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The broth microdilution method for fosfomycin and Pseudomonas aeruginosa was assessed and compared with the approved
agar dilution method in 206 genetically unrelated P. aeruginosa clinical isolates. Essential agreement between the two methods
was 84%, and categorical agreement was 89.3%. Additionally, Etest and disk diffusion assays were performed. Results validate
broth microdilution as a reliable susceptibility testing method for fosfomycin against P. aeruginosa. Conversely, unacceptable
concordance was established between Etest and disk diffusion results with agar dilution results.

Multi-drug resistance (MDR) in clinical Pseudomonas aerugi-
nosa isolates has been widely reported and is of particularly

concern in severe infections for which few therapeutic options
remain available (1). Fosfomycin shows no cross-resistance with
other antimicrobials and has demonstrated safety and efficacy
over a broad range of infections and organisms (2). This antibiotic
may act synergistically with many antimicrobials, and the intrave-
nous form could be administered in combination for the treat-
ment of systemic infections caused by MDR P. aeruginosa (3, 4).

The approved in vitro antimicrobial susceptibility testing
method for fosfomycin is agar dilution (5); however, broth mi-
crodilution is the basis of automated systems currently used in
clinical microbiology laboratories. Neither the Clinical and Labo-
ratory Standards Institute (CLSI) (5) nor the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) (6) includes fos-
fomycin breakpoints for P. aeruginosa, although EUCAST has de-
fined an epidemiological cutoff (ECOFF) value (6).

Our study was designed to evaluate the in vitro fosfomycin
activity against a collection of P. aeruginosa isolates by standard
broth microdilution and to compare that method’s performance
with the performance of agar dilution, considered in this study as
the reference method. In addition, agar dilution and broth mi-
crodilution were also assessed without glucose-6-phosphate
(G6P) against 25 strains exhibiting different fosfomycin MIC val-
ues. Etest and disk diffusion were also assessed. A total of 206
genetically unrelated clinical P. aeruginosa isolates, 148 carbap-
enem susceptible and 58 non-carbapenem susceptible, were in-
cluded (7). P. aeruginosa ATCC 27853 was used as the control.

(Part of this research was presented at the 22nd European Con-
gress of Clinical Microbiology and Infectious Diseases, London,
United Kingdom, 31 March to 3 April 2012.)

Susceptibility to fosfomycin (Laboratorios Ern, S.A., Barce-
lona, Spain) was determined concomitantly by agar dilution and
broth microdilution using BBL Mueller-Hinton II cation-ad-
justed agar and broth, respectively (Becton, Dickinson [BD],
Sparks, MD), both supplemented with 25 �g/ml of G6P (Sigma-
Aldrich Chemical Co., St. Louis, MO). The MIC was defined as the
lowest antibiotic concentration that inhibited visible growth of

the organism. MIC interpretation was done using an ECOFF value
of �128 �g/ml (6). Fosfomycin disk diffusion using disks of two
different strengths (200 �g [BD] and 50 �g [Oxoid Ltd., Basing-
stoke, United Kingdom]), both supplemented with 50 �g of G6P
(5, 8), and the Etest (containing 25 �g/ml of G6P; bioMérieux,
Marcy-l’Étoile, France) were performed in duplicate on the same
day. Isolates showing colonies inside both the inhibition ellipse of
the Etest and the inhibition zone diameters of disks but excluding
an objective measurement were recorded as “resistant.” Quantifi-
cation, susceptibility status, and mutation rate of these colonies
were not assessed, as this appraisal was beyond the scope of the
present work.

Categorical error rates (categorical agreement [CA]) were cal-
culated after comparing the MICs obtained by microdilution and
Etest with those obtained by the agar dilution method. Essential
agreement (EA) was defined as when the MIC results obtained by
the two methods were identical or agreed within approximately
one 2-fold dilution. Major and very major errors were recorded
according to published guidelines (9). Error levels were computed
as percentages along with their corresponding exact 95% confi-
dence intervals (10). The log2-transformed MICs obtained by the
different procedures were compared using a nonparametrical test
(Wilcoxon rank sum test), and statistical significance was estab-
lished at a P value of �0.05. Agreement between procedures was
assessed by following the Bland and Altman method (11). Briefly,
the mean MIC values obtained with the two methods were plotted
(x axis) against the difference between such MIC values (y axis). A
linear model, to test the presence of any linear trend between the
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two variables (mean and difference), was fitted. Values for the
kappa coefficient, which gives a measure of the percentage of
agreement between MICs obtained by the different methods be-
yond that expected by chance, were interpreted according to the
classification described by Landis and Koch (12). Statistical anal-
ysis was performed using the Stata statistical software for Win-
dows (Data Analysis and Statistical Software, version 11.0).

Fosfomycin MICs demonstrated almost identical distributions
irrespective of carbapenem susceptibility status, and MIC distri-
butions (agar dilution and broth microdilution) were virtually
superimposable over those recorded by EUCAST (6). According
to the ECOFF value, 86.4% and 80.6% of isolates were susceptible
and 13.6% and 19.4% were resistant to fosfomycin by the agar
dilution and broth microdilution methods, respectively. A modal
value of 64 �g/ml was observed in both cases. The MIC50 value by
both methods was also 64 �g/ml, while the MIC90 values were 256
�g/ml and 512 �g/ml for agar dilution and broth microdilution,
respectively. The MIC results obtained for P. aeruginosa strain
ATCC 27853 by the two methods were identical (4 �g/ml). When
broth microdilution was compared with agar dilution, the EA was
84% and the CA was 89.3%, with a kappa value of 0.65, which
indicates “substantial agreement.” Rates of very major and major
errors were 17.9% and 9.6%, respectively (Table 1). Using the
Wilcoxon test, significant differences were not found between the
MIC values obtained with the two methods (P � 0.1327). By using
the Bland-Altman analysis (Fig. 1), good agreement between the
two methods was corroborated, as the majority of values were
distributed between the �1 range. Linear fit showed a significant
negative slope (P � 0.002). At low fosfomycin concentrations,
agar dilution tended to give slightly higher MICs, and at high
fosfomycin concentrations, microdilution was the method that
showed slightly higher MICs.

Identical MICs were observed by the agar dilution and mi-
crodilution methods for the 25 selected isolates and the control
strain without supplementation with G6P (data not shown). This
fact corroborates that, as previously stated, P. aeruginosa seems to
lack a specific G6P transporter (13).

The presence of colonies inside the Etest inhibition ellipses led
to high rates of major and very major errors, 26.4% and 28.6%,
respectively (Table 1). The occurrence of such colonies inside disk
inhibition zones (irrespective of disk strength) was high enough to

preclude the measurement of zone diameters, yielding unaccept-
able error levels with this method (data not shown). Unlike for the
Etest, in which the presence of a dominantly inhibited population
(except in those cases of complete resistance) could be more easily
differentiated from the scattered colonies of the resistant subpop-
ulation, the colonies of resistant mutants within disk inhibition
zones led to unreliable measurements, preventing the use of this
method.

Validating the broth microdilution method as an alternative to
the approved agar dilution test for fosfomycin and P. aeruginosa
was the main goal of this work. By taking into account the fact that
automated systems used worldwide for antimicrobial susceptibil-
ity testing are microdilution-adapted devices, the correlation ob-
served between the agar dilution results and those obtained with
broth microdilution may validate the latter as an adequate suscep-
tibility testing method. Even though a rate of 17.9% (5/28) of very
major errors with broth microdilution is rather high, it should be
taken into consideration that the total number of resistant isolates
(n � 28) obtained with the agar dilution method is lower than the
desirable value established by guidelines (n � 30) (9). Moreover,
three out of the five isolates contributing to the EA of 84% differed
only in approximately one 2-fold dilution from the reference MIC
values.

According to this study, fosfomycin MICs against P. aeruginosa
appear to be scarcely dependent on the method used when agar
dilution is compared with broth microdilution. In contrast, Etest
and disk diffusion are not reliable alternatives for routine labora-
tory susceptibility testing. The same conclusion was obtained in
studies conducted with other microorganisms (14, 15). We also
note that supplementation with G6P when determining fosfomy-
cin MICs against P. aeruginosa was demonstrated to be unneces-
sary.

In conclusion, the overall concordant distribution of fosfomy-
cin MICs against P. aeruginosa with both agar dilution and broth
microdilution methods indicates that the latter is a reliable proce-
dure with a reliable performance that might validate those results
obtained with routinely used, automated broth microdilution-
based systems. The paucity of therapeutic options against P.
aeruginosa reinforces the usefulness of routinely determining fos-
fomycin susceptibility, particularly to support the intravenous use

FIG 1 Agreement observed by plotting the difference between the broth mi-
crodilution and agar dilution methods against their mean MIC values. The
broken line represents the linear fit between mean MIC values and the differ-
ence between MICs (solid circles) obtained with the two methods (P � 0.002).

TABLE 1 Correlation of broth microdilution and Etest results with agar
dilution results for 206 P. aeruginosa isolatesa

Performance
value

Agar dilution vs
microdilution Agar dilution vs Etest

% correlation
(no. of isolates/
total no.) 95% CI

% correlation
(no. of isolates/
total no.) 95% CI

Essential
agreement

84.0 (173/206) 78.2–88.7 65.5 (135/206) 58.6–72.0

Categorical
agreement

89.3 (184/206) 84.3–93.2 73.3 (151/206) 66.7–79.2

Major error 9.6 (17/178)a 6.1–36.9 26.4 (47/178)b 17.3–29.2
Very major

error
17.9 (5/28)b 5.7–14.9 28.6 (8/28)c 13.2–48.7

a A EUCAST ECOFF value of �128 mg/liter was considered for MIC categorization.
b Considering the number of susceptible isolates.
c Considering the number of resistant isolates.
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of this compound in combination therapy when MIC values are
below or equal to the ECOFF value of 128 �g/ml.
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