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This study critically evaluated the new European Committee for Antimicrobial Susceptibility Testing (EUCAST) antibiotic sus-
ceptibility testing guidelines on the basis of a large set of disk diffusion diameters determined for clinical isolates. We report sev-
eral paradigmatic problems that illustrate key issues in the selection of clinical susceptibility breakpoints, which are of general
importance not only for EUCAST but for all guidelines systems, i.e., (i) the need for species-specific determinations of clinical
breakpoints/epidemiological cutoffs (ECOFFs), (ii) problems arising from pooling data from various sources, and (iii) the im-
portance of the antibiotic disk content for separating non-wild-type and wild-type populations.

Since 2010, the European Committee for Antimicrobial Sus-
ceptibility Testing (EUCAST) has issued regularly updated an-

tibiotic susceptibility testing (AST) guidelines, including clinical
susceptibility breakpoints (CBPs), which are determined mainly
on the basis of epidemiological cutoffs (ECOFFs), pharmacoki-
netic/pharmacodynamic (PK/PD) parameters and, in part, clini-
cal outcome data (1–3). EUCAST aims at full transparency in the
still-complex, mostly consensus-driven process of CBP determi-
nations by open source publication of documents for diameter/
MIC distributions and ECOFF data (4). Diameter and MIC distri-
butions may readily be retrieved from the EUCAST webpage, http:
//www.eucast.org/zone_diameter_distributions. The Clinical and
Laboratory Standards Institute (CLSI) uses a similar process for es-
tablishing clinical breakpoints (5).

In 2010, the Institute of Medical Microbiology (IMM), Univer-
sity of Zürich, changed its guidelines from those of CLSI to the
EUCAST guidelines. During this shift, we established a database
containing nonduplicate disk diffusion diameters of �30,000
clinical isolates with the view to validate EUCAST AST guidelines
as part of the quality control management in our clinical micro-
biology laboratory (6, 7). Despite our data being largely consistent
with those of EUCAST, we encountered some problems and in-
consistencies in EUCAST AST guidelines that exemplified several
important key issues in setting CBPs that, incidentally, also apply
to other systems, such as that of CLSI (8): (i) the need for species-
specific determinations of CBPs/ECOFFs, (ii) problems arising
from pooling data from various sources, and (iii) the importance
of the antibiotic disk content for the separation of resistant pop-
ulations from the wild-type population.

MATERIALS AND METHODS
Clinical isolates. All nonduplicate clinical isolates included in this study
were isolated over a 3-year period from 2010 until 2012 in the clinical
microbiology laboratory of the Institute for Medical Microbiology, Uni-
versity of Zürich, which mainly serves a 750-bed tertiary-care hospital
(University Hospital of Zürich). Isolates of the same species were consid-
ered duplicates if they (i) originated from the same patient, and (ii)
showed one major and two minor differences in AST interpretation at the
most. All duplicates were excluded from the analysis, resulting in a reduc-
tion of included isolates by 33% on average (species-specific reductions:
Staphylococcus aureus, 39%; coagulase-negative staphylococci [CoNS],

32%; Enterococcus faecalis, 23%; Enterobacter cloacae, 31%; Klebsiella
pneumoniae, 30%). Only isolates considered clinically relevant were in-
cluded. The absolute numbers of species/drug combinations for Staphy-
lococcus aureus, CoNS, Enterococcus faecalis, Enterobacter cloacae, and
Klebsiella pneumoniae are shown below in Fig. 1 and 2.

Susceptibility testing. For susceptibility testing, the disk diffusion
method (with disks from i2a, Montpellier, France) was carried out using
Mueller-Hinton agar (Becton, Dickinson, Franklin Lakes, NJ) and a Mc-
Farland 0.5 dilution from overnight cultures as an inoculum, followed by
incubation at 35°C for 16 to 18 h according to EUCAST recommendations
(9). Inhibition zone diameters were determined and recorded using the
semiautomated Sirweb/Sirscan system (i2a).

ECOFF determinations. ECOFFs were determined by visual inspec-
tion of diameter distributions (the consensus of five experienced persons,
i.e., the “eyeball method”) (8). EUCAST does not recommend a method
for ECOFF determinations, nor does it indicate the method used for de-
termination of reported EUCAST ECOFFs.

Software. Calculations were performed using Microsoft Excel 2010
software (Microsoft Corporation, Redmond, WA).

RESULTS AND DISCUSSION
Reliable CBPs/ECOFFs require species-specific determinations.
Inhibition zone diameters and MIC distributions are species
specific in terms of ranges, means, and standard deviations (8).
Thus, ECOFFs and CBPs, by definition, need to be determined
on a species-specific basis, a principle acknowledged by EUCAST
and CLSI (10, 11). To avoid increased guideline complexity,
group-specific CBPs have been suggested, e.g., the majority of
staphylococcal CBPs are defined at the genus level, and Enterobac-
teriaceae CBPs are applicable at the group level (3, 5). However,
there is agreement that CBPs must never split a wild-type popu-
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lation due to biological variation within wild-type isolates (11).
A practical solution to reduce the highly complex process of
setting CBPs for a large number of drugs is the use of drug class
representatives with use of AST extrapolations for other class
members (3, 5).

For sufficient statistical power, an analysis should include a
minimum of 30 isolates to form a Gaussian distribution suitable
for the ECOFF determination (central limit theorem) (12). The
21,434 Enterobacteriaceae isolates tested for antibiotic susceptibil-
ity to 27 individual drugs in the IMM clinical laboratory from
2010 to 2012 comprised 11,597 (54%) E. coli, 3,016 (14%) K.
pneumoniae, 1,685 (8%) Enterobacter cloacae, 1,089 (5%) Proteus
mirabilis, 905 (4.2%) Klebsiella oxytoca, 735 (3.4%) Serratia marc-
escens, 535 (2.5%) Citrobacter koseri, 481 (2.2%) Enterobacter
aerogenes, 454 (2.1%) Citrobacter freundii, 404 (1.9%) Morganella
morganii, 276 (1.3%) Proteus vulgaris, 121 (0.6%) Hafnia alvei, 50
(0.23%) Providencia rettgeri, 37 (0.17%) Serratia liquefaciens, and
33 (0.15%) Pantoea agglomerans isolates. For all other Enterobac-
teriaceae species, the IMM database contained less than 30 isolates.
The species listed above accounted for �99.5% of all Enterobacte-
riaceae isolated in our clinical laboratory. Given these numbers,
which can serve as an approximation for other laboratories, suffi-
cient AST data would be available for �99.5% of clinical Entero-
bacteriaceae isolates. E. coli, K. pneumoniae, and E. cloacae alone, as
the three most frequently isolated species, accounted for 76.1% of
all isolates. Automated diameter reading and documentation sys-
tems can facilitate the collection of comparably high numbers of
diameter values.

When evaluating our clinical isolate database, we observed that
genus- and group-specific CBPs resulted in several problems, in-
cluding potential interpretation errors. This situation is best ex-
emplified by fluoroquinolones for staphylococci and by ertap-
enem for E. cloacae and K. pneumoniae.

The ciprofloxacin EUCAST ECOFFs for S. aureus (20 mm) and
for CoNS (24 mm) are consistent with both the EUCAST and
IMM diameter distributions (Fig. 1A and B) (13). Likewise, the
EUCAST levofloxacin ECOFF of 24 mm for CoNS is consistent
with the IMM diameter distribution (Fig. 1D). EUCAST does not
define an S. aureus levofloxacin ECOFF, most likely due to the low
number of available data points (n � 107). Despite different S.
aureus and CoNS ciprofloxacin ECOFFs, and a missing levofloxa-
cin ECOFF for S. aureus, both EUCAST and CLSI CBP tables
define uniform staphylococcal CBPs for fluoroquinolones, which
do not differentiate S. aureus from non-S. aureus staphylococci,
e.g., there are uniform staphylococcal ciprofloxacin CBPs for sus-
ceptibility at �20 mm and resistance at �20 mm (EUCAST) or
�21 mm for susceptibility and resistance at �15 mm (CLSI), and
there are uniform staphylococcal levofloxacin CBPs for suscepti-
bility at �22 mm and resistance at �19 mm (EUCAST) or at �19
mm for susceptibility and resistance at �15 mm (CLSI) (3, 5). The
IMM S. aureus ciprofloxacin ECOFF (20 mm; n � 5,492 isolates)
(Fig. 1A) correlates with EUCAST and CLSI susceptible break-
points. However, both EUCAST and CLSI susceptible ciprofloxa-
cin CBPs applied to CoNS split the “out-of-ECOFF” population
(usually considered “non-wild type”) to different interpretative
categories (Fig. 1B). Similarly, the uniform staphylococcal EUCAST
and CLSI levofloxacin CBPs split a homogeneously distributed “out-
of-ECOFF” (non-wild-type) CoNS population (see IMM distribu-
tion; n�3,832 isolates tested with levofloxacin) (Fig. 1D) between all
three interpretative categories (susceptible, intermediate, and re-

sistant). In contrast, the susceptible EUCAST levofloxacin CBP
(�22 mm) and the susceptible CLSI CBP (�19 mm) were largely
adequate for S. aureus, based on assigning only the wild-type pop-
ulation to the susceptible category (Fig. 1C). We assume that the
uniform EUCAST staphylococcal ciprofloxacin and levofloxacin
CBPs were extrapolated from S. aureus data, a procedure appar-
ently inappropriate for CoNS. Consequently, fluoroquinolone
CBPs for staphylococci must be defined either at the group level
(coagulase-negative staphylococci) or in a species-specific fash-
ion, as done by EUCAST and CLSI for cefoxitin for S. aureus and
Staphylococcus lugdunensis or, most recently, by EUCAST for
Staphylococcus saprophyticus and Staphylococcus pseudointerme-
dius (3, 5).

EUCAST does not define an ertapenem ECOFF for E. cloacae.
Most probably, this is due to a shoulder in the population caused
by a resistant subpopulation that overlaps with the wild type,
which becomes clearly visible in the E. cloacae/ertapenem IMM
diameter distribution, compared to available EUCAST data (1,089
isolates with IMM [Fig. 1E] versus 109 isolates in the EUCAST
distribution [13]). Despite the lack of an ECOFF for ertapenem
and E. cloacae, EUCAST recommends uniform susceptible (�25
mm)/resistant (�22 mm) ertapenem CBPs for all Enterobacteria-
ceae species, as does CLSI (susceptible and resistant CBPs of �22
mm, and �18 mm, respectively) (3, 5). However, testing ertap-
enem susceptibility in E. cloacae appears to be unreliable in terms
of clinical categorization: wild-type and resistant populations can-
not safely be distinguished by inhibition zone diameter determi-
nations alone (Fig. 1E). Ertapenem AST for E. cloacae may, con-
sequently, be discouraged, or isolates should be tested for the
presence of resistance mechanisms.

For K. pneumoniae, the EUCAST and IMM ertapenem
ECOFFs are identical (25 mm) (Fig. 1F). The ECOFF matches the
EUCAST susceptible Enterobacteriaceae CBP of �25 mm, appro-
priately assigning wild-type isolates to the susceptible category
(13). IMM distributions show a minor non-wild-type population,
which overlaps the wild type, although the situation is less pro-
nounced than with E. cloacae (Fig. 1F, compare with E). The mi-
nor K. pneumoniae non-wild-type population is categorized inter-
mediate by EUCAST Enterobacteriaceae CBPs, which seems
reasonable. According to the susceptible ertapenem CLSI CBP
(�22 mm), this minor non-wild-type population is categorized as
susceptible. Clinical and PK/PD data, and also molecular charac-
terization for resistance mechanisms, are mandatory to decide if
such isolates constitute a distinct population and can be reliably
treated.

For both E. cloacae and K. pneumoniae, the overlapping non-
wild-type populations are, most likely, caused by increased beta-
lactamase production combined with an outer membrane porin
deficiency causing reduced permeability. This combination of re-
sistance mechanisms is commonly found in E. cloacae and K.
pneumoniae but rarely in E. coli (14–16).

The above examples indicate that CBPs are preferably set on a
species-specific basis, to prevent erroneous treatment recommen-
dations. Combinations of resistance mechanisms can result in
complex population diameter distributions that lack a clear dis-
crimination between wild-type and non-wild-type populations.
This phenotypic indifference may warrant determination of resis-
tance mechanisms (biochemically or genotypically) rather than
mere assessment of MIC/diameter CBPs. The reduced discrimi-
native power of CBPs becomes even more limiting when one con-
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siders measurement inaccuracies, which further hamper correct
assignment of isolates to interpretative clinical categories (17).
The unavoidable increase in complexity of species-specific CBPs
may prompt the use of software systems for AST categorization,
e.g., zone diameter classifications (18).

Pooling data from various sources may lower population
discrimination. The EUCAST E. coli ertapenem ECOFF was set at
29 mm with a minor population between 27 and 29 mm, which
was obviously considered non-wild type (13). This decision was
made on the basis of 579 data points from 2 sources. The IMM
distribution comprised 6,974 ertapenem diameter values of clini-
cally relevant, nonduplicate E. coli isolates. Our data suggest an
ECOFF of 25 mm to appropriately assign wild-type and non-wild-

type isolates (Fig. 2A), as an ECOFF of 29 mm would split the
Gaussian distribution of wild-type isolates.

The S. aureus amikacin EUCAST ECOFF is 18 mm (13). How-
ever, the EUCAST distribution (841 data points from 4 sources)
seems to contain a resistant S. aureus subpopulation that overlaps
with the wild type, which is split by the amikacin CBPs (suscepti-
ble and resistant CBPs of �18 mm and �16 mm, respectively)
(13). This overlapping resistant population is missing in the IMM
distribution (5,702 data points) (Fig. 2B).

Diameter and MIC values are influenced by the method used
for their determinations (19). EUCAST distribution data repre-
sent a compilation from numerous sources (13). This raises some
concerns about data consistency and bias due to the various meth-

FIG 1 Species-specific breakpoints and overlapping populations. The graphs show inhibition zone diameter distributions of isolates tested in the clinical
laboratory of the Institute of Medical Microbiology, University of Zürich. Values were determined by the EUCAST-recommended disk diffusion procedure.
Categorization according to EUCAST clinical breakpoints is illustrated with the following symbols: white bars, susceptible; gray bars, intermediate; black bars,
resistant; black arrow, EUCAST ECOFF, as listed in EUCAST diameter distributions (13); white arrow, IMM ECOFF (present study); thin arrows, CLSI clinical
breakpoints; dotted lines, predicted population distributions; CoNS, coagulase-negative staphylococci. N, number of isolates; R, resistant; S, susceptible.
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ods used and the different measurement precisions in individual
laboratories. Technical variations between individual laboratories
may decrease the discriminative power of diameter distributions
due to a higher spread of distribution curves and, therefore, could
hamper clear differentiation of wild-type and non-wild-type pop-
ulations. On the other hand, analyzing data from multiple sources
is required in order to limit bias due to local epidemiology and to
make AST data more robust. The zone diameters presented in this
study were determined by using an automated reading system
(Sirscan). Reading zone diameters produced by using automats is
officially approved by EUCAST and CLSI (5, 9). A weekly quality
control is performed in our laboratory. Using EUCAST-recom-
mended quality control isolates, we found that median diameter
values, standard deviations, and diameter ranges closely matched
EUCAST criteria (see Fig. S1 in the supplemental material), indi-
cating that a comparison of IMM and EUCAST data is appropri-
ate. In addition, we recently showed that diameter readings by the
Sirscan zone reader could be reliably compared to the EUCAST-
recommended manual method (20).

Possible reasons for the discrepancies observed include differ-
ent epidemiologies, a lower number of data points in the EUCAST
distribution, pooling results from various sources, bias due to a
low number of laboratories contributing data (a single source for
our data and 2 and 4 sources for the EUCAST data), and differ-
ences in ECOFF determination methods. In our study, we used the
eyeball method for ECOFF determinations, i.e., a visual consensus
value (8). EUCAST does not officially recommend an ECOFF

method, nor does it provide information on how reported
EUCAST ECOFFs were determined. The eyeball method is, how-
ever, frequently used and can at least provide a reasonable ECOFF
estimation. Next to the visual inspection of data distributions,
several statistical methods have been described to determine
ECOFFs in order to deal with statistical problems such as skewed
and/or outlier distributions, but no single method has been com-
monly accepted as the gold standard to date (21–25).

The data used in this study were limited, as they originated
from a single source (the clinical laboratory of the IMM Zürich)
and, thus, represent the local epidemiology for the organisms.
While the problems described for our setting may not be encoun-
tered by all clinical laboratories, the CBP inconsistencies we ob-
served were of a more general character.

Antibiotic disk content is critical for delineating distinct
non-wild-type and wild-type populations. For determination of
high-level aminoglycoside resistance in enterococci, antibiotic
disks with high drug loads have long been recommended by CLSI
and the Comité de l’Antibiogramme de la Societe Francaise de
Microbiologie (CA-SFM), i.e., a load of gentamicin of 100 �g/disk
is recommended by CLSI and 500 �g/disk is recommended by the
CA-SFM (5, 26). EUCAST recommends a lower disk content of 30
�g/disk in order to enhance the sensitivity of high-level resistance
detection (3). This approach can cause practical problems in sep-
arating resistant and wild-type populations, as illustrated here
with E. faecalis and gentamicin: the IMM diameter distribution for
the 30-�g disk (Fig. 2C) showed a wild-type population that was

FIG 2 Diameter distributions, results of data pooling from various sources, and importance of antibiotic disk contents. Diameter distributions originated from
isolates tested in the clinical laboratory of the Institute of Medical Microbiology, University of Zürich. Values were determined by the EUCAST-recommended
disk diffusion procedure. White bars, EUCAST susceptible category; gray bars, EUCAST intermediate category; black bars, EUCAST resistant category; black
arrows, EUCAST ECOFFs as listed in EUCAST diameter distributions (13); white arrows, IMM ECOFFs (present study). The 500-�g gentamicin disk content
was recommended by CA-SFM and in accordance with CBPs as shown. N, number of isolates.
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left-shifted, close to the resistant population. Reliable assignment
of isolates to the resistant or wild-type population is hampered
due to measurement inaccuracies, as seen with the small separa-
tion between the wild-type and non-wild-type populations. As a
consequence, interpretation errors will inevitably occur due to
technical measurement inaccuracies (17). It may be advisable to
either increase the disk content, thereby increasing the distance/
separation between wild-type and high-level-resistant popula-
tions, or to introduce a gray, or “buffer” zone surrounding the
ECOFF. Figure 2D shows the distribution data for E. faecalis and
the 500-�g gentamicin disk according to the 2013 CA-SFM CBPs.
Clearly, the wild-type population (deemed susceptible) can be
separated from high-level-resistant isolates. Wild-type and high-
level-resistant populations are separated by a transitional popula-
tion of uncertain assignment (deemed intermediate). In addition,
to assign such transitional populations to the susceptible or resis-
tant category, guideline-issuing organizations, such as CLSI and
EUCAST, are increasingly advocating use of determination of re-
sistance mechanisms to validate the phenotypic interpretive crite-
ria (27).

In contrast to the ECOFF definition, the setting of CBPs cannot
be based on microbiological data alone but needs to consider clin-
ical and PK/PD data as mandatory sources of information. How-
ever, microbiological data should not be assigned less weight than
PK/PD data in making such determinations. Preliminary CBPs
should preferably be consistent with both systems and should ul-
timately be validated by clinical outcome studies. In conclusion,
our data illustrate some issues of general importance in determin-
ing CBPs: (i) reliable CBPs/ECOFFs require species-specific crite-
ria, (ii) pooling data from different sources may influence diam-
eter distributions, and (iii) the antibiotic disk content is critical for
separating resistant and wild-type populations.
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