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Objectives: The reproducibility of cefiderocol MIC determination using broth microdilution (BMD) in iron-de-
pleted CAMHB (ID-CAMHB) was investigated, and the EUCASTdisc diffusion (DD) method for cefiderocol suscep-
tibility testing was developed and validated against reference BMD.

Methods: Cefiderocol values were determined for wild-type (WT) and non-WT isolates using BMD plates with ID-
CAMHB (Thermo Scientific, Oakwood, USA) per EUCAST guidelines. DD was performed using standard EUCAST
methodology on unsupplemented Mueller–Hinton agar with cefiderocol 30 μg discs. Control agents were in-
cluded in all tests. MICs were correlated with zone diameters (ZD), and ZD breakpoints (BP) best corresponding
to theMIC BPs were determined. Areas of technical uncertainty (ATU) were includedwhere appropriate. External
laboratory validation of cefiderocol DD was performed per the EUCAST SOP 9.2.

Results: MIC and ZD distributions for cefiderocol against WT isolates were established. Cefiderocol ZD BPs were
set at susceptible ≥22 mm, resistant ,22 mm for Enterobacterales and Pseudomonas aeruginosa and ATUs
were decided. For Acinetobacter baumannii and Stenotrophomonas maltophilia, ZD cut-off values of ≥17 mm
and ≥20 mm corresponded to MIC values of ≤2 and ≤0.5 mg/L, respectively. Cefiderocol ZDs for Escherichia
coliATCC 25922 (target 27 mm) and P. aeruginosaATCC27853 (target 26 mm)werewithin+3 mmof the target
values. For DD, there was no problematic variation between discs, media or laboratories.

Conclusions: DD is a robust and easy-to-perform method for cefiderocol susceptibility testing. For isolates with
results in the ATU, an MIC test should be performed to confirm the results.

Introduction
AST is required to determine susceptibility or resistance of bac-
teria to specific antimicrobial agents. EUCAST guidelines recom-
mend that AST be conducted via broth microdilution (BMD) and
disc diffusion (DD).1–3

For BMD, liquid growth medium, typically cation-adjusted
Mueller–Hinton broth, is used to determine the MIC, which is
the lowest concentration of antimicrobial agent that inhibits vis-
ible growth of a pathogen.1,4,5

DD is a versatile, cost-effective andwell-standardizedmethod
for AST that is conducted using nutrient agar medium, typically
Mueller–Hinton agar, on which antimicrobial discs are applied.
After a standardized incubation time, zone diameters (ZD) (circu-
lar areas of inhibited bacterial growth) are measured.2,3

EUCAST has established clinical MIC and ZD breakpoints (BPs)
for multiple antimicrobial agents and bacterial species based on

testing using standardized methodology, and discs and media
from multiple manufacturers.1 For a species, epidemiological
cut-off values (ECOFFs) distinguish between isolates with
non-wild-type (non-WT) and without phenotypically detectable
acquired resistance mechanisms (WT) to a specific agent.1

EUCAST ECOFFs are based on ≥5 MIC distributions, whereas ten-
tative ECOFFs (TECOFFs), which can be usedwhen there is not suf-
ficient data to establish an ECOFF, can be based on 3 or 4 MIC
distributions.6,7 Distributions with ECOFF values are available in
the EUCASTdatabase, where there are.30000 MIC distributions
containing more than several million MICs from worldwide
sources.6

Cefiderocol is a novel siderophore cephalosporin developed for
the treatment of infections caused by Gram-negative bacteria
(GNB), including carbapenem-resistant GNB.8 Cefiderocol is ap-
proved in Europe for the treatment of infections caused by aerob-
ic GNB in adults with limited treatment options8 and is approved

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
1662

J Antimicrob Chemother 2022; 77: 1662–1669
https://doi.org/10.1093/jac/dkac080 Advance Access publication 15 March 2022

mailto:erika.matuschek@kronoberg.se
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/jac/dkac080
https://academic.oup.com/


in theUSA for the treatment in adults of complicated urinary tract
infections, including pyelonephritis, hospital-acquired pneumo-
nia and ventilator-acquired pneumonia caused by susceptible
GNB.9 Cefiderocol is actively transported into bacterial cells using
receptor-mediated iron transport systems owing to the binding
of ferric iron by a catechol moiety. Cefiderocol can also passively
enter bacterial cells through outer membrane porin channels.8

Once inside the cell, cefiderocol acts like other cephalosporins,
binding primarily to penicillin-binding proteins and causing cell
death by inhibition of peptidoglycan cell wall biosynthesis.10 In vi-
tro activity of cefiderocol has been demonstrated against GNB
harbouring carbapenemases from all four Ambler classes (for ex-
ample, KPC, VIM, IMP, NDM and OXA carbapenemases) and those
with derepressed AmpC and/or ESBLs plus porin/efflux pump re-
sistance mechanisms.11–13

For cefiderocol, interpretive criteria/BPs for BMD and DD have
been defined by EUCAST, CLSI and the FDA (Table S1, available
as Supplementary data at JAC Online).1,14,15 Clinical BPs for cefi-
derocol BMD and DD have been set by EUCAST for
Enterobacterales and Pseudomonas aeruginosa, but not for
Acinetobacter spp. and Stenotrophomonas maltophilia.1 For
Acinetobacter spp. and S. maltophilia, when treatment options
are limited, EUCAST recommends the use of general
non-species-specific pharmacokinetic/pharmacodynamic (PK/
PD) BPs.1 For these species, ZD breakpoints were developed by
EUCAST to correspond to the PK/PD BPs.16,17 When using BMD
as a method of AST for cefiderocol, iron-depleted-CAMHB
(ID-CAMHB)media are needed to ensure MICs used for determin-
ing clinical breakpoints and PK/PD assessment are predictive of in
vivo activity.18 DD does not require iron-depleted media and
standardMueller–Hinton agar can be used,3,17 meaning DD is po-
tentially a simpler, cheaper, and a more widely accessible meth-
od of AST for cefiderocol.3

In this report, we investigated the reproducibility of cefidero-
col MIC determination using BMD in ID-CAMHB against clinical
isolates with various cefiderocol MICs and validated the EUCAST
DD method for cefiderocol against clinical isolates by correlating
zone diameters to reference MIC values. In addition, the EUCAST
quality control (QC) ranges for cefiderocol were determined and
validated.

Materials and methods
Bacterial isolates
Bacterial isolates from several sources and geographical origins were in-
cluded in the study. The isolates were identified to species or complex le-
vel using the Microflex system with the MALDI Biotyper 3.1 software
(Bruker Daltonics) and the MBT database-5627 according to the manu-
facturer’s instructions.

Broth microdilution (BMD)
In vitro activity was determined using preprepared, frozen 96-well micro-
titre plates (Thermo Scientific, Oakwood, USA) with ID-CAMHB for cefider-
ocol, which had been prepared according to CLSI approved
methodology,14 and standard CAMHB for the control agents (cefepime,
ceftazidime, meropenem and trimethoprim/sulfamethoxazole), accord-
ing to EUCAST/ISO guidelines.1,5 Cefiderocol MICs were read as the first
well in which the reduction of growth corresponds to a button of
,1 mm or is replaced by the presence of light haze/faint turbidity. All

tests were set up blindly and each panel was inoculated with a single iso-
late with fresh bacterial inoculum suspensions that were prepared each
day. All isolates with difficult-to-read MICs were confirmed by at least
two technicians reading independently.

Disc diffusion (DD)
DDwas performed using cefiderocol 30 μg discs from twomanufacturers
(Liofilchem, Roseto degli Abruzzi, Italy and Mast Diagnostics, Merseyside,
UK) on standardized unsupplemented Mueller–Hinton agar plates pre-
pared in-house from two manufacturers [Oxoid (Thermo Fisher
Scientific, Basingstoke, UK) and BBL (Becton Dickinson, Sparks, NV, USA)]
according to EUCAST methodology for non-fastidious organisms.3 DD
for the control agents (cefepime 30 μg, ceftazidime 10 μg, meropenem
10 μg and trimethoprim/sulfamethoxazole 1.25/23.75 μg) was also con-
ducted according to EUCAST guidelines.3 Colonies within zones appeared
for both cefiderocol and control agents and were taken into account
when reading zones after having excluded possible contaminations.
EUCAST recommends that in cases of double zones, or distinct colonies
within zones, that the purity is checked, and the test is repeated; if cul-
tures are pure, colonies within zones should be taken into account
when measuring the diameter.3 The cefiderocol 30 μg disc was chosen
based on an initial study investigating 5, 15 and 30 μg discs
(Supplementary Methods 1.1).

WT distributions and the establishment of TECOFFS and
ECOFFS
WT organisms were defined as organisms without phenotypically de-
tectable acquired resistance mechanisms against multiple β-lactam
agents (Supplementary Methods 1.2). In order to set TECOFFs, WT iso-
lates were selected from the EUCAST development laboratories’ (EDL)
library (50 Escherichia coli, 50 Klebsiella pneumoniae, 50 P. aeruginosa,
50 Acinetobacter baumannii and 45 S. maltophilia) and tested by BMD
and DD according to EUCAST guidelines for cefiderocol and control
agents.3,4 For each species, the widths of each MIC and ZDWTdistribu-
tion, i.e. number of bars (representing MIC concentration and zone dia-
meters, respectively) were compared for cefiderocol and the control
agents.

MIC–zone diameter correlations
Isolates with a range of MICs (≤0.002–.256 mg/L), including cefiderocol-
susceptible and cefiderocol-resistant isolates, were tested. BMD and DD
were performed in parallel from the same inoculum suspension for
Enterobacterales (n=263), including E. coli (n=77), K. pneumoniae
(n=77), and P. aeruginosa (n=101), A. baumannii (n=103) and S. malto-
philia (n=75). MICs were correlated with ZD, fromwhich the disc BP corre-
sponding to the MIC BP was set. Isolates with elevated cefiderocol MICs
were provided by Shionogi or selected fromamongmultidrug-resistant iso-
lates from the EDL library. For S. maltophilia, all isolates tested had cefider-
ocol MICs≤0.5 mg/L. The study layout was designed according to EUCAST
SOP 9.219 and used Mueller–Hinton agar from two manufacturers (BBL
BD™ and Oxoid Ltd) in parallel. To optimize the space on the agar plates,
two comparator discs were tested for all species, except for S. maltophilia,
for which trimethoprim/sulfamethoxazole is the only relevant control
agent.

Validation of disc diffusion at external laboratories
External validation of cefiderocol DD was performed across four labora-
tories on local clinical isolates using cefiderocol 30 μg discs (Liofilchem
or Mast) on local Mueller–Hinton agar according to EUCAST SOP 9.2.19
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Quality control
Quality control (QC) ranges were determined from DD tests according to
EUCAST SOP 9.2,19 for E. coli ATCC 25922 and P. aeruginosa ATCC 27853
(Supplementary Methods 1.3); discs by two manufacturers (Liofilchem
versus Mast) and Mueller–Hinton agar by three manufacturers (Oxoid
Ltd, Difco and BBL BD™). Testing was conducted by the EDL and at four
external laboratories (Supplementary Methods 1.4). These data were
compared with data generated for CLSI.14,20

Results
MIC distributions in WT isolates
MIC distributions for cefiderocol against WT isolates are shown in
Figure 1. TECOFFs are shownwhen determined. It was noted dur-
ing these studies that cefiderocol MIC endpoints weremore often
difficult to read than for comparator agents and this was the case
for all species tested, but MICs for the difficult-to-read isolates
(shown as white bars in Figure 1) did not affect the TECOFFs.

Two examples of reading of cefiderocol endpoints when trailing
occurs are shown in Figure 2. In addition, growth in the positive
control for ID-CAMHB was often less than in the standard
CAMHB, especially for P. aeruginosa, A. baumannii and
S. maltophilia. When excluding difficult-to-read isolates, the MIC
distribution for cefiderocol was wider than control agents in three
of the five species (Table S2). Excluding difficult-to-read isolates did
not significantly impact on the calculation of the TECOFF.

Disc potency determination
Assessment of three disc potencies (5, 15 and 30 μg discs) was
conducted. As there was overlap between susceptible and re-
sistant isolates with all three disc potencies and the 30 μg
disc had already been approved for the CLSI disc diffusion
methodology, it was determined that the 30 μg disc was ac-
ceptable for use with EUCAST methodology (Figure S2;
Supplementary Methods 1.1).
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Figure 1. MIC WTdistributions for cefiderocol against E. coli (a), K. pneumoniae (b), P. aeruginosa (c), A. baumannii (d) and S. maltophilia (e), based on
theWTdistributions from this study [suggested tentative epidemiological cut-off values (TECOFFS) are shown]; white bars correspond to isolates with
difficult-to-read MICs.
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MIC–zone diameter correlations for bothWT isolates and
isolates with elevated cefiderocol MICs
An analysis of the correlation between MICs and ZDs was per-
formed for cefiderocol (Figure 3) and control agents (Figure S3)
for Enterobacterales (n=263), including E. coli (n=77),
K. pneumoniae (n=77), and P. aeruginosa (n=101), A. baumannii
(n=103) and S. maltophilia (n=75). The correlation between
zone diameters and MICs was generally good, but there was
some overlap between susceptible (≤2 mg/L) and resistant
(.2 mg/L) isolates in the range of 18–22 mm for
Enterobacterales and of 14–22 mm for P. aeruginosa.

TheZD (30 μgdisc) correlates to the cefiderocol clinical BP,which
was determined to be ≥22 mm for both Enterobacterales and P.
aeruginosa. TECOFFs for E. coli, K. pneumoniae and P. aeruginosa
were 24 mm, 22 mm and 23 mm, respectively (Figure S4). For A.
baumannii, with the exception of one isolate, a cut-off value of
≥17 mm corresponded to MICs ≤2 mg/L while excluding isolates
with MICs .2 mg/L.17 In our study, only S. maltophilia isolates

withMICvalues of≤0.5 mg/Lwere included. The TECOFF for S.mal-
tophiliawas 29 mmand the smallest ZD was 20 mm. This is in line
with theEUCAST-determinedPK/PDBP,where theZDof20 mmcor-
responds toanMICof≤2 mg/L for S.maltophilia.17 For all evaluated
species, anoverlapbetweenMICs oneach sideof the clinical BPwas
observed. Areas of Technical Uncertainty (ATU) were introduced to
increase the robustness of the test: ATU for Enterobacterales, 18–
22 mm; ATU for P. aeruginosa, 14–22 mm.

Validation for DD
The four external laboratories met the preliminary QC criteria
(Figure S1) whilst generating routine ZD data on consecutive
isolates of the four species. The resulting zone distributions
(Figure S5) suggested that results were largely unaffected
by disc and media manufacturer and that the results from
the four laboratories were consistent. E. coli and P. aeruginosa
data confirmed the ZD susceptible BP of ≥22 mm. For
A. baumannii and S. maltophilia, data confirmed the ZD

Figure 2. Examples of reading cefiderocol endpoints when trailing occurs; examples from the EUCAST Reading Guide. This figure appears in colour in
the online version of JAC and in black and white in the print version of JAC.
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corresponding to the PK/PD susceptible BP: ≥17 mm and
≥20 mm, respectively.

Disc diffusion quality control
Cefiderocol 30 μg ZD distributions from testing at EDL suggested
preliminary QC ranges of 24–30 mm (target 27 mm) for E. coli
ATCC 25922 and 22–28 mm (target 25 mm) for P. aeruginosa
ATCC 27853 (Figure S1). ZD distributions from testing at the
external laboratories were within the preliminary ranges for
E. coli ATCC 25922 [24–30 mm (target 27 mm)] (Figure 4a). For
P. aeruginosa ATCC 27853 (Figure 4b), the disc ZD distributions

were 23–29 mm (target 26 mm). Moreover, the intrinsic variabil-
ity in the DD method was consistent with most other β-lactam
antimicrobials, with a range of 6 mm (target+3 mm).6,21 The fi-
nal EUCAST QC ranges (24–30 mm for E. coli ATCC 25922 and 23–
29 mm for P. aeruginosa ATCC 27853) were set based on the data
generated by EDL and the external laboratories and after com-
parison with the data generated for CLSI (Table S3).

Discussion
The results from these studies indicate that DD is a robust meth-
od for determining cefiderocol susceptibility. The DD QC results,
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Figure 4. Inhibition zone diameter distributions for quality control strains from the external validation study versus test site, disc manufacturer and
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and ensuing QC ranges, provide evidence that reproducibility is as
good as for other agents, with limited effect of variability across
laboratories, discs and media. A 6 mm range of intrinsic variabil-
ity is within the expected ranges.6,21 For clinical isolates, correl-
ation between MIC and ZD for Enterobacterales was consistent
with the variability seen for QC strains (target+3 mm); however,
the variability was larger for P. aeruginosa and, to avoid mischar-
acterization, a wider ATU (14–22 mm) was introduced.

For these studies, TECOFFs based on EUCAST guidelines were
determined by using only WT isolates from EDL collections; how-
ever, it is preferable that the MIC distribution data for ECOFF de-
termination is collected from ≥5 laboratories. Both the selection
criteria for defining WT isolates and difference in number of iso-
lates and test sites may have led to differences in ECOFFs be-
tween EUCAST and CLSI, as ECOFFs were determined by CLSI
using more isolates from the SIDERO-WT multinational surveil-
lance studies. In the studies reported here, the WT population
was enhanced by excluding organisms with evidence of
β-lactam resistance, through screening isolates for susceptibility
to as many β-lactam antimicrobials as possible (Supplementary
Methods 1.2). This simplifies the determination of WT and
ECOFF and may serve as a model for other agents. However,
even when limiting variation in BMD testing as much as possible,
WT MIC distributions for cefiderocol were broader than for the
majority of control agents. This complicates testing and the set-
ting of ECOFFs for cefiderocol. Broader MIC distribution in WT
strains with cefiderocol compared with other cephalosporins is
likely due to greater variation in the expression of iron transpor-
ters and/or expression of siderophores, such as pyochelin, which
can increase uptake and cause hypersusceptibility, and not due
to low reproducibility of the BMDmethod. ECOFFs were not deter-
mined using the randomly selected isolates for cefiderocol in the
surveillance studies because of widespread prevalence of
β-lactamases, porin mutations and efflux over-expression.

The ATU is used as a warning to laboratory staff that the value
determined is in an areawhere there are AST interpretive difficul-
ties; this can be for BMD and DD methods conducted using
EUCAST guidelines.22 ATU is usually defined by one MIC value or
by one or several inhibition ZDs. The ATU is related to uncertain-
ties in testing procedures.22 Although the natural and unavoid-
able variation in testing will influence the actions that may
need to be taken, it is assumed that the test (MIC or inhibition
ZD) is correctly performed and that the value obtained is correct.
The ATU can be ignored or acted on, this can include repeating
the test, performing an alternative test, or reporting the results
in the ATU as ‘uncertain’. At present, per the EUCAST guidelines
for cefiderocol, there are only ATUs for Enterobacterales (18–
22 mm) and P. aeruginosa (14–22 mm).1 Moreover, the expected
experimental variability margin for disc ZD is target +3 mm,
which would correspond to a range from 18–25 mm for a target
of 22 mm; this was seen for the QC strains in the current study,
meaning the ATU for Enterobacterales is not indicative of poor
reproducibility.

The current advice for isolates that fall within the ATU for DD is
that they should be retested by a different method (i.e. BMD), re-
ported as resistant or not reported at all.1 Without re-resting,
there is a risk that potentially susceptible isolates with MIC
≤2 mg/L but ZD in the 18–22 mm range are wrongly classed as
resistant, which has potential negative implications for patient

care due to the limited treatment options for some extensively
drug resistant isolates or for patients that are not able to tolerate
polymyxin-based regimens owing to renal insufficiency. This
means thatmicrobiologists need to bemade aware of the urgen-
cy of obtaining a result for cefiderocol. DD for cefiderocol is as ro-
bust as DD for most other β-lactam agents. There are no specific
reading challenges for cefiderocol DD. Moreover, the variation be-
tween discs and media from the different manufacturers used in
this study did not impact to any extent on the DD results. Similar
studies have also determined that DD offers a convenient alter-
native to BMD for cefiderocol AST, although other investigators
have reported problems with A. baumannii complex isolates.23

EUCAST, FDA and CLSI all evaluated similar datasets to deter-
mine MIC distributions, PK/PD, and clinical exposure/response re-
lationships, but used slightly different approaches, which has led
to differences in the final BPs for specific bacterial species or anti-
microbial agents. The use of different ECOFFdefinitions by various
investigators has affected the setting of BPs.23–25 The use of for-
mally defined ECOFFs/TECOFFs could benefit future work with
similar antimicrobials (all β-lactams). The approach used in this
study follows the EUCAST definitions of ECOFFs and TECOFFs,
which stipulates that true WT isolates can only be defined using
isolates totally devoid of interfering acquired resistance
mechanisms.7,26

Conclusions
We investigated cefiderocol MIC and DD correlation, reproducibil-
ity and defined a suitable disc potency. QC criteria were estab-
lished and TECOFFs for cefiderocol were determined. DD was
shown to be a robust method for evaluating cefiderocol suscep-
tibility in Enterobacterales and P. aeruginosa isolates and can be
used with confidence when using media and discs that result in
mean ZD values that are close to QC target values. The robust-
ness of the method is further increased by the introduction of
ATUs to strengthen the validity of results outside ATUs and to
warn laboratories of potentially inconclusive results. The BMD
method is more technically challenging but should be used to
confirm the MIC in the event of an inconclusive result.
Commercial assays for cefiderocol MIC determination can be
used if they have been proven to be equivalent to reference
BMD in ID-CAMHB and are quality controlled.
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