oxacillin (2/16)
(Table 4). These non-discrepant MICs were responsible for VMEs

Table 3. Distribution of discrepancies in MIC values of 21 antimicrobials and categorical error rates for Staphylococcus spp.

Antimicrobial

No. of MICs
reported

(no. of centres)a
Discrepant
MICs (%)b

No. of MICs
interpreted using

Categorical errors (%)c

Overall mEs MEs VMEs

EUCAST CLSI EUCAST CLSI EUCAST CLSI EUCAST CLSI EUCAST CLSI

Daptomycin 329 (49) 21.3 223 106 1.7 0.0 0.0 0.0 0.4 0.0 1.3 0.0

Oxacillin 374 (50) 20.6 258 116 6.6 3.4 0.4 0.0 1.9 3.4 4.3 0.0

Fosfomycin 27 (6) 18.6 14 13 14.3 NA 0.0 NA 14.3 NA 0.0 NA

Clindamycin 355 (51) 13.5 243 112 3.2 4.5 0.4 0.9 1.2 0.0 1.6 3.6

Penicillin G 293 (44) 13.3 192 101 1.0 0.0 0.5 0.0 0.0 0.0 0.5 0.0

Vancomycin 364 (49) 9.1 248 116 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Tobramycin 246 (35) 8.9 187 59 9.6 NA 0.0 NA 9.1 NA 0.5 NA

Erythromycin 357 (51) 8.4 248 109 2.4 7.3 1.2 7.3 0.4 0.0 0.8 0.0

Quinupristin/

dalfopristin

37 (7) 8.1 19 18 5.3 16.7 5.3 0.0 0.0 11.1 0.0 5.6

Gentamicin 341 (46) 7.6 244 97 5.7 2.1 0.0 2.1 5.7 0.0 0.0 0.0

Amikacin 99 (20) 7.1 84 15 25.0 NA 22.6 NA 2.4 NA 0.0 NA

Linezolid 370 (51) 7.0 256 114 5.1 4.4 0.0 0.0 0.4 0.9 4.7 3.5

Fusidic acid 155 (26) 5.8 104 51 1.0 NA 0.0 NA 0.0 NA 1.0 NA

Co-trimoxazole 305 (43) 5.6 203 102 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Levofloxacin 292 (44) 4.1 219 73 1.4 4.1 0.0 1.4 0.9 2.7 0.5 0.0

Rifampicin 232 (36) 4.3 140 92 1.4 3.3 0.0 2.2 1.4 1.1 0.0 0.0

Tetracycline 144 (25) 4.9 111 33 4.5 3.0 1.8 0.0 0.9 0.0 1.8 3.0

Cefoxitin 172 (31) 2.9 137 35 1.5 0.0 0.0 0.0 0.0 0.0 1.5 0.0

Teicoplanin 322 (46) 1.9 224 98 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ciprofloxacin 213 (29) 0.9 143 70 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Chloramphenicol 48 (9) 0.0 35 13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Overall (%) 5075 10.5 3532 1543 3.8 2.3 0.8 1.0 1.8 0.7 1.2 0.6

NA, not available.
aNumber of MIC determinations reported for each AST system. The number of laboratories reporting MICs for each AST system is indicated in paren-
theses. The 21 antimicrobials were not tested by all five AST methods. Thirteen out of the 33 laboratories using MicroScan and 10 out of the 17 labo-
ratories using VITEK 2 reported the MICs of some antimicrobials, particularly vancomycin, linezolid or daptomycin, using gradient strips.
bPercentages of discrepancies in the MICs. MICs >1 dilution from the reference values were considered discrepant. MIC discrepancies >10% are high-
lighted in bold.
cThe highest percentages of overall errors, as well as mEs >10%, MEs >3% and VMEs >1.5%, are highlighted in bold.
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Table 4. Contribution of discrepant MICs in the production of categorical errors using EUCAST breakpoints for Staphylococcus spp.

Antimicrobiala
No. of

discrepant MICsb

No. of discrepant MICs in the range of the
clinical category of

No. of discrepant MICs producing
categorical errorsc

S R I Overall errors VMEs MEs mEs

Daptomycin 70 67 3 0 4/4 3/3 1/1 NA

Oxacillin 77 67 10 0 14/16 10/11 4/5 NA

Fosfomycin 5 0 5 0 1/2 NA 1/2 NA

Clindamycin 48 0 27 21 3/8 0/4 3/3 0/1

Penicillin G 39 3 36 0 1/3 1/2 NA 0/1

Tobramycin 22 1 21 0 13/18 0/1 13/17 NA

Erythromycin 30 23 1 5 6/6 2/2 1/1 3/3

Gentamicin 26 1 25 0 14/14 NA 14/14 NA

Amikacin 7 0 5 2 5/21 NA 2/2 3/19

Linezolid 26 16 10 0 13/13 12/12 1/1 NA

Fusidic acid 9 1 8 0 1/1 1/1 NA NA

Levofloxacin 12 6 6 0 3/3 1/1 2/2 NA

Rifampicin 10 2 8 0 1/2 NA 1/2 NA

Tetracycline 7 4 2 1 4/5 2/2 1/1 1/2

Cefoxitin 5 5 0 0 2/2 2/2 NA NA

NA, not applicable.
aAntimicrobials for which discrepant MICs did not produce any errors are not shown.
bMICs >1 dilution from the reference values were considered discrepant.
cThe numerator of the fraction indicates the number of errors produced only by discrepant MICs. The denominator indicates the number of errors pro-
duced by discrepant MICs (MICs >1 dilution from the reference values) and non-discrepant MICs (MICs within ±1 dilution from the reference values).
Errors produced only by discrepant MICs are in bold.

Table 5. Distribution of discrepancies in MIC values and categorical error rates for Staphylococcus spp. by isolate

Isolate
Reference

antimicrobialsa
Discrepant
MICs (%)b

No. of MICs
interpreted using

Categorical errors (%)c

MEs VMEs

EUCAST CLSI EUCAST CLSI EUCAST CLSI

CC-01 (mecA) Oxacillin 6.1 34 15 0.0 0.0 8.8 0.0

Cefoxitin 10.5 16 3 0.0 0.0 12.5 0.0

CC-02 (mecC) Oxacillin 33.3 33 15 0.0 0.0 18.2 0.0

Cefoxitin 0.0 19 7 0.0 0.0 0.0 0.0

CC-03 (BORSA) Oxacillin 25.5 32 15 9.4 26.7 0.0 0.0

Cefoxitin 5.0 16 4 0.0 0.0 0.0 0.0

CC-04 (MLSBi) Clindamycin 4.5 32 12 0.0 0.0 12.5 33.3

Erythromycin 2.1 35 13 0.0 0.0 2.9 0.0

CC-05 (23S rRNA mutation) Linezolid 0.0 33 14 0.0 0.0 0.0 0.0

CC-06 (blaZ) Penicillin G 0.0 13 24 0.0 0.0 0.0 0.0

CC-07 (cfr)d Linezolid 48.0 36 14 0.0 0.0 33.3 28.6

CC-08 (daptomycin

non-susceptible)

Daptomycin 7.0 30 13 0.0 0.0 10.0 0.0

aThe antimicrobial(s) used as phenotypic markers of resistance are analysed.
bPercentages of discrepancies in the MICs. MICs >1 dilution from the reference values were considered discrepant. MIC discrepancies >10% are high-
lighted in bold.
cmEs were not obtained. Overall errors were represented only by MEs or VMEs. The highest percentages of MEs and VMEs are highlighted in bold.
dLinezolid resistance.
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(4/4 for clindamycin, 1/1 for tobramycin and 1/11 for oxacillin),
MEs (1/5 for oxacillin and 4/17 for tobramycin) and mEs (16/19
for amikacin, 1/2 for tetracycline and 1/1 for clindamycin and
penicillin G).

Seventy percent of the MICs reported were interpreted using
EUCAST breakpoints and 30% were interpreted using CLSI break-
points (Table 3). For all antimicrobials tested, the overall clinical
categorical error rates that were due exclusively to the use of
different breakpoints were 3.8% applying EUCAST breakpoints and
2.3% applying CLSI breakpoints (Table 3). The highest overall errors
were observed with amikacin (25.0%), fosfomycin (14.3%), tobra-
mycin (9.6%), oxacillin (6.6%) and gentamicin (5.7%), when
EUCAST breakpoints where used, and quinupristin/dalfopristin
(16.7%) and erythromycin (7.3%), when using CLSI breakpoints.
The overall VMEs were 1.2% using EUCAST and 0.6% using CLSI.
There were high rates of VMEs, particularly for linezolid (4.7% using
EUCAST and 3.5% using CLSI), oxacillin (4.3% using EUCAST), tetra-
cycline (1.8% using EUCAST and 3.0% using CLSI), clindamycin
(1.6% using EUCAST and 3.6% using CLSI) and quinupristin/dalfo-
pristin (5.6% using CLSI). The overall MEs were 1.8% with EUCAST
and 0.7% with CLSI. The highest MEs using EUCAST were observed
for fosfomycin (14.3%), tobramycin (9.1%) and gentamicin (5.7%)
and when using CLSI were observed for quinupristin/dalfopristin
(11.1%). The overall mEs were 0.8% using EUCAST and 1.0% using
CLSI. The highest mEs occurred with amikacin (22.6% using
EUCAST), followed by erythromycin (7.3% using CLSI).

Type of reference isolate

As shown in Table 5, the highest percentages of discrepancies in
MIC values were observed for isolates CC-07/cfr (48.0% for linezo-
lid), CC-02/mecC (33.3% for oxacillin), CC-03/BORSA (25.5% for
oxacillin) and CC-01/mecA (10.5% for cefoxitin and 6.1% for oxacil-
lin). The discrepancies corresponded to VMEs or MEs (no mEs were
observed). The highest percentages of VMEs were observed for
CC-07/cfr with linezolid (33.3% and 28.6% using EUCAST and CLSI,
respectively) and CC-04/MLSBi with clindamycin (12.5% and
33.3% using EUCAST and CLSI, respectively). In contrast, MEs were
only observed for CC-03/BORSA with oxacillin (9.4% and 26.7%
using EUCAST and CLSI, respectively).

Ability of centres to infer resistance mechanisms

Thirty-nine out of 51 centres reported S. aureus CC-01/mecA as
MRSA, mecA positive and/or modified PBP2a. Only 10 centres
reported inference of mecC in S. aureus CC-02/mecC. With respect
to the isolate CC-03/BORSA, only one centre indicated that this
isolate had a BORSA phenotype. Nineteen centres reported
macrolide-resistant S. aureus CC-04/MLSBi produced by a 23S rRNA
methylase leading to the MLSBi resistance phenotype. Sixteen of
these 19 centres further indicated MLSBi resistance and 3 centres
indicated constitutive MLSB (MLSBc) resistance. Only three centres
associated linezolid resistance with the S. epidermidis CC-05/23S
rRNA mutation isolate with the presence of mutations in 23S rRNA.
Penicillinase production by S. aureus CC-06/blaZ was reported by
21 centres. In the linezolid-resistant S. aureus CC-07/cfr isolate, the
presence of the cfr gene was reported by only eight centres.
Daptomycin non-susceptibility in isolate CC-08/daptomycin non-
susceptible was reported by 19 centres.

Discussion

The results obtained in the present study show that the discrepan-
cies in MIC values and error rates in categorization observed
for some antimicrobials were related to the AST system used, the
application of EUCAST or CLSI breakpoints, the antimicrobial agent
and the type of isolate.

Accurate AST of Staphylococcus spp. is essential for guiding
therapy as well as for surveillance of antimicrobial resistance
and for rapid implementation of appropriate infection control
measures. The use of automated AST systems can produce false-
susceptible and false-resistant results, which can lead to serious
implications in the clinical outcome of infected patients. In this
study, gradient diffusion and in-house broth microdilution were
the least reliable AST systems, due to the unacceptably high per-
centage of VMEs using gradient strips and MEs using in-house
broth microdilution. Not every laboratory investigated the reason
for these findings, although it may have been related to the inocu-
lum preparation, the method used to determine MIC endpoints, or
the management of colonies within the inhibition zone.22

Gradient strips produced 4.3% to 5.1% of false-susceptible
results (VMEs), which occurred mainly with linezolid. This can rep-
resent a serious problem because susceptible linezolid MIC results
are not routinely confirmed in the microbiology laboratory. Failing
to identify linezolid-resistant MRSA isolates may lead to treatment
failures that could be associated with increased mortality,
prolonged length of stay, reinfections and undetected outbreaks.
The non-recognition of linezolid-resistant cfr-positive MRSA may
have important epidemiological repercussions, as this resistance
determinant is plasmid-encoded and can be transferred to
linezolid-susceptible Staphylococcus spp. and Enterococcus spp.

In-house broth microdilution, in contrast to gradient strips, pro-
duced 4.8% of MEs, which were associated with only one result of
false resistance to oxacillin. This result should be interpreted with
caution due to the small number of determinations reported using
this AST method. False resistance to oxacillin in S. aureus is more
likely to be confirmed in the microbiology laboratory using add-
itional phenotypic or molecular tests that can detect the presence
of the modified PBP2a (e.g. by latex agglutination or immunochro-
matography) or the mecA gene (e.g. by PCR).

Regarding the automated systems used for AST in this study,
the least reliable one was MicroScan, due to the high percentage of
VMEs (particularly for oxacillin and linezolid), MEs (particularly for
gentamicin and tobramycin) and mEs (particularly for amikacin).
The most relevant errors obtained using the other two automated
AST systems occurred with VITEK 2 and erythromycin (VMEs, ME
and mEs) and with Phoenix and linezolid (VME). It is important
to highlight that unexpected MIC results or MICs associated with
clinically relevant resistance for a particular antimicrobial, such as
oxacillin for MRSA, linezolid, glycopeptides or daptomycin,
obtained with some of these AST systems should be retested or
confirmed with a secondary MIC-based method, due to the poten-
tial clinical and epidemiological impact of these resistances.

EUCAST breakpoints were more frequently used by the
participating laboratories than CLSI breakpoints, reflecting
the current trend in Europe towards the implementation of
EUCAST guidelines. Migration from CLSI to EUCAST recommen-
dations has important microbiological, clinical and epidemio-
logical advantages and disadvantages, as there are relevant
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differences between the two committees that can affect the
interpretation of the MIC results obtained.17,22,23

With respect to the breakpoints, the percentage of overall errors
was higher using EUCAST than using CLSI. This is probably related
to the I category, which is not defined for various antimicrobials by
EUCAST (e.g. glycopeptides, linezolid or daptomycin) and/or CLSI
(e.g. fosfomycin), the wide MIC interval of the I category for some
antimicrobials using CLSI (e.g. glycopeptides, aminoglycosides,
clindamycin and erythromycin) and the lower breakpoints defined
by EUCAST for various antimicrobials (e.g. ciprofloxacin, levofloxa-
cin, vancomycin, teicoplanin, gentamicin, tobramycin and tetra-
cycline) with respect to CLSI (see below).

The percentages of MEs and VMEs using EUCAST were slightly
higher than those obtained using CLSI, whereas there was a simi-
lar, relatively low percentage of mEs (<10%), which was consid-
ered acceptable and probably without significant microbiological
and clinical relevance.22 The percentages of VMEs and MEs
observed for some antimicrobials (e.g. clindamycin, gentamicin,
tobramycin and amikacin) may be attributable to some factors,
such as the former I clinical category, which is defined by CLSI for
some of these antimicrobials but not by EUCAST, the absence of
defined breakpoints (e.g. fosfomycin, amikacin and tobramycin
using CLSI) and the breakpoints used, which are�1 dilution lower
by EUCAST than by CLSI.17,22,23 In contrast, for other much more
clinically relevant antimicrobials, such as oxacillin and linezolid, the
differences observed could not be attributable to the former I clin-
ical category, because for these agents EUCAST and CLSI do not
have this clinical category and the breakpoints defined by EUCAST
are the same as those defined by CLSI. Although the causes of the
MIC discrepancies and categorical errors observed with oxacillin
and linezolid remain unknown, these differences cannot be dis-
missed as being related to the bacterial inoculum preparation or
the interpretation of the MICs.22

The type of antimicrobial was another factor contributing to
MIC discrepancies and categorical errors. The most clinically rele-
vant antimicrobials that showed the greatest MIC discrepancies
and/or categorical error rates were daptomycin, oxacillin and
linezolid.

Daptomycin was the antimicrobial with the highest discrepant
MIC values, which were mainly obtained by VITEK 2 and MicroScan
and were associated with a low percentage of VMEs (1.3%) and
MEs (0.4%). These discrepancies could be related to the inoculum
preparation or the calcium content in the medium, as previously
described.24 The very low percentage of MEs should not have any
clinical relevance whereas the VMEs may be of great relevance,
especially in severe infections such as MRSA endocarditis, where
the treatment options are limited and therapeutic failures may
occur.24

In our study, we detected an unacceptably high percentage of
discrepant MICs of oxacillin, which were predominantly obtained
with MicroScan. Nearly 20% of these discrepancies accounted for
most of the VMEs obtained (4.3% using EUCAST breakpoints),
which contrasts with previous studies reporting up to 6.7% of VMEs
using MicroScan and 14.2% of VMEs using VITEK 2.25 Most of these
MIC discrepancies observed with oxacillin occurred especially with
CC-02/mecC and, to a lesser extent, CC-01/mecA isolates. As men-
tioned before, false-susceptible results are very difficult to detect
in the laboratory because susceptible results are not usually con-
firmed by an alternative AST method. The lack of recognition of

false oxacillin-susceptible results can have very important reper-
cussions from a clinical and an epidemiological point of view. First,
the use of oxacillin in infections caused by MRSA isolates, particu-
larly if they are biofilm-forming, can be associated with a high
probability of therapeutic failure with fatal consequences, absence
of implementation of contact precautions and a bad clinical out-
come for infected patients.26 Second, true MRSA isolates reported
as susceptible to oxacillin may contribute to the emergence of
nosocomial outbreaks caused by MRSA.

Around 5% of the discrepancies in the MICs of oxacillin pro-
duced most of the MEs observed, which were relatively low (1.9%–
3.4%). Oxacillin resistance can be difficult to detect, especially
when the mecA gene is heterogeneously expressed or when oxa-
cillin resistance is due to hyperproduction of b-lactamases or point
mutations in PBP genes (BORSA isolates).5,6,27 Furthermore, mecA
gene expression is affected by many factors, including tempera-
ture, incubation time, medium used and sodium chloride concen-
tration, which can contribute to unreliable oxacillin MICs.2,3,28 The
main clinical repercussion of reporting false oxacillin resistance in
staphylococci lies in the use of other antimicrobials, such as glyco-
peptides, with a broader spectrum than oxacillin and probably
with more toxic effects. Furthermore, with respect to the epi-
demiological consequences, particularly with S. aureus, this leads
to the adoption of unnecessary contact precautions.

Most discrepancies in the MICs of linezolid were obtained using
MicroScan and, to a lesser extent, gradient strips. These discrepan-
cies were acceptable but about half of them were responsible for
an unacceptable 4.7% of VMEs obtained by EUCAST. Most of these
VMEs occurred with the CC-07/cfr isolate and they were probably
related to the loss of the plasmid encoding cfr, but this possibility
was not investigated. False linezolid susceptibility results, as hap-
pened with oxacillin, are difficult to recognize in the laboratory
due to the fact that MIC results associated with susceptibility are
infrequently confirmed. In addition, these false results of linezolid
susceptibility can have an important clinical impact, because of
the possibility of therapeutic failures, and epidemiological rele-
vance, due to the potential ability of the plasmid-encoded cfr to
spread and to be transferred to linezolid-susceptible isolates of
Staphylococcus spp. and Enterococcus spp.

Other antimicrobials for which unacceptable MIC discrepancies
and categorical errors were obtained, but with less clinical rele-
vance than oxacillin, daptomycin or linezolid, included quinupris-
tin/dalfopristin, clindamycin, fosfomycin and the aminoglycosides
gentamicin, tobramycin and amikacin.

Discrepancies in the MICs of gentamicin, tobramycin and ami-
kacin were very similar and relatively low (7.0%–8.1%). The MEs for
gentamicin (5.7%) and tobramycin (9.1%) and the mEs for amika-
cin (22.6%) were mostly obtained using MicroScan and were un-
acceptable. For gentamicin, the MEs observed were only produced
by discrepant MICs, whereas for amikacin and tobramycin there
was a significant contribution from non-discrepant MICs in the
errors obtained (MEs for tobramycin and mEs for amikacin).
Probably, most of these MEs and mEs may be explained, at least in
part, by the presence of residual or minimal growth in the bottom
of wells containing aminoglycoside concentrations higher than
the MIC, as previously reported for tobramycin and Acinetobacter
baumannii.29 If this scant growth were taken into account (false
positive or ME), it would be expected to result in higher MIC values
and so increase the number of discrepant results. This hypothesis
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is in agreement with the false-resistance results reported for gen-
tamicin and tobramycin, whereas for amikacin it is supported
by the high mEs of the RI (resistant/intermediate) type (R by the
participating centre, I by the reference laboratories) and IS (inter-
mediate/susceptible) type (I by the participating centre and S by
the reference laboratories). The elevated percentage of mEs and
MEs obtained for the aminoglycosides tested were observed using
MicroScan. The clinical impact of the MICs associated with these
errors could be minimized if they were confirmed in the laboratory
by other AST systems, like disc diffusion or gradient strips. It is also
important to note that these categorical errors with aminoglyco-
sides should not have a significant clinical impact since these
antimicrobials are not frequently used as first-line treatment in
infections caused by Staphylococcus spp.

The discrepancies in the MICs of clindamycin and tetracycline
were quite different (13.5% for clindamycin and 3.5% for tetracyc-
line) and they were associated with the use of MicroScan. The
errors produced by these discrepant MICs were very similar (1.6%–
3.6% of VMEs for clindamycin and 1.9%–3.0% of VMEs for tetracyc-
line). For clindamycin, these discrepancies could be explained by
those centres that did not perform the D-test assay for the detec-
tion of inducible clindamycin resistance, which is in agreement
with the finding that all the VMEs observed for clindamycin were
caused by non-discrepant MICs. The clinical impact of these
VMEs obtained for clindamycin and tetracycline should have little
clinical relevance, as these antimicrobials are not frequently used
as first-line therapy for the treatment of infections caused by
Staphylococcus spp.

The very high MIC discrepancies observed for fosfomycin were
associated with the use of VITEK 2 and they caused an unaccept-
able, very high percentage of MEs (18.6%). Nevertheless, these
results should be interpreted with caution due to the low number
of fosfomycin MIC determinations reported in this study.
These MIC discrepancies may have been due to the inoculum prep-
aration and selection of resistant subpopulations, as previously
described.15 The majority of automated AST systems should not
be used for testing fosfomycin susceptibility, as they provide unreli-
able results compared with the reference agar dilution gold stand-
ard method.30,31 False resistance to fosfomycin can be detected in
the laboratory by the agar dilution method, but this method is diffi-
cult to perform and requires the addition of glucose-6-phosphate
to the medium. As an alternative to the agar dilution method,
there is a rapid commercial agar dilution panel available, recently
evaluated by Campanile et al.32 The clinical impact of the VMEs
observed with fosfomycin may be relatively low since this anti-
microbial is not frequently used as first-line therapy for the treat-
ment of infections caused by Staphylococcus spp. due to the
high selection rates of fosfomycin-resistant mutants, particularly if
it is used as monotherapy.

With respect to quinupristin/dalfopristin, the discrepancies in
MIC values were acceptable, although the rates of MEs and VMEs
were unacceptably high. These errors were only observed when
applying CLSI breakpoints, but not with EUCAST, indicating that
VMEs and MEs for this combination of antimicrobials should not
represent a serious problem from a therapeutic point of view.
Furthermore, in Europe at least, quinupristin/dalfopristin is infre-
quently used in clinical practice for the treatment of infections
caused by MRSA.33

With respect to the type of isolate, the most important discrep-
ancies and errors occurred in the linezolid-resistant isolate CC-07/
cfr and among the MRSA isolates, CC-01/mecA and CC-02/mecC.
The discrepancies in the MICs of linezolid for CC-07/cfr were ex-
tremely high (33.3%), were associated with the use of MicroScan,
and produced an unacceptably high rate of VMEs (33.3%). As previ-
ously stated, these discrepancies could probably be explained by
the loss of the plasmid encoding the cfr resistance determinant, al-
though it has also been stated that cfr-positive isolates can show
very low MICs, below the resistance breakpoint, and are hardly
detected when using gradient diffusion tests.34

The MIC discrepancies observed for the CC-01/mecA isolate
with cefoxitin and oxacillin were associated with the use of
MicroScan, accounting for two VMEs for cefoxitin and three VMEs
for oxacillin. Regarding isolate CC-02/mecC, the discrepancies
obtained could have been associated with the categorical errors
obtained for oxacillin obtained by MicroScan (5 out of 6 VMEs
reported), indicating the low sensitivity of oxacillin for the detec-
tion of MRSA isolates carrying the mecC gene, as reported in previ-
ous studies.35

The number of laboratories able to infer some type of resistance
mechanism(s) was low, particularly for certain antimicrobials such
as oxacillin. Inference of this kind is complicated by the nature of
the resistance mechanism (e.g. heterogeneous expression, low
level of expression, inducible resistance etc.). In our study, a major
discrepancy was found when inferring resistance mechanisms,
particularly with isolates CC-07/cfr, CC-02/mecC and CC-03/BORSA.

An analysis of potential factors that contribute to erroneous
antimicrobial susceptibility results should be a priority for clinical
laboratories. One way to address this problem is to participate in
quality control programmes, which can be very helpful in detecting
potential laboratory problems and enabling corrective measures
to be established for optimizing the process and the quality of the
reports offered to clinicians. This information is very useful for opti-
mizing the best therapeutic strategies, improving the rational use
of antimicrobials (reducing resistance rates), facilitating the control
of nosocomial infections (by reducing spread of MDR clones) and
preventing outbreaks.36–41

The main limitations of the present study are its small sample
size, which is typical of this kind of study, and the probable over-
estimation of MIC discrepancies and categorical errors due to the
special characteristics of the isolates selected for this study.

In conclusion, this study shows that microbiology laboratories
in Spain need to improve their ability to accurately determine
the antimicrobial susceptibility of Staphylococcus spp. This is par-
ticularly important for antimicrobials frequently used in clinical
settings, such as oxacillin, linezolid and aminoglycosides, and
when both automated systems and EUCAST breakpoints are used.
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(Plasencia, Cáceres; J. R. Mu~noz del Rey), CHUVI Hospital Álvaro
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