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Halis Akalinj, _Ilker _Inanç Balkank, Mehtap Aydınl, Elif T€ukenmez Tigenm, Safiye Koçulu Demirn,
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qClinical Microbiology, Ministry of Health Prof Dr Cemil Taşçıo�glu City Hospital, University of Health Sciences, Istanbul, Turkey;
rClinical Microbiology, Ankara Training and Research Hospital, Ankara, Turkey; sClinical Microbiology, Hacettepe University School
of Medicine, Ankara, Turkey; tGraduate School of Sciences and Engineering, Koç University, Istanbul, Turkey; uIndustrial
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ABSTRACT
Background: Cefiderocol is generally active against carbapenem-resistant Klebsiella spp. (CRK) with higher MICs against
metallo-beta-lactamase producers. There is a variation in cefiderocol interpretive criteria determined by EUCAST and
CLSI. Our objective was to test CRK isolates against cefiderocol and compare cefiderocol susceptibilities using EUCAST
and CLSI interpretive criteria.
Methods: A unique collection (n¼ 254) of mainly OXA-48-like- or NDM-producing CRK bloodstream isolates were tested
against cefiderocol with disc diffusion (Mast Diagnostics, UK). Beta-lactam resistance genes and multilocus sequence
types were identified using bioinformatics analyses on complete bacterial genomes.
Results: Median cefiderocol inhibition zone diameter was 24mm (interquartile range [IQR] 24–26mm) for all isolates
and 18mm (IQR 15–21mm) for NDM producers. We observed significant variability between cefiderocol susceptibilities
using EUCAST and CLSI breakpoints, such that 26% and 2% of all isolates, and 81% and 12% of the NDM producers
were resistant to cefiderocol using EUCAST and CLSI interpretive criteria, respectively.
Conclusions: Cefiderocol resistance rates among NDM producers are high using EUCAST criteria. Breakpoint variability
may have significant implications on patient outcomes. Until more clinical outcome data are available, we suggest using
EUCAST interpretive criteria for cefiderocol susceptibility testing.
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Introduction

Carbapenem resistant Klebsiella (CRK) infections are asso-
ciated with significant morbidity and mortality for the
vulnerable hospitalised patients. This is partly explained
by the underlying patient comorbidities, and is largely
contributed by the lack of active antibiotics against CRK.
Several new antibiotics have been approved recently for
the treatment of OXA-48-like- and KPC-producing CRK
infections. However, metallo-beta-lactamase-producing
CRK remains as a challenging group with few treatment
options [1]. Cefiderocol is a new generation cephalo-
sporin with in vitro activity against all clinically impor-
tant carbapenemases including metallo-beta-lactamases
[2]. However, cefiderocol MICs were reported to be
higher for the metallo-beta-lactamase producers [3]. Real
life data evaluating cefiderocol use for metallo-beta-lac-
tamase-producing CRK are limited [4].

Accurate antimicrobial susceptibility testing (AST) is
important to guide treatment. Cefiderocol AST remains
challenging due to the requirement for iron-depleted
media for broth microdilution (BMD). Disc diffusion has
been accepted as a robust alternative to BMD for cefi-
derocol AST and is the most practical method applied
by the clinical laboratories [5,6]. Another challenging
aspect of cefiderocol AST is the substantial difference
between EUCAST and CLSI interpretive criteria. Isolates
with a cefiderocol MIC of >2mg/L and �16mg/L are
categorised as resistant according to EUCAST and CLSI,
respectively (Table 1) [7,8]. EUCAST does not have an ‘I’
(susceptible, increased exposure) category and has an
area of technical uncertainty (ATU) for the isolates with
a inhibition zone diameter of 18–22mm, whereas CLSI

has a range (9–15mm) for ‘I’ (intermediate) category but
no ATU. The difference between the MIC breakpoints is
the reason for different zone diameter breakpoints, as
the latter are calibrated to MIC breakpoints.

The objective of this study was to test a large collec-
tion of CRK bloodstream isolates that were collected as
part of a multicentre observational study, against
cefiderocol to demonstrate its in vitro activity against
OXA-48-like and metallo-beta-lactamase producing CRK
isolates. We aimed to compare EUCAST and CLSI break-
points, and demonstrate discrepancies that would arise
from breakpoint variability.

Methods

Isolate selection

Isolates were collected as part of a multicentre observa-
tional study between June 2018 and June 2019 from 13
tertiary care centres in Turkey [9]. The study was approved
by the Koc University Institutional Review Board (approval
number: 2018.151.IRB1.018). Carbapenem resistance was
defined as being non-susceptible to at least one carbape-
nem according to EUCAST 2018 breakpoints (i.e. MIC
>2 mg/mL for meropenem or imipenem, and >0.5 mg/mL
for ertapenem). Carbapenem resistance was detected by
automated methods at participating laboratories and was
confirmed with Etest (bioM�erieux, France) in the central
laboratory (University of Queensland Centre for Clinical
Research laboratories). Species identification was per-
formed using MALDI-TOF MS (Bruker, Bremen, Germany).
Whole genome sequencing was performed at Australian
Centre for Ecogenomics using Illumina NextSeq500
(Illumina Inc., San Diego, CA) instrument. Carbapenemase
genes were detected on whole bacterial genomes using
Abricate version 0.8.10 (https://github.com/tseemann/abri-
cate) with the NCBI database [10]. Lineage STs were
assigned using MLST (https://github.com/tseemann/mlst)
with MLST profiles from pubMLST (https://pubmlst.org/).

Table 1. Comparison of EUCAST and CLSI interpretive criteria for
Enterobacterales.

Broth micro dilution, mg/L Disc diffusion, mm

S I R S I R ATU

EUCAST �2 NA >2 �22 NA <22 18-22
CLSI �4 8 �16 �16 12–15 �11 NA

S: susceptible; I: intermediate; R: resistant; ATU: area of technical uncertainty;
NA: not available
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Susceptibility testing

Cefiderocol susceptibility testing was performed using
30 mg cefiderocol discs (Mast Diagnostics, UK) according
to EUCAST 2021 criteria [7]. Briefly, isolates were grown
on non-selective blood agar at 35 ± 1 �C for 18 ± 2 h. A
single colony was suspended in 0.9% NaCl for a
McFarland of 0.5. This was streaked onto standard
Mueller-Hinton agar (Thermo Fisher Scientific, Swindon,
UK) and plates were incubated in aerobic air at
35 ± 1 �C for 16–18 h. Quality control organisms (i.e.
Escherichia coli ATCC 25922) were prepared each day of
testing. All experiments were performed in duplicates
on the same day. In the event of a discordance between
the results of the first two experiments, a third experi-
ment was performed. Discordance was defined as dis-
crepancies resulting in assignment of bacterial isolates
to adjacent interpretative category (i.e. susceptible to
intermediate, intermediate to susceptible, intermediate
to resistant, resistant to intermediate, susceptible to
resistant, resistant to susceptible). Inhibition zone diame-
ters were read using the innermost colony-free zone
when pinpoint colonies were observed within the zone.
Results were interpreted by applying EUCAST and CLSI
breakpoints (Table 1).

Results

Isolate characteristics

There were 254 Klebsiella spp. isolates (92% Klebsiella
pneumoniae, 6% Klebsiella variicola, 0.4% Klebsiella qua-
sipneumoniae and 0.4% Klebsiella oxytoca). Fifty (20%)
isolates were found to be carbapenem susceptible in
the central laboratory and did not harbour any carbape-
nemases. The majority of the remaining isolates were
OXA-48-like producers (145/204, 70%), followed by met-
allo-beta-lactamase/OXA-48-like co-producers (31/204,

15%), single metallo-beta-lactamase producers (11/204,
5%), no-carbapenemase producers (13/204, 6%) and KPC
producers (4/204, 2%). All metallo-beta-lactamases,
except a single VIM, were NDM.

SHV was the main extended spectrum beta-lactamase
(ESBL) class detected in this collection (232/254, 91%),
followed by CTX-M (196/254, 77%) and TEM (109/254,
43%). Predominant SHV, CTX-M and TEM types were
SHV-106 (90/232, 36%), CTX-M-15 (184/196, 73%) and
TEM-150 (105/109, 96%), respectively (data not shown).

ST2096 was the main multilocus sequence type
(66/254, 26%) followed by ST101 (37/254, 15%) and ST14
(28/254, 11%). The majority (58/66, 88%) of ST2096 strains
carried OXA-232 and the majority (20/28, 71%) of ST14
strains carried an NDM and an OXA-48-like concomitantly.

Inhibition zone diameters

Median cefiderocol disc zone diameter was 24mm
(interquartile range [IQR] 24–26mm) for all isolates,
24mm (IQR 23–26mm) for OXA-48-like producers,
18mm (IQR 15–21mm) for metallo-beta-lactamase pro-
ducers, 25mm (IQR 22–26mm) for KPC producers,
26mm (IQR 24–27mm) for none-carbapenemase-pro-
ducers and 28mm (IQR 26–28mm) for carbapenem sus-
ceptible isolates (Table 2, Figure 1).

Interpretive criteria

Cefiderocol susceptibility was demonstrated for 189 (74%)
and 236 (93%) of all isolates using EUCAST and CLSI inter-
pretive criteria, respectively (p < 0.001) (Table 3). About
90% (47/52) of those that were categorised as resistant by
EUCAST were categorised as susceptible by CLSI.
Susceptible percentages using EUCAST and CLSI interpret-
ive criteria for OXA-48-like, metallo-beta-lactamase and
KPC producers were 81% and 97%, 19% and 67%, and

Table 2. Cefiderocol inhibition zone diameter according to the carbapenemase type.
Disc zone diameter, mm EUCAST interpretive criteria, n (%)

Number Median IQR Range S R ATU

OXA-48-like 145 24 23–26 13–30 118 (81) 27 (19) 30 (21)
OXA-48 64 25 23–27 13–29 55 (86) 9 (14) 10 (16)
OXA-232 59 23 21–25 17–28 44 (75) 15 (25) 18 (31)
OXA-244 17 24 24–25 16–27 16 (94) 1 (6) 0
OXA-181 5 23 18–28 18–30 3 (60) 2 (40) 2 (40)

MBLa 42 18 15–21 6–26 8 (19) 34 (81) 16 (38)
MBL with OXA-48- likeb 31 17 14–21 6–26 5 (16) 26 (84) 10 (32)
MBL single 11 20 18–23 14–26 3 (27) 8 (73) 6 (55)

KPC 4 25 22–26 19–26 3 (75) 1 (25) 1 (25)
No-carbapenemase 13 26 24–27 17–29 11 (85) 2 (15) 1 (7)
Carbapenem susceptible 50 28 26–28 21–27 48 (98) 2 (2) 1 (2)
Total 254 24 24–26 6–37 189 (74) 65 (26) 49 (19)
aNDM (n ¼ 41) and VIM (n ¼ 1); bOXA-48 (n ¼ 27), OXA-232 (n ¼ 3), OXA-244 (n ¼ 1); IQR: interquartile range; MBL: metallo-beta-lactamase; CRK; carbapenem
resistant Klebsiella spp.; ATU: area of technical uncertainty.
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75% and 100%; respectively. Majority of the non-carbape-
nemase producers and all carbapenem susceptible isolates
remained susceptible to cefiderocol using EUCAST and
CLSI interpretive criteria, respectively (Table 3). Forty-nine
(19%) isolates fell into EUCAST ATU category (Table 2). The
percentage of isolates in the ATU category were higher for
the metallo-beta-lactamase producers (16/42, 38%).

Cefiderocol susceptibility according to MLST

ST14 and ST101 were the sequence types with the high-
est and lowest cefiderocol resistance rates, respectively,
according to EUCAST interpretive criteria (27/28, 96%
and 1/37, 3%; respectively). Cefiderocol resistance rate
was 29% (19/66) for the predominant sequence type
ST2096 (Supplementary Figure).

Cefiderocol susceptibility according to ESBL type

ESBL presence was more common among cefiderocol
resistant isolates as compared to cefiderocol susceptible
isolates according to EUCAST criteria. CTX-M, SHV and
TEM were present in 94%, 100% and 58% of the cefider-
ocol resistant isolates, and 71%, 88% and 38% of the
cefiderocol susceptible isolates, respectively (Table 4).
SHV and TEM carriage rates were similar for cefiderocol
susceptible and resistant OXA-48-like producers, whereas
CTX-M carriage rate was higher for cefiderocol resistant
OXA-48-like producers as compared to their susceptible
counterparts (100% vs. 80%). CTX-M and TEM carriage
rates were similar for cefiderocol susceptible and resist-
ant metallo-beta-lactamase producers, whereas SHV car-
riage was higher for cefiderocol resistant metallo-beta-
lactamase producers as compared to their susceptible
counterparts (100% vs. 75%) (Table 4).

Figure 1. Box plot graph of cefiderocol inhibition zone diameter according to carbapenem resistance mechanism. S: susceptible.

Table 3. Comparison of interpretive categories when using EUCAST and CLSI inhibition zone diameter breakpoints for
cefiderocol according to carbapenem resistance mechanism.

Carbapenem resistance
mechanism

Number of
isolates

R (%)
I (%)

S (%)

EUCAST CLSI CLSI EUCAST CLSI

OXA-48-like 145 27 (19) 0 4 (3) 118 (81) 141 (97)
MBL� 42 34 (81) 5 (12) 9 (21) 8 (19) 28 (67)
KPC-2 4 1 (25) 0 0 3 (75) 4 (100)
No-carbapenemase 13 2 (15) 0 0 11 (85) 13 (100)
carbapenem susceptible 50 1 (2) 0 0 49 (98) 50 (100)
Total 254 65 (26) 5 (2) 13 (5) 189 (74) 236 (93)

S: susceptible; I: intermediate; R: resistant; MBL: metallo-beta-lactamase; CRK: carbapenem resistant Klebsiella spp.�31 of 42 MBL producing isolates also produce an OXA-48-like carbapenemase.
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Discussion

In this study, majority of OXA-48-like producers
remained susceptible to cefiderocol using disc diffusion,
in accordance with the previous reports [2]. There was a
striking variation in resistance rates, particularly for met-
allo-beta-lactamase producers, using EUCAST vs. CLSI
breakpoints, with significantly higher resistance rates
with the former. The range of inhibition zones was large
(e.g. 14–26mm for metallo-beta-lactamase producers),
suggesting the presence of additional resistance mecha-
nisms contributing to cefiderocol resistance.

Elevated cefiderocol MICs for NDM producers were
previously demonstrated in in vitro surveillance studies
and the co-presence of an ESBL, particularly CTX-M, was
found to be more frequent among cefiderocol-resistant
metallo-beta-lactamase producers [3]. In this study,
copresence of an ESBL, particularly SHV, was more fre-
quent among cefiderocol-resistant metallo-beta-lacta-
mase producers. We also observed an association
between the MLST type and cefiderocol resistance, such
that all except one of the ST14 isolates and all except
one of the ST101 isolates were cefiderocol resistant and
susceptible, respectively. This may partially be explained
by the carbapenemase types, as 75% of the isolates in
the ST14 group harboured a metallo-beta-lactamase,
whereas only 5% of the ST101 isolates harboured a met-
allo-beta-lactamase.

More recently, cefiderocol resistance development
under cefiderocol exposure was demonstrated in a clin-
ical isolate recovered from a patient who was treated
with cefiderocol for an intra-abdominal infection caused
by NDM-5 producing E. coli [11]. Cefiderocol resistance
development in this study was demonstrated to be asso-
ciated with an increase in the blaNDM-5 copy number.
A number of other mechanisms were found to be asso-
ciated with cefiderocol MIC increase in Enterobacterales,
such as the deletions of the bacterial iron transport sys-
tem components, mutations in the signal transduction
and energy transduction systems [12,13], and mutations
in the chromosomal AmpC enzymes [14,15]. The
molecular resistance mechanisms contributing to cefi-
derocol resistance in this study are yet to be described.

In vitro studies and earlier PK/PD studies demon-
strated favourable outcomes with cefiderocol against
metallo-beta-lactamase-producers with MICs <16mg/L
[16,17]. In the CREDIBLE-CR trial, there were 23 patients
infected with metallo-beta-lactamase-producing patho-
gens (including the non-fermenters) and the clinical cure
rates were higher with cefiderocol as compared to theTa
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best available therapy (75% vs. 29%, respectively) [17]. A
recent analysis of the outcomes of the patients with
metallo-beta-lactamase producing CRK infections from
the APEKS-NP and CREDIBLE-CR trials demonstrated
numerically higher clinical cure for NDM infections
treated with cefiderocol [18]. It is important to note,
however, that the greatest cefiderocol MIC was 4mg/L
for the isolates randomised to the cefiderocol arm, and
the majority of the patients with elevated cefiderocol
MICs had an APACHE score of <15. The numbers are
too small to draw strong conclusions and more clinical
outcome data are required to assess the effectiveness of
cefiderocol for metallo-beta-lactamase producing CRK
infections, particularly in patients with higher disease
severity. However, it is important to note that break-
point variability may have significant implications on
patient outcomes. If CLSI breakpoints are more clinically
relevant, using the more conservative EUCAST criteria
would limit the use of a potent active treatment option,
whereas if it is the other way around, using cefiderocol
might result in treatment failure.

The major limitation of this study is that disc diffusion
results were not compared to BMD. Previous studies
demonstrated good correlation between disc diffusion
and BMD, with 90% categorical agreement and no very
major errors [5]. There may be a resistance overcall by
disc diffusion as major error rate was reported as 14% in
a previous study comparing disc diffusion and BMD [5].
However, our results were in line with the previous stud-
ies, where high susceptibility rates were observed
against OXA-48-like producers using CLSI criteria.
Another limitation of this study is that genomic mecha-
nisms behind cefiderocol resistance were not elucidated.

In conclusion, this, to our knowledge is the largest
collection of CRK BSI isolates tested against cefiderocol.
Cefiderocol resistance rate varied widely, particularly for
metallo-beta-lactamase producers, depending on the
interpretive criteria used. The majority of the metallo-
beta-lactamase producers were categorised as cefidero-
col resistant using the more conservative EUCAST crite-
ria. More clinical outcome data are required to ascertain
which breakpoints are more clinically relevant. Until
such data are available, we advise using the more cau-
tious approach for this group of infections.
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