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ABSTRACT Fosfomycin combined with other antimicrobials has shown good effi-
cacy against multidrug-resistant (MDR) bacteria in both in vitro and clinical studies;
however, the activity of fosfomycin combined with other antimicrobials against
metallo-�-lactamase (MBL)-producing Pseudomonas aeruginosa strains has not been
tested. The objective of this study was to determine the synergism and optimal in-
travenous dosing regimens of fosfomycin with meropenem against MDR and MBL-
producing P. aeruginosa strains. The MICs of both antimicrobials were determined by
the checkerboard method and analyzed by two synergism tests with 19 clones of P.
aeruginosa isolates, 10 of which were MBL producers. A pharmacodynamic (PD) anal-
ysis was performed for meropenem (administered at 1 g every 8 h [q8h], 1.5 g every
6 h [q6h], and 2 g q8h) and fosfomycin (administered at 4 g q8h, 4 g q6h, 6 g q8h,
and 8 g q8h) regimens with a dose reduction for renal impairment by determining
the probability of target attainment (PTA) for target PD indices of meropenem (the
percentage of the time in a 24-h duration at which the free drug concentration re-
mains above the MIC [fT�MIC], �40%) and fosfomycin (the ratio of the area under
the free drug concentration-versus-time curve over 24 h and the MIC [fAUC/MIC],
�40.8). The combination reduced the MIC50 and MIC90 by 8-fold. Seven (44%) iso-
lates with MICs in the intermediate or resistant ranges became sensitive to mero-
penem. For the MBL-producing isolates, the combination resulted in 40% of isolates
becoming sensitive to meropenem. The meropenem regimens reached a PTA of
�90% (MIC � 4 �g/ml) in 6 (32%) isolates when they were used as monotherapy
and 13 (68%) isolates when they were combined with fosfomycin. None of the fosfo-
mycin monotherapy regimens reached the PTA of �90% (MIC � 16 �g/ml). When
combined with meropenem, the fosfomycin regimens reached the PTA of �90% in
14 (74%) isolates. The increase in pharmacodynamic activities resulting from the syn-
ergistic action of meropenem with fosfomycin demonstrates the potential relevance
of this combination to fight infections caused by MDR and MBL-producing P. aerugi-
nosa strains.

KEYWORDS antimicrobial combinations, fosfomycin, MBL-producing Pseudomonas
aeruginosa, meropenem, multidrug-resistant bacteria, pharmacodynamics

Being an opportunistic, nonfermenting Gram-negative bacillus, Pseudomonas aerugi-
nosa is a common cause of nosocomial infections mainly in immunocompromised

patients with various infections, including pneumonia, abscesses, meningitis, urinary
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tract infections, and catheter-associated infections (1). The adaptive capacity of this
pathogen that allows it to survive in low-nutrient medium, the presence of several
mechanisms of resistance to many antimicrobials (including intrinsic, acquired, or
adaptive resistance) and virulence factors, and its capacity to form biofilms favor its
survival in various media and contribute to its high pathogenicity and the high
mortality rates from infections with this organism seen in infected patients (2, 3).

Among the various types of resistance produced by P. aeruginosa, the enzymatic
mechanism induced by metallo-�-lactamases (MBLs) is the most challenging one to
deal with because MBLs are capable of hydrolyzing carbapenems, yet there is no
clinically effective antimicrobial to combat MBL-producing pathogens. MBLs belong to
the class B �-lactamases, which confer drug resistance to the majority of �-lactam
antimicrobials (except aztreonam) by hydrolysis through the divalent metals. Charac-
teristics like carbapenem degradation, �-lactamase inhibitor resistance, high-capacity
gene transfer through plasmids and transposons, and, most importantly, the lack of
effective therapeutic options make infections caused by pathogens carrying MBLs a
tremendous challenge to treat (4, 5).

Combination therapy provides an alternative to the reduced arsenals of effective
antimicrobials used as monotherapy (6). Some studies have shown that use of a
combination of two or more types of antimicrobial drugs results in a synergistic effect,
reducing the risk of an inappropriate empirical therapy and resistance development.
Currently, combination therapy is primarily recommended against carbapenemase-
producing bacteria, including nonfermenting microorganisms, such as P. aeruginosa
(7–10). However, the literature is still lacking on the choice of effective antimicrobial
combinations to be used against MBL-producing P. aeruginosa strains. Among several
potential combinations, meropenem with fosfomycin can achieve good microbiological
results (10, 11). There are clinical studies that utilized antimicrobial combinations with
fosfomycin against multidrug-resistant (MDR) P. aeruginosa and demonstrated a 90%
therapeutic success rate (12).

Meropenem binds to penicillin binding proteins in the periplasmic space, prevent-
ing peptidoglycan biosynthesis and viable cell wall production (13). Fosfomycin binds
to the enzyme UDP-N-acetylglucosamine enolpyruvyl transferase, preventing the pro-
duction of peptidoglycan and inhibiting cell wall biosynthesis (14, 15). The inhibition of
peptidoglycan production by meropenem and fosfomycin at different stages of its
biosynthesis and the rupture of the outer membrane can theoretically result in the
synergism of the activities of these two antimicrobials. Faced with the scarcity of
antimicrobials effective against MBL-producing microorganisms, the aim of this study
was to evaluate by Monte Carlo simulation the pharmacodynamic (PD) attainment of
intravenous (i.v.) dosing regimens of fosfomycin and meropenem in combination
against non-MBL- and MBL-producing P. aeruginosa clinical isolates.

RESULTS
In vitro susceptibility and test for synergism. The collection of isolates tested

consisted of 19 P. aeruginosa clinical isolates of different clones identified by pulsed-
field gel electrophoresis (PFGE) or enterobacterial repetitive intergenic consensus PCR
(ERIC-PCR). Ten of these isolates (9 isolates from this study and 1 isolate from another
study [16]) were MBL producers, as characterized by multiplex PCR.

Table 1 presents the profiles of the sensitivities of the isolates to meropenem and
fosfomycin in monotherapy or combination therapy, as well as the results of the
synergism tests. The isolates showed meropenem and fosfomycin MIC values ranging
from 0.25 to 1,024 �g/ml and 32 to 512 �g/ml, respectively. The MIC50 and MIC90 were
16 and 512 �g/ml, respectively, for meropenem, and 128 and 512 �g/ml, respectively,
for fosfomycin.

Only three (16%) isolates (PA-114, PA-64, PA-69) were sensitive to meropenem as
monotherapy; of the MBL-producing isolates, none were sensitive to meropenem,
according to the breakpoints of the Clinical and Laboratory Standards Institute (CLSI).
The antimicrobials in combination significantly reduced the MIC values of 18 (95%)
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isolates up to 1/32 and 1/512 of the monotherapy MICs for meropenem and fosfomy-
cin, respectively, as well as reduced the MIC50 and MIC90 by 1/8. The reduction in the
MIC values resulting from use of the antimicrobials in combination was quite pro-
nounced, such that it shifted the MICs for isolates previously classified as resistant and
intermediate in monotherapy to within the sensitive range. Of the 16 isolates with MIC
values greater than the susceptible breakpoints for meropenem, 7 (44%) isolates
presented MIC values less than or equal to the susceptible breakpoint values, when the
two antimicrobials were combined. The MBL-producing isolates showed a greater
reduction of MIC values with the two-agent combination than the non-MBL-producing
isolates, resulting in a reduction of MIC values of up to 32- and 512-fold for meropenem
and fosfomycin, respectively, against the MBL-producing isolates. However, among the
non-MBL-producing isolates, the maximum MIC decrease was only 16-fold for the two
antimicrobials.

The combination of meropenem and fosfomycin exhibited synergistic action
against the majority of the MBL and non-MBL producers, as evaluated by the use of
two criteria for synergism. For the 19 isolates, analysis of the fractional inhibitory
concentration index (FICI) showed synergism for 15 (79%) isolates, indifference for
4 (21%) isolates, and antagonism for none of the isolates, while use of the Loewe
additivity index criterion resulted in synergism for 18 (95%) isolates and antagonism
for only 1 isolate.

Pharmacokinetic (PK)-pharmacodynamic simulation. Figure 1 shows the prob-
ability of target attainment (PTA) (the area under the free drug concentration-
versus-time curve over 24 hours [ƒAUC]/MIC ratio � 40.8) achieved by the 4 differ-
ent fosfomycin intravenous regimens (4 g every 8 h [q8h], 4 g every 6 h [q6h], 6 g
q8h, 8 g q8h) and the reduced doses used according to the stage of renal impair-
ment based on the creatinine clearance (CLCR) range (20 to 40 ml/min, 10 to
�20 ml/min, and �10 ml/min [resulting dose reductions, 30%, 50%, and 70%,

TABLE 1 MICs of meropenem and fosfomycin alone or in combination against non-MBL and MBL-producing Pseudomonas aeruginosa
clinical isolates by FICI and Loewe additivity index analysisa

P. aeruginosa
isolate

Mero Fosfo

Synergism analysisMIC (�g/ml)

Fold reduction
in Mero MIC

MIC (�g/ml)

Fold reduction
in Fosfo MIC

Mero
alone

Mero in
combination

Fosfo
alone

Fosfo in
combination FICI

S or I
based on
FICI

Loewe
additivity
index

S or A based
on Loewe
additivity index

PA-73 4 0.5 8 128 16 8 0.25 S 0.75 S
PA-87 4 2 2 128 32 4 0.75 I 0.25 S
PA-116 16 1 16 64 8 8 0.19 S 0.81 S
PA-106 16 4 4 64 4 16 0.50 S 0.69 S
PA-146 16 4 4 32 8 4 0.50 S 0.50 S
PA-149 128 64 2 128 16 8 0.62 I 0.38 S
PA-114 0.50 0.25 2 64 8 8 0.62 I 0.38 S
PA-64 0.25 0.06 4 32 8 4 0.49 S 0.51 S
PA-69 0.50 0.50 128 128 2.00 I �1 A
PA-30b 16 4 4 512 8 64 0.26 S 0.73 S
PA-43b 4 0.25 8 512 1 512 0.06 S 0.90 S
PA-314b 8 2 4 128 4 32 0.28 S 0.72 S
PA-524b 8 1 8 64 16 4 0.37 S 0.62 S
PA-13b 512 128 4 64 16 4 0.50 S 0.50 S
PA-525b 1,024 32 32 128 16 8 0.16 S 0.85 S
PA-573b 128 8 16 512 64 8 0.19 S 0.81 S
PA-377b 256 32 8 128 32 4 0.37 S 0.63 S
PA-170b 8 1 8 128 32 4 0.37 S 0.63 S
PA-GIMb 512 64 8 256 16 16 0.19 S 0.81 S

MIC50 16 2 128 16
MIC90 512 64 512 64
aMero, meropenem; Fosfo, fosfomycin; FICI, fractional inhibitory concentration index; S, synergy; I, indifferent; A, antagonistic.
bMetallo-�-lactamase-producing isolate.
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respectively]) against the MIC values and the respective frequencies of the isolates
in both monotherapy and combination therapy.

For patients with a CLCR of �40 ml/min, all fosfomycin regimens reached the PTA of
�90% at an MIC of 16 �g/ml, and the two biggest fosfomycin monotherapy dosing
regimens achieved the PTA of �90% at an MIC of 32 �g/ml. The synergistic action of
the combined fosfomycin and meropenem regimens was evident. The fosfomycin
regimens (6 g q8h, 8 g q8h) as monotherapy achieved the PTA of �90% at an MIC of
32 �g/ml against only 2 (11%) isolates; however, when combined with meropenem, the
same regimens achieved the PTA of �90% at an MIC of 32 �g/liter against 17 (89%)
isolates. Reductions of the fosfomycin doses in patients with renal impairment
(CLCR � 40 ml/min) did not reduce the MIC values to reach PTAs of �90%; rather,
higher MIC breakpoints were achieved. As an example, the fosfomycin regimen of 8 g
q8h for a CLCR of �40 ml/min reached the PTA of �90% at an MIC of 32 �g/ml; when
the doses were reduced by 30% and 50% for patients with CLCR ranges of 20 to
40 ml/min and 10 to �20 ml/min, respectively, the PTA of �90% was achieved at an
MIC of 64 �g/ml.

Figure 2 shows the PTA achieved by fosfomycin in a worst-case scenario (fAUC/
MIC � 193) with the same fosfomycin regimens and reduced daily doses in patients in
each CLCR category used in the experiment whose results are presented in Fig. 1 in both
the monotherapy and combination settings. Considering that the evaluated target was
almost 5 times higher than the original target (fAUC/MIC � 40.8), the PTA achieved in

FIG 1 MIC frequency of 19 P. aeruginosa clinical isolates (non-MBL producing and MBL producing) in incremental fosfomycin MICs
in monotherapy and in combination therapy with meropenem and the probability of target attainment of an fAUC/MIC of �40.8
for fosfomycin dosing regimens. PTA, probability of target attainment; AUC, area under the concentration-time curve; CLCR,
creatinine clearance; black bars, fosfomycin MICs for monotherapy; gray bars, fosfomycin MICs for combination therapy. The
fosfomycin dosing regimens are represented by lines and symbols, as follows: for CLCRs of �40 ml/min, Œ, 4 g q8h; �, 4 g q6h; �,
6 g q8h; �, 8 g q8h; for CLCRs of 20 to 40 ml/min, Œ, 2.8 g q8h; �, 2.8 g q6h; �, 4.2 g q8h; �, 5.6 g q8h; for CLCRs of 10 to �20 ml/min,
Œ, 2 g q8h; �, 2 g q6h; �, 3 g q8h; �, 4 g q8h; for CLCRs of �10 ml/min, Œ, 1.2 g q8h; �, 1.2 g q6h; �, 1.8 g q8h; �, 2.4 g q8h.
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this scenario was much lower, as expected. For patients with a CLCR of �40 ml/min, the
fosfomycin regimens reached the PTA of �90% only at an MIC value of 4 �g/ml, and
only the higher-dose regimen (fosfomycin at 8 g q8h) achieved the PTA of �90% at an
MIC of 8 �g/ml. The coverage of the monotherapy or combination therapy regimens,
including the doses adjusted for lower CLCR ranges, against the isolates was also
significantly reduced.

Figure 3 shows the PTAs achieved by the different meropenem regimens used for
the respective CLCR ranges (1 g q8h, 1.5 g q6h, and 2 g q8h for CLCRs of �50 ml/min; 1 g
every 12 h [q12h], 1 g q6h, and 2 g q12h for CLCRs of �25 to 50 ml/min; 0.5 g q12h, 0.5 g
q6h, and 1 g q12h for CLCRs of 10 to 25 ml/min; and 0.5 g every 24 h (q24h), 0.5 g q12h,
and 1 g q24h for CLCRs of �10 ml) infused over 0.5 h or 3 h against the incremental MIC
values and the respective frequency of the isolates in both monotherapy and combi-
nation therapy.

In patients with CLCRs of �50 ml/min, in whom a dose reduction was not required,
all evaluated regimens achieved the PTA of �90% at an MIC of 4 �g/ml, which is
considered an intermediate breakpoint according to CLSI criteria. The two highest-dose
regimens administered as a 0.5-h or a 3-h infusion achieved the PTA of �90% at an MIC
of 8 �g/ml (the resistance breakpoint, according to CLSI), and the meropenem regimen
of 1.5 g q6h given as a 3-h infusion achieved the PTA of �90% at an MIC of 16 �g/ml,
which is considered a high MIC value. The synergism of the combination meropenem

FIG 2 MIC frequency of 19 P. aeruginosa clinical isolates (non-MBL producing and MBL producing) in incremental fosfomycin MICs
in monotherapy and in combination therapy with meropenem and probability of target attainment of an fAUC/MIC of �193
(worst-case scenario) for fosfomycin dosing regimens. PTA, probability of target attainment; AUC, area under the concentration-time
curve; CLCR, creatinine clearance; black bars, MICs for fosfomycin monotherapy; gray bars, MICs for fosfomycin combination therapy.
The fosfomycin dosing regimens are represented by lines and symbols, as follows: for CLCRs of �40 ml/min, Œ, 4 g q8h; �, 4 g q6h;
�, 6 g q8h; �, 8 g q8h; for CLCRs of 20 to 40 ml/min, Œ, 2.8 g q8h; �, 2.8 g q6h; �, 4.2 g q8h; �, 5.6 g q8h; for CLCRs of 10 to
�20 ml/min, Œ, 2 g q8h; �, 2 g q6h; �, 3 g q8h; �, 4 g q8h; for CLCRs of �10 ml/min, Œ, 1.2 g q8h; �, 1.2 g q6h; �, 1.8 g q8h; �,
2.4 g q8h.
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FIG 3 MIC frequency of 19 P. aeruginosa clinical isolates (non-MBL producing and MBL producing) in incremental meropenem MICs
in monotherapy and in combination therapy with fosfomycin and probability of target attainment of an fT�MIC of 40% for meropenem
dosing regimens. (Left) 0.5-h infusion regimens; (right) 3-h infusion regimens. PTA, probability of target attainment; fT�MIC, the
percentage of the time in a 24-h duration at which the free drug concentration remains above the MIC; CLCR, creatinine clearance;
black bars, MICs for meropenem monotherapy; gray bars, MICs for meropenem combination therapy. The meropenem dosing
regimens are represented by lines and symbols, as follows: for CLCRs of �50 ml/min, �, 1 g q8h; Œ, 1.5 g q6h; �, 2 g q8h; for CLCRs
of �25 to 50 ml/min, �, 1 g q12h; Œ, 1 g q6h; �, 2 g q12h; for CLCRs of 10 to 25 ml/min, �, 0.5 g q12h; Œ, 0.5 g q6h; �, 1 g q12h;
for CLCRs of �10 ml/min, �, 0.5 g q24h; Œ, 0.5 g q12h; �, 1 g q24h.

Albiero et al. Antimicrobial Agents and Chemotherapy

June 2019 Volume 63 Issue 6 e00126-19 aac.asm.org 6

https://aac.asm.org


regimens was also evidenced in these pharmacodynamic analyses. All meropenem
monotherapy regimens achieved the PTA of �90% against only 6 (32%) isolates at an
MIC of 4 �g/ml; however, when combined with fosfomycin, these regimens reached the
PTA of �90% at the same MIC value against 13 (68%) isolates. The meropenem dose
regimens (1.5 g q6h, 2 g q8h) as monotherapy achieved the PTA of �90% at MICs of up
to 8 �g/ml against 9 (47%) isolates; however, when combined, they achieved the PTA
of �90% at the same MIC value against 14 (74%) isolates.

The reduction in the daily dose of meropenem in patients with CLCRs of �50 ml/min
did not result in a decrease in pharmacodynamic coverage; instead, there was even
some improvement. Of the meropenem regimens infused over 0.5 h evaluated in
patients with a CLCR of �50 ml/min, the PTA of �90% was achieved for a maximum MIC
of 8 �g/ml; however, in patients with a CLCR of �10 ml/min, for whom daily doses of
meropenem infused over 0.5 h were significantly reduced, all regimens nevertheless
achieved the PTA of �90% at an MIC of 16 �g/ml.

Table 2 shows the PTAs achieved by the monotherapy and combination therapy
regimens for the pharmacodynamic indices for fosfomycin of an fAUC/MIC of 40.8
(CLCR � 40 ml/min) and for meropenem of a percentage of the time in a 24-h duration
at which the free drug concentration remains above the MIC (fT�MIC) of 40% (CLCR

�50 ml/min) at the MIC50 and MIC90 for the collection of multidrug-resistant P. aerugi-
nosa isolates. None of the monotherapy regimens reached the appropriate PTA (�90%)
evaluated at the MIC50 and MIC90. However, in combination, the three highest-dose
fosfomycin regimens and all meropenem regimens evaluated at the MIC50 achieved
PTAs of �90%. No fosfomycin or meropenem regimen evaluated at the MIC90 achieved
the PTA of �90%.

Table 3 shows the cumulative fraction of the response (CFR; defined as the sum of
the frequency of isolates at each MIC multiplied by the PTA) for each dosing regimen
of fosfomycin at an fAUC/MIC of 40.8 (CLCR � 40 ml/min) and meropenem at an fT�MIC

of 40% (CLCR � 50 ml/min) as monotherapy and combination therapy. The meropenem
or fosfomycin regimens evaluated as monotherapy provided a probability of a CFR of
no more than 65%. However, all combined fosfomycin regimens provided a CFR of
�81%; the regimen of 8 g q8h resulted in a CFR of 91%. The four meropenem regimens
(1.5 g q6h and 2 g q8h as a 0.5-h infusion, 1.5 g q6h and 2 g q8h as a 3-h infusion)
resulted in a CFR of �79%, based on the distribution of MIC values in the combination
with fosfomycin.

TABLE 2 PTAs at PD surrogate indices for fosfomycin and meropenem against non-MBL- and MBL-producing P. aeruginosa clinical
isolates by dosing regimen for monotherapy and combination therapya

Antimicrobial and regimen
Total daily
dose (g)

MIC50/MIC90 (�g/ml)

PTA (%)

Monotherapy
Combination
therapy

Monotherapy
Combination
therapy MIC50 MIC90 MIC50 MIC90

Fosfomycin 128/512 16/64
4 g i.v. q8h 12 0 0 89 16
4 g i.v. q6h 16 0.4 0 94 33
6 g i.v. q8h 18 3.1 0 96 46
8 g i.v. q8h 24 16 0 98 64

Meropenem (0.5-h infusion) 16/512 2/64
1 g q8h 3 61 0 98 2.5
1.5 g q6h 6 87 0 99 14
2 g q8h 6 85 0 99 21

Meropenem (3-h infusion)
1 g q8h 3 67 0 99 4.1
1.5 g q6h 6 91 0 100 13
2 g q8h 6 88 0 100 22

aThe pharmacodynamic surrogate index for fosfomycin was an fAUC/MIC of 40.8 for a CLCR of �40 ml/min, and that for meropenem was an ƒT�MIC of 40% for a CLCR

of �50 ml/min.
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Table 4 shows the PTA (in percent) provided by the meropenem regimens at an
fT�MIC of 40% according to the MICs, the duration of intravenous infusion (0.5 h or
3 h), and creatinine clearance. For example, when the meropenem regimen of 1 g
q8h as a 0.5-h infusion was increased to 1.5 g q6h as a 3-h infusion in patients with
a CLCR of �50 ml/min, a significant increase in PTA from 61.6% to 90.7% against
isolates for which the MIC was 16 �g/ml was seen. However, it was noticeable that
the effect of a prolonged infusion on PTA became less important with a reduction
in CLCR values.

DISCUSSION

MBL producers are not inhibited by tazobactam, sulbactam, clavulanic acid, avibac-
tam, or vaborbactam, and MBLs have the capacity to enzymatically degrade carbap-
enems, which are the antibiotic of last resort (17, 18). These properties make MBL
producers a major concern for health care professionals. This study is the first to
evaluate the presence of synergism between meropenem and fosfomycin against MBL-
and non-MBL-producing P. aeruginosa isolates, including the pharmacodynamic action

TABLE 3 CFR for fosfomycin and meropenem against non-MBL and MBL-producing P.
aeruginosa clinical isolates by dosing regimens in monotherapy and combination
therapya

Antimicrobial and regimen Total daily dose (g)

CFR (%)

Monotherapy Combination therapy

Fosfomycin
4 g i.v. q8h 12 11 81
4 g i.v. q6h 16 17 86
6 g i.v. q8h 18 22 88
8 g i.v. q8h 24 33 91

Meropenem (0.5-h infusion)
1 g q8h 3 53 72
1.5 g q6h 6 63 79
2 g q8h 6 62 79

Meropenem (3-h infusion)
1 g q8h 3 56 73
1.5 g q6h 6 65 80
2 g q8h 6 64 80

aThe pharmacodynamic surrogate index for fosfomycin was an fAUC/MIC of 40.8 for a CLCR of �40 ml/min,
and that for meropenem was an ƒT�MIC of 40% for a CLCR of �50 ml/min.

TABLE 4 PTA surrogate índices for meropenem at fT�MIC of 40% relative to MIC, duration of i.v. infusion (0.5 h and 3 h), and CLCR

CLCR (ml/min) Dose regimen

PTA (%) at the following MIC and infusion duration:

0.5 �g/ml 1 �g/ml 2 �g/ml 4 �g/ml 8 �g/ml 16 �g/ml

0.5 h 3 h 0.5 h 3 h 0.5 h 3 h 0.5 h 3 h 0.5 h 3 h 0.5 h 3 h

�50 1 g q8h 99.5 99.8 99 99.4 97.8 98.7 94.9 96.5 85.2 88.9 61.6 66.6
1.5 g q6h 99.9 100 99.8 100 99.6 99.9 98.9 99.5 96.4 97.2 87.8 90.7
2 g q8h 99.8 99.9 99.6 99.8 99.2 99.4 97.8 98.5 94.8 95.9 85.3 88.4

25 to �50 1 g q12h 99.7 100 99.9 99.9 99.6 99.8 98.9 99.4 95.8 97.2 84.1 86.2
1 g q6h 100 100 100 100 100 100 100 100 99.8 99.8 96.8 97.9
2 g q12h 100 100 99.9 100 99.8 99.9 99.6 99.7 99 99.4 96.1 97.2

10 to �25 0.5 g q12h 100 100 100 100 100 100 99.8 99.9 98.3 98.6 84.4 85.2
0.5 g q6h 100 100 100 100 100 100 100 100 100 99.9 97.1 97.1
1 g q12h 100 100 100 100 100 100 100 100 99.8 99.8 98.4 98.6

�10 0.5 g q24h 100 100 100 100 100 100 100 100 99.9 100 96.8 99.9
0.5 g q12h 100 100 100 100 100 100 100 100 100 100 99.5 99.4
1 g q24h 100 100 100 100 100 100 100 100 100 100 99.9 100
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achieved by the antimicrobial combination, which strongly suggested the synergism of
their activities.

Although evaluation of the FICI is one of the most common methods to evaluate the
in vitro synergism of antimicrobial combinations, we also analyzed the synergic action
of the combination by the Loewe additivity index method, which is based on the theory
of the surface model (19, 20). The purpose of evaluating the in vitro synergism of the
antimicrobial combination by two mathematical methods was to provide more veracity
and robustness to the results of the synergism tests, since it is still a scientific challenge
to classify the synergistic activities of two or more drugs (8, 21). The two methods
showed comparable results, demonstrating that the activity of the combination of
meropenem with fosfomycin is synergistic against the majority of isolates by both
methods.

In three isolates (PA-87, PA-149, PA-114), the activity of the antimicrobial combina-
tion was classified indifferent by the FICI and synergistic by the Loewe additivity index
(19, 20). If we exclude the three meropenem-sensitive isolates (PA-114, PA-64, PA-69),
which were included in the study to provide a greater variability of sensitivity but which
would not be treated clinically with the antimicrobial combination, the percentages of
synergism would be even better, reaching 100% and 87.5% by use of the Loewe
additivity index and the FICI, respectively.

The combination exhibited synergism against all isolates harboring MBLs by the two
tests used; however, among the non-MBL producers, 4 isolates were indifferent by use
of the FICI test and 1 isolate was antagonistic by use of the Loewe additivity index.
Numerically, the most pronounced synergistic action of the combination was against
MBL-producing P. aeruginosa isolates, which demonstrated a median MIC reduction of
8-fold, whereas the reduction was only 4-fold for the non-MBL-producing isolates. In view
of the limited number of new antimicrobial agents and the rapid rise in bacterial resistance,
combination therapy with two or more agents in optimized regimens using the PK/PD
approach has become a viable alternative to rescue these old antimicrobials and to combat
infections caused by multidrug-resistant Gram-negative bacteria (8, 22, 23).

The current study is an important addition to the experience of the use of fosfo-
mycin in combination against infections caused by MBL producers. All fosfomycin dose
regimens evaluated achieved a pharmacodynamic index (AUC/MIC � 40.8) with a PTA
of �90% at an MIC of 16 �g/ml, thus suggesting that this value would have potential
for determination of the PK/PD breakpoint for sensitivity against P. aeruginosa, since
neither CLSI nor the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) provides breakpoints for fosfomycin against P. aeruginosa. Coincidentally, in
an in vitro study evaluating the synergism of fosfomycin in combination with other
antimicrobials against multidrug-resistant P. aeruginosa strains, Okazaki et al. used an
MIC of �16 �g/ml as the breakpoint for sensitivity for fosfomycin, but the authors did
not explain why they chose this value (24). The higher pharmacodynamic reach
provided by higher dosing regimens (6 g q6h, 8 g q8h) to achieve a PTA of �90% at
MICs of 32 �g/ml, which was also shown by our study, suggests a possible better
coverage with higher fosfomycin dosing regimens.

Although our results are close to the EUCAST breakpoint for susceptibility to
fosfomycin for the Enterobacteriaceae (�32 �g/ml), we need to be careful to evaluate
them before proposing any recommendations. The pharmacodynamic index of fosfo-
mycin used in our evaluation (AUC/MIC � 40.8) originated from a study that used a
neutropenic mouse infection model and only one clinical isolate of P. aeruginosa which
did not harbor MBLs. The same study evaluated 5 isolates of Escherichia coli and
provided a wide range of AUC/MIC ratios (27.5 to 193) (25). Thus, we performed another
pharmacodynamic evaluation using the AUC/MIC ratio achieving the worst result
against E. coli (AUC/MIC � 193), and the maximum reach by all fosfomycin regimens
with a PTA of �90% was at an MIC of 4 �g/ml, and only fosfomycin at a dose of 8 g q8h
reached a PTA of �90% at an MIC of 8 �g/ml. This variability demonstrates that we
need new studies and more robust data to propose a PK/PD breakpoint for fosfomycin
against P. aeruginosa.
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Evaluation of the PTA of fosfomycin alone or in combination therapy with mero-
penem clearly demonstrates the synergistic action between the two antimicrobials.
None of the fosfomycin monotherapy regimens reached the PTA of �90% at an MIC of
16 �g/ml for any tested isolates; however, the three major regimens combined with
meropenem achieved the PTA of �90% for 14 (74%) isolates, thus demonstrating
greater coverage when combination therapy is used. These results are consistent with
those of other in vitro and clinical studies demonstrating the increased action of
fosfomycin in combination with other classes of antimicrobials due to their different
mechanisms of action, supporting the clinical adoption of the use of other antibiotics
in combination with fosfomycin (10, 11, 26, 27). The pharmacodynamic assessment also
showed that the reach of the PTA was maintained or even increased, even with a
reduction in the daily dose of fosfomycin for patients with CLCRs of �40 ml/min.
Therefore, the regimens proposed by the manufacturer for use in patients with renal
dysfunction are well determined to achieve a PTA comparable to that achieved with
regimens for patients without renal dysfunction; the reduced regimens do not expose
patients with renal impairment to subtherapeutic doses.

The reason for recommending the use of fosfomycin in combination with another
agent for the treatment of severe infections is due to its great capacity for synergism
with other agents, as demonstrated in this study, and the possibility of resistance
development during treatment when it is used as a single agent (28). There are several
resistance mechanisms capable of reducing the sensitivity of fosfomycin (29). Hamou-
Segarra et al. evaluated P. aeruginosa mutant isolates defective in several components
of the peptidoglycan recycling system exposed to fosfomycin and imipenem alone or
in combination and showed that the hyperproduction of AmpC significantly increased
susceptibility to fosfomycin (30). Using a hollow-fiber infection model, Drusano et al.
evaluated the activity of meropenem and fosfomycin against P. aeruginosa at a high
inoculum (8.18 log10 CFU/ml) and demonstrated that the combination resulted in
significant synergism and was also able to contain the amplification of the subpopu-
lation of mutants resistant to both antimicrobials; the authors speculated that the
different mechanisms of action of the agents and the AmpC hyperproduction, com-
monly expressed in the presence of carbapenems, could be responsible for these
positive effects (31).

Analysis of the PTA for meropenem monotherapy showed that the evaluated
regimens reached MIC values higher than the CLSI breakpoint for sensitivity
(MIC � 2 �g/ml). The fact that all meropenem dose regimens in monotherapy achieved
a PTA of �90% at an MIC of 4 �g/ml (an intermediate breakpoint by CLSI) and the
regimens of 1.5 g q6h and 2 g q8h administered as a 0.5- or 3-h infusion achieved the
PTA of �90% at an MIC of 8 �g/ml (the resistance breakpoint of CLSI) demonstrates
the possible existence of greater margins for the meropenem regimens to be exploited
against isolates for which MICs are higher and may also justify the higher value of the
resistance breakpoint (MIC � 8 �g/ml) defined by the European Committee on Anti-
microbial Susceptibility Testing (EUCAST) for this carbapenem (32). In addition, PK/PD
simulations can be used to determine individualized meropenem regimens against infec-
tions caused by MDR strains, for example, using a prolonged infusion duration (33, 34).

To maximize the antimicrobial activity of time-dependent agents (percent fT�MIC)
with a short half-life, such as meropenem and other beta-lactams, the following
strategies are normally used: increasing the conventional doses by maintaining the
intervals between doses, keeping conventional doses or even reducing them but
administering them more frequently, increasing the intravenous infusion time, or a
combination of these approaches. These changes in the conventional regimens, called
optimization, are beneficial because they maintain the free concentration of antimi-
crobial above the MIC, thus providing greater bacterial killing power, less chance of
selecting resistant isolates, lower antimicrobial and treatment costs, and better thera-
peutic results, as demonstrated by in vitro, animal, and clinical studies (35, 36).

The three strategies were used in our pharmacodynamic evaluation. The positive
effects of optimization favoring the increase of the PTA were clearly noticed in patients
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with CLCRs of �50 ml/min and against strains with less susceptible MICs; however, this
advantage decreased with increasing renal impairment because the drug half-life is
increased in this patient population, in which fAUC/MIC becomes the predominant
pharmacodynamic characteristic (37). Results similar to ours were demonstrated by
Zelenitsky et al., who compared bolus administration and extended infusions of
piperacillin-tazobactam (another beta-lactam) and who found that prolonged infusion
is advantageous only for the treatment of infections caused by less susceptible patho-
gens (MIC � 32 �g/ml) (38); Isla et al., evaluating meropenem regimens in patients with
different ranges of renal function by Monte Carlo simulation, observed in patients with
a CLCR of 100 ml/min that a 0.5-h infusion of the drug at 2 g q8h and a 3-h infusion at
2 g q8h provided an fT�MIC of 40% at MICs of 8 and 16 �g/ml, respectively, and for
patients with a CLCR of 35 ml/min, both infusion durations provided comparable
coverage at the same MIC (32 �g/ml) (39). These results suggest that the extended
infusion should not be used in a generalized way and should be preceded by careful
evaluation of the factors involved, which may contribute to therapeutic success against
less susceptible pathogens and with empirical treatments.

Comparison of the PTAs of meropenem as monotherapy and combination therapy
regimens demonstrates the importance of the addition of fosfomycin to potentiate the
action of meropenem, thus recovering the utility of the carbapenem. Considering a PTA
of �90% at an MIC of 8 �g/ml, the combined regimens of meropenem of 1.5 g q6h and
2 g q8h as 0.5-h and 3-h infusions resulted in a 57% increase in the coverage of the
isolates compared to that of monotherapy.

Fosfomycin should also be combined with another antimicrobial for the treatment
of complicated upper urinary tract infections (e.g., pyelonephritis) and complicated
systemic infections in order to prevent the development of resistance during treatment
(22). Fosfomycin activity is also enhanced in an acidic environment (40). Okazaki et al.
analyzed the in vitro synergy of the activity of fosfomycin combined with 8 antimicro-
bials in pairs against 30 isolates of multidrug-resistant P. aeruginosa by an efficacy time
index assay and showed that the combination of fosfomycin with meropenem obtained
the second-best result in 76.6% of the isolates, a value only 0.1% lower than the best
result (24). Kastoris et al. surveyed in vitro studies of the synergism of fosfomycin
combined with other antimicrobials against P. aeruginosa, and in one of these studies,
fosfomycin showed synergism against 70% of the isolates when it was combined with
either aztreonam, cefepime, ceftazidime, gentamicin, imipenem, or levofloxacin (41). In
a clinical study, Mirakhur et al. followed 15 patients with pulmonary exacerbations due
to cystic fibrosis colonized by multidrug-resistant P. aeruginosa treated with fosfomycin
at 5 g q8h in combination with other antimicrobials in pairs, including meropenem, and
showed clinical improvement in 93% of the patients (42). In a clinical case, Seija et al.
reported the successful treatment of a patient with sepsis caused by a New Delhi
MBL-producing Morganella morganii isolate sensitive to fosfomycin alone using a
combined regimen of meropenem at 2 g q8h and fosfomycin at 4 g q8h (43).

The results of the pharmacodynamic evaluations, including the MICs, provided by the
use of the combination of these agents indicate a potential to restore the activities of these
antimicrobials. The shift in the MICs of the drugs in the combination resulted in mero-
penem sensitivity in 44% of the isolates, allowing the PTA of �90% to be achieved for all
meropenem regimens and for the three highest-dose fosfomycin regimens at the MIC50.
The estimate of the marginal PTA of meropenem against P. aeruginosa in the current study
was conservative, given that the process of selection of the bacteria for use in the study had
a propensity toward the selection of isolates with MIC values higher than the actual
distribution of MICs in the general population. In fact, the higher clinical dose used in the
combination of meropenem and fosfomycin would provide a PTA that exceeds the PTA for
more common P. aeruginosa infections. The result reinforces the potential to restore the
utility of these antimicrobial agents against infections caused by MDR bacteria through the
use of a combination strategy (44). Although the methods of evaluation of synergism in
vitro sometimes present controversial clinical reproducibility, Jean et al., evaluating the
combination of tigecycline and imipenem-cilastatin in 28 patients with ventilator-
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associated pneumonia due to extensively drug-resistant (XDR) Acinetobacter baumannii,
demonstrated a good correlation between the results of the checkerboard test and the
lowest 30-day mortality for the patients treated with this combination (45). Comparing the
synergistic action of antimicrobial combinations against extended-drug-resistant A. bau-
mannii, Bremmer et al. also demonstrated by the checkerboard method and a clinical study
that the combination consisting of minocycline with colistin was superior to meropenem
with colistin, with microbiological eradication being achieved in 88% and 30% of the
patients (P � 0.025), respectively (46). These studies support the use of information from
the checkboard method in the PTA determination to optimize combination dosing regi-
mens in clinical settings where no monotherapy option is available for MDR infections.

The limitation of this study is the small number of clinical isolates evaluated.
However, we started with a large initial number of isolates (547 units) collected from
two large health centers in the southern part of Brazil, and those 19 isolates selected
were from different clones analyzed molecularly. In addition, 10 of the 19 isolates were
MBL producers, as identified by molecular analysis, which made it possible to compare
behavioral synergistic differences between MBL-producing and non-MBL-producing
isolates.

In conclusion, favorable results for the combination of meropenem and fosfomycin
were observed through synergism analysis and PK/PD evaluation. The current study
demonstrates that the use of the two antimicrobials in combination through dose
optimization has the potential to combat infections caused by carbapenem-resistant P.
aeruginosa, even MBL-producing isolates.

MATERIALS AND METHODS
Microorganisms. A total of 547 isolates of P. aeruginosa were consecutively recovered over 2 years

from different patients from two teaching hospitals (HU/AHC complex, affiliates of the State University
of Londrina, Paraná, Brazil) which have a total of 540 beds and constitute a medical reference center that
provides health care services to a metropolitan region of more than 1 million in population. Nineteen of
these clinical isolates were included in the study on the basis of the following criteria: the presence or
absence of the different MBL enzymes and the presence of different molecular types and different
meropenem MICs (from sensitive to highly resistant). Thus, the group of isolates selected showed a high
degree of variability. The process of selection of 18 of these isolates from the total of 547 initial isolates
identified by use of the MicroScan WalkAway automated system (Dade Behring Inc, West Sacramento,
CA, USA) started with 141 isolates resistant to ceftazidime and sensitive or nonsensitive to carbapenems
(meropenem or imipenem). Of these isolates, 45 expressed MBL enzymes (43 isolates expressed blaSPM-1,
and 2 isolates expressed blaIMP-16), as determined by phenotypic tests (double-disk synergy test; Etest
MBL), as confirmed by a multiplex PCR (47–49). These MBL-positive isolates were analyzed by pulsed-field
gel electrophoresis (PFGE), which demonstrated the presence of nine different clones. In order to
increase the diversity among the samples analyzed, one isolate from each clone was selected, resulting
in seven blaSPM-1 producers and two blaIMP-16 producers (50). The 96 non-MBL-producing isolates were
analyzed by the enterobacterial repetitive intergenic consensus PCR (ERIC-PCR) method and subse-
quently evaluated by BioNumerics (version 7.6.1) software; nine different clones with different MICs for
meropenem (from sensitive to resistant) were selected from this group (51). One strain of P. aeruginosa
encoding the gene blaGIM-1 (isolate 73-5671) was also included (16). In view of the large number of
non-MBL-producing isolates (96 isolates), the ERIC-PCR method was chosen to analyze them, since it
presents a low cost, has a shorter analysis time than PFGE, and has an efficiency comparable to that of
the PFGE method.

Evaluation of combined antimicrobial activity. Meropenem (AstraZeneca, Cotia, São Paulo, Brazil)
was donated by the State University of Maringa Hospital. Fosfomycin (Sigma-Aldrich, St. Louis, MO, USA)
was purchased from Lab Company (Londrina, Paraná, Brazil). Fosfomycin was dissolved in water at
10 mg/ml and stored at 20°C, and meropenem solutions were prepared at the same concentration on the
day of experimentation.

The antimicrobial activity of the combination of meropenem and fosfomycin against each isolate was
evaluated by the checkerboard method. Each P. aeruginosa isolate was analyzed in triplicate using a
sterile 96-well microdilution plate containing cation-adjusted Mueller-Hinton broth with several concen-
trations of meropenem and fosfomycin alone or in combination. A standard 0.5 McFarland inoculum was
dispensed into each well, which gave a final concentration of 5 � 105 CFU/ml, and the plate was
incubated at 37°C for 24 h. The MICs of the antimicrobials alone or in combination were determined for
each isolate. For the interpretation of sensitivity, the MIC results for meropenem were determined using
the breakpoint values for P. aeruginosa according to CLSI (susceptible, � 2 �g/ml; intermediate, 4 �g/ml;
resistant, � 8 �g/ml). For quality control testing, the P. aeruginosa ATCC 27853 strain (American Type
Culture Collection, Manassas, VA, USA) was used. The concentration ranges of meropenem and fosfo-
mycin tested were 0.015 to 2,048 and 0.5 to 2,048 �g/ml, respectively.
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The fractional inhibitory concentration index (FICI), determined on the basis of the results of the
checkerboard method, was used to classify the antimicrobial efficacy of the combination and was
calculated as follows: FICI � (MIC of meropenem in the combination/MIC of meropenem alone) � (MIC
of fosfomycin in the combination/MIC of fosfomycin alone).

Classification of the antimicrobial effect of the combination according to the FICI is as follows: an FICI
of �0.5 indicates synergism, an FICI of �0.5 and �4 indicates indifference, and an FICI of �4 indicates
antagonism (19). The MIC50 and MIC90 of the antimicrobials as monotherapy or in combination were the
MICs required to inhibit 50% and 90% of the 19 isolates, respectively.

The results of the checkerboard method were used in the analysis of the synergism of two
antimicrobials by the Loewe additivity method, which was determined using the following equation:
1 � (MIC of meropenem in the combination/MIC of meropenem alone) � (MIC of fosfomycin in the
combination/MIC of fosfomycin alone) � �.

Classification of the effects of the antimicrobial combination is based on the value of the Loewe
additivity index, represented by � in the equation. If the value of � is 0, �0, or �0, the antimicrobial
combination is classified as additive, synergistic, or antagonistic, respectively (20).

Pharmacodynamics of meropenem and fosfomycin antimicrobial activities. PK/PD studies have
shown that the antimicrobial activities of meropenem and fosfomycin are best characterized by the
following pharmacodynamic indices: the percentage of time in a 24-h duration at which the free drug
concentration remains above the MIC (percent fT�MIC) and the ratio of the area under the free drug
concentration-versus-time curve over 24 h and the MIC (fAUC/MIC), respectively. Their target values were
an fT�MIC of �40% for meropenem and an fAUC/MIC of �40.8 for fosfomycin (25, 52).

The meropenem and fosfomycin regimens evaluated in the pharmacodynamic analysis and the
ranges of renal function were as follows: for meropenem, regimens of 1 g q8h, 1.5 g q6h, and 2 g q8h for
creatinine clearances (CLCRs) of �50 ml/min; 1 g q12h, 1 g q6h, and 2 g q12h for CLCRs of �25 to
50 ml/min; 500 mg q12h, 500 mg q6h, and 1 g q12h for CLCRs of 10 to 25 ml/min; and 500 mg q24h,
500 mg q12h, and 1 g q24h for CLCRs of �10 ml/min for two infusion durations (0.5 h or 3 h); for
fosfomycin, regimens of 4 g q6h, 4 g q8h, and 8 g q8h for CLCRs of �40 ml/min; a 30% dose reduction
for CLCRs of 20 to 40 ml/min, a 50% dose reduction for CLCRs of 10 to 20 ml/min, and a 70% dose
reduction for CLCRs of �10 ml/min (53) as a 0.5-h infusion. The evaluations were performed for
monotherapy or combined therapy at the MIC50 and MIC90 of the isolates. For meropenem, which is a
time-dependent antimicrobial, the goal is to find a regimen that maintains the drug concentration
above the MIC for a longer period of time when it is administered in fractional doses and by
extended infusion, thus providing better therapeutic results. Therefore, the more frequent mero-
penem dosing regimen of q6h and a prolonged infusion duration of 3 h were included in the analysis
(54, 55). For fosfomycin, whose pharmacodynamic index is characterized by AUC/MIC and which is
not affected by the duration of infusion, a 0.5-h infusion time was used for all dosing regimens, as
recommended by the manufacturer.

Pharmacokinetic model and exposure of meropenem and fosfomycin. The height and body
weight (WT) relationship for a virtual population with a 50/50 ratio of adult males to adult females
consisting of approximately 10,000 individuals per renal function category was simulated as
described previously (56–58). CLCR was simulated by assuming a uniform distribution (for mero-
penem, �50 ml/min, �25 to 50 ml/min, 10 to 25 ml/min, and �10 ml/min; for fosfomycin, �40 ml/
min, 20 to 40 ml/min, 10 to �20 ml/min, and �10 ml/min) (59). The corresponding serum creatinine
concentration (SCr) was subsequently back-calculated from the creatinine clearance values by use of
the Cockcroft-Gault equation (60).

The population pharmacokinetic model for meropenem was the one-compartment model described
by Muro et al. (61), which was previously shown to best predict free meropenem drug concentrations in
critically ill patients (62). The relationship between the serum creatinine concentration (SCr) and
meropenem clearance (CL; in liters per hour) is such that CL is equal to 11.1 � (SCr/0.7)�1 with a
coefficient of variation (CV) of 52.1%. The average volume of distribution (V) was 33.6 liters. Protein
binding for meropenem was 2%.

The population pharmacokinetic model for fosfomycin was a two-compartment model parameter-
ized on CL, the volume of the central (compartment VC), the volume of the peripheral compartment (VP),
and intercompartmental clearance (Q). The population pharmacokinetic model of fosfomycin in critically
ill patients described by Parker et al. (63) was used to simulate virtual patient profiles. Their model
reported seven interoccasion CL parameters. For the purpose of simulation, the highest CL value was
used in order to avoid predicting a high fosfomycin concentration. Both CLCR and body weight (WT) were
influential covariates. The equations for the population CL (in liters per hour) and VC (in liters) incorpo-
rated these two covariates and were as follows: CL � 5.57 � (CLCR/90) and VC � 26.5 � (WT/70)0.75. VP

and Q were 22.3 liters and 19.8 liters/h, respectively. Interindividual variability was incorporated into CL
and VC, assuming a log-normal distribution of both parameters, with a CV of 91.9% and 39%, respectively.
Fosfomycin has negligible plasma protein binding (64, 65).

For meropenem, the percentage of the 10,000 virtual concentration-time profiles that achieved an
fT�MIC of 40% was determined for the three meropenem dosing regimens for infusion durations of 0.5 h
or 3 h in the computation of the probability of target attainment (PTA). For fosfomycin, PTA was
computed for 10,000 areas under the concentration-time curves (AUCs) computed from the simulated
profiles for each dosing regimen and evaluated by determination of the percentage of virtual profiles
that reached an fAUC/MIC of �40.8. The cumulative fraction of the response (CFR) was defined as the
sum of the frequency of isolates at each MIC multiplied by the PTA.
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The simulation of population pharmacokinetic models was carried out using the RxODE package (66).
AUC was computed using the trapz function in the caTools package (67). Computations of PTA and CFR
were performed with user-defined codes. All simulations, integrations, and probability computations
were carried out in R (version 3.5.0) (68).
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