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A B S T R A C T

Objectives: Many clinical laboratories have difficulty in routinely performing in vitro fosfomycin
susceptibility testing using the agar dilution (AD) method, considered to be the gold standard method.
The objective of our work was to evaluate a rapid commercial fosfomycin agar dilution panel against
clinical Staphylococcus aureus and Enterobacterales strains, in two different centres located in Italy and in
the UK.
Methods: A total of 99 Enterobacterales (mostly Escherichia coli and Klebsiella pneumoniae) and 80 S.
aureus clinical isolates was used to evaluate the commercial device, a 12-well panel containing
fosfomycin incorporated into CA-MH agar supplemented with 25 mg/L of glucose-6-phosphate
(Liofilchem S.r.l., Roseto degli Abruzzi, Italy). Testing was performed in two centres (Italy and UK)
and kit results were compared against the gold standard in-house AD MIC method.
Results: According to the EUCAST breakpoints, fosfomycin inhibited 61% of the S. aureus strains, and 76% of
the Enterobacterales isolates tested by the AD reference method. There was a Categorical Agreement (CA)
of 100% and an Essential Agreement (EA) of 91.25% for S. aureus; while the Enterobacterales strains
showed a CA of 94% and an EA of 97%. No evaluation errors were observed among S. aureus, while 5%
Major Error and 1% Very Major Error were observed for the Enterobacterales.
Conclusions: Our results confirmed the feasibility of determining fosfomycin susceptibility using a
commercial AD panel as a routine substitution for the AD test. The few differences observed were only in
strains with MICs around the breakpoint used.
© 2020 Published by Elsevier Ltd on behalf of International Society for Antimicrobial Chemotherapy. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

Because of the increasing number of multidrug-resistant (MDR)
bacteria, there has been a revival in the clinical use of older drugs
[1]. Fosfomycin, first discovered in 1969, possesses broad-
spectrum activity against both Gram-positive (Staphylococcus
aureus including methicillin-resistant (MRSA) strains and most
coagulase-negative staphylococci, less active against enterococci)
and Gram-negative bacteria (including Escherichia coli, other
Enterobacterales, and less active against Pseudomonas aeruginosa),
by inhibiting bacterial cell wall synthesis [2]. Throughout Europe,

the drug is widely used as a monotherapy for urinary tract
infections, and is also used in combination to treat many severe
infections including pneumonia, osteomyelitis, meningitis, surgi-
cal infections, arthritis, septicaemia, peritonitis, cervical lymph-
adenitis, diabetic foot infections, and typhoid fever [2,3].

Good efficacy for fosfomycin has been seen clinically against
Enterobacterales with extended MDR, including extended-spec-
trum beta lactamase (ESBL) producers, being at least 90%
susceptible [4].

Clinical use of fosfomycin requires in vitro testing of the drug,
for correct categorization in the clinical reports. Disk diffusion, the
main method for susceptibility testing in laboratories, and broth
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microdilution (BMD), the main reference method recommended
by both EUCAST and CLSI, have been shown to give inaccurate
results for fosfomycin [5]. Agar dilution (AD) is considered to be the
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nly approved method for testing fosfomycin susceptibility
IC values (EUCAST, 2020; CLSI, 2018) [6,7]; however, it is
umbersome, requires expertise not evident in most diagnostic
aboratories, and is not routinely performed [8].

In this study, we evaluated the performance of a simpler, rapid,
nd less time-consuming panel to detect the in vitro activity of
osfomycin against a large sample of S. aureus and Enterobacterales
linical isolates, compared with the AD gold standard recom-
ended.

. Materials and methods

.1. Isolate collection

In Italy, a total of 80 previously published S. aureus (70 MRSA
nd 10 methicillin-susceptible S. aureus (MSSA)) were selected
rom a collection of molecularly characterized (ST and SCCmec)
linical isolates recovered in 2012 from documented blood stream
nfections, lower respiratory tract infections, and skin and soft-
issue infections, as part of a national Italian survey [9,10]; the
RSA strains belonged to major worldwide spread clones (ST22/

Vh; ST228/I; ST5/II; ST8/IV) and minor clones [9,10]; eight strains
ere not genotypically characterized. In the UK, a total of 99
nterobacterales isolates (69 E. coli, 27 Klebsiella pneumoniae, and
hree other species) collected within the last 5 years from
nternational sepsis samples was used. These isolates were
equenced, annotated, and possessed a range of ESBL genes and
arbapenem-resistance genes. S. aureus ATCC1 29213 and E. coli
TCC1 25922 were used as reference strains.

.2. MIC determination by in-house agar dilution

To determine the reference MIC values for fosfomycin, an in-
ouse agar dilution method using cation-adjusted Mueller-Hinton
gar (CA-MHB) (Difco, Detroit, MI) supplemented with 25 mg/L of
lucose-6-phosphate (Sigma Aldrich Co, Italy & UK) was used [11],
s recommended by Clinical and Laboratory Standards Institute
CLSI) guidelines (CLSI, 2018) [7]. Fosfomycin (Sigma-Aldrich, St.
ouis, MO, USA) was tested over a range of dilutions 0.25–256 mg/
. All experiments were repeated three times, using daily freshly
repared plates and inoculum. The fosfomycin breakpoints for the
nterpretative criteria for clinical isolates were used according to
he European Committee on Antimicrobial Susceptibility Testing
EUCAST, 2020) [6]. Accordingly, S. aureus and Enterobacterales
solates with fosfomycin MICs of >32 mg/L were categorized as
esistant.

.3. Commercial AD fosfomycin panel

The commercial AD fosfomycin panel (Liofilchem S.r.l., Roseto
egli Abruzzi, Italy) has 12 wells containing the antibiotic
ncorporated into an agar medium in different concentrations, i.e.
1 two-fold dilutions (0.25–256 mg/L) (www.liofilchem.com/ifu-
ds), containing 25 mg/L of glucose-6-phosphate. The panel was
sed according to the manufacturer's guidelines. A 0.5 McFarland
acterial suspension was made for each isolate, then diluted 1:10
sing sterile saline. Into each well, 2 mL of the diluted bacterial
uspension was dispensed onto the agar surface (approximately 104

FU/mL in each well). The growth-control well (no antimicrobial
gent) was inoculated first followed by the antimicrobial-containing

was defined as MIC differences � 1 dilution; VME was defined
when isolates were susceptible by the commercial AD panel but
resistant by the reference AD method; and ME was defined when
isolates were resistant by the commercial AD panel but susceptible
by the reference AD method.

3. Results

MIC distributions of the 10 MSSA, 70 MRSA, and 99 Enter-
obacterales, obtained by AD reference method compared with the
commercial AD fosfomycin kit, are shown in Fig. 2a–c, respectively.
The percentages of isolates classified as susceptible and resistant to
fosfomycin, by each testing method, and the values of EA, ME, and
VME are also included. According to the selected breakpoints
(EUCAST 2020, CLSI 2018), fosfomycin inhibited 61% of all the S.
aureus strains, with a MIC range from 2 to 32 mg/L; only one MSSA
showed fosfomycin-resistance with an MIC of 128 mg/L), while 30
out of 70 MRSA strains were resistant (42.8%). No differences in
MIC distribution were found among the diverse MRSA clones
analysed.

Among 99 Enterobacterales isolates, 75 (76%) were susceptible
to fosfomycin, tested by the reference AD method, with MIC values
between 0.5 and 32 mg/L. This included 54 E. coli, 19 K. pneumoniae
and two other Enterobacterales.

When comparing the results of a commercial AD fosfomycin
panel with those obtained from the in-house agar dilution, EA
(within 1 log2) for MRSA was 90.0% and for MSSA was 100%. CA, for
both MRSA and MSSA, was 100% and no discordant results,
categorized as ME and VME, were observed. For Enterobacterales,
the EA was 97% (96 out of 99) with CA of 94% and ME and VME rates
of 5% and 1%, respectively. For one E. coli isolate, a VME was seen
with a 1xlog2 dilution difference, 64 mg/L using the reference in-
house AD, and 32 mg/L with the commercial AD panel; MEs in five
isolates: two strains of E. coli and two strains of K. pneumoniae
showed a 1xlog2 dilution difference (32 vs. 64 mg/L) while for one
E. coli isolate, a ME was seen with a 2xlog2 dilution difference (32
vs. 256 mg/L).

4. Discussion

Fig. 1. Representation of the commercial AD fosfomycin panel.
Fosfomycin MIC range: 0.25–256 mg/L; final inoculum 2 mL (104 CFU per spot); C,
growth control.
ells, starting with the lowest concentration (Fig. 1).

.4. Definitions and analysis

Categorical Agreement (CA) and Essential Agreement (EA) plus
ajor Error (ME) and Very Major Errors (VME) were calculated. EA
33
The unremitting challenge against the rise of hospital infections
sustained by MDR isolates is currently one of the most serious
clinical problems, worsened by the lack of novel antimicrobials,
with valid benefits in treating MDR bacteria [12]. At the same time,
we are witnessing a revival of ‘old’ antibiotics developed decades
ago [1]. Fosfomycin has drawn significant attention in recent years
5
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because of its broad-spectrum activity against MDR Gram-positive
bacteria, such as MRSA [13] and penicillin-resistant Streptococcus
pneumoniae, and Gram-negative bacteria, such as ESBL-producing

for some laboratories. Some laboratories rely on automated systems
for antimicrobial susceptibility testing of Fosfomycin, which
predominantly use BMD; neither CLSI nor EUCAST recommend

Fig. 2. Scattergram of fosfomycin MICs for Staphylococcus aureus and Enterobacterales measured by agar dilution (AD) reference method and AD fosfomycin panel. (A) MSSA
(n = 10).
(B) MRSA (n = 70); (C) Enterobacterales (n = 99).
The bold lines indicate the EUCAST breakpoint for susceptibility (�32 mg/L). Grey boxes indicate essential agreement (EA) between testing methods. * Very Major Error; **
Major Error.
E. coli and, to some extent, KPC-producing K. pneumoniae
[2,4,14,15].

Both CLSI and EUCAST have disk diffusion methods and criteria
for susceptibility testing fosfomycin. However, the guidelines for
reading the tests are different: CLSI count colonies inside the zone,
whereasEUCAST donot, therefore, interpretationcan beproblematic
336
the use of BMD (EUCAST 2020; CLSI, 2018) [6,7]. Therefore, the
majority of automated susceptibility testing systems should not be
used to interpret fosfomycin, as they provide unreliable results
compared with the reference AD gold standard method [6].

In some clinical scenarios, such as serious complicated
infections, a fosfomycin MIC may be required. Although most
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aboratories will struggle to perform the reference in-house AD
ethod, the commercial AD fosfomycin kit described here could be
ffered as a useful and easy to use reference ‘gold standard’ method
or obtaining a fosfomycin MIC.

In line with previously published study, our data confirm that
osfomycin is very active against MDR S. aureus clinical isolates,
uch as MRSA according to EUCAST or CLSI breakpoints [16,17]. The
usceptibility rate of fosfomycin in S. aureus was estimated to be
round 61%, and higher in Enterobacterales at around 76%.
The comparison between the commercial AD fosfomycin panel

nd the reference AD method demonstrated a robust consensus of
he antibiotic susceptibility values, both for S. aureus and Enter-
bacterales isolates. Using the CLSI requirements for commercial
ntimicrobial susceptibility testing systems (EA �90%, CA �90%,
ME �1.5%, ME �3.0%), the AD fosfomycin commercial method
et the acceptance criteria with almost all values [18].
Only Enterobacterales ME values were above the CLSI criteria;

owever, the 5 isolates with discordant categorical results had MIC
alues at the breakpoint, thereby producing a major error rate of 5%
MICs of 32 and 64 mg/L).

In conclusion, this novel AD test is user-friendly, suitable and
apid to use, resulting in a feasible alternative to the reference AD
ethod in the routine laboratory. Looking ahead, the reduction in

urnaround time achieved using the AD fosfomycin panel could
mprove the clinical management of MDR isolates, providing a
rompt suggestion for antibiotic therapy.
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