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Fosfomycin, a phosphonic class antibiotic with a broad spectrum of antibacterial activity, has been used outside the United
States since the early 1970s for the treatment of a variety of infections. In the United States, an oral (tromethamine salt) formula-
tion is used for uncomplicated urinary tract infections. Recently, there has been interest in the use of an intravenous solution
(ZTI-01) for the treatment of a broad range of infections associated with multidrug-resistant bacteria. In this era of multidrug-
resistant bacteria with few treatment options, it is critical to understand the pharmacokinetic-pharmacodynamic (PK-PD) deter-
minants for fosfomycin efficacy. Since such data are limited, a one-compartment in vitro infection model was used to determine
the PK-PD index associated with efficacy and the magnitude of this measure necessary for various levels of effect. One challenge
isolate (Escherichia coli ATCC 25922, for which the fosfomycin agar MIC is 0.5 mg/liter and the broth microdilution MIC is 1
mg/liter) was evaluated in the dose fractionation studies, and two additional clinical E. coli isolates were evaluated in the dose-
ranging studies. Mutation frequency studies indicated the presence of an inherently fosfomycin resistant E. coli subpopulation
(agar MIC � 32 to 64 mg/liter) within the standard starting inoculum of a susceptibility test. Due to the presence of this resistant
subpopulation, we identified the percentage of the dosing interval that drug concentrations were above the inherent resistance
inhibitory concentration found at baseline to be the PK-PD index associated with efficacy (r2 � 0.777). The magnitudes of this
PK-PD index associated with net bacterial stasis and 1- and 2-log10 CFU/ml reductions from baseline at 24 h were 11.9, 20.9, and
32.8, respectively. These data provide useful information for modernizing and optimizing ZTI-01 dosing regimens for further
study.

In 1969, Hendlin and colleagues reported the discovery of phos-
phonomycin (later renamed fosfomycin) in a Streptomyces fra-

diae culture (1). Fosfomycin antibacterial activity is dependent
upon its entry into the cell through the L-alpha-glycerophosphate
transport and hexose monophosphate systems, which are glucose-
6-phosphate dependent (2). Once it is inside the bacterial cell,
fosfomycin inhibits peptidoglycan synthesis by the inactivation
of UDP-N-acetylglucosamine-3-enolpyruvyltransferase (MurA)
(3). Through this mechanism of action, fosfomycin has a broad
spectrum of in vitro activity against a variety of clinically impor-
tant Gram-positive pathogens, including methicillin-resistant
Staphylococcus aureus, and Gram-negative pathogens, including
extended-spectrum-�-lactamase (ESBL)-producing members of
the family Enterobacteriaceae and carbapenem-resistant Entero-
bacteriaceae (CRE) (4, 5).

While oral fosfomycin has long been utilized as single-dose
therapy for uncomplicated urinary tract infections (6), there has
been considerable recent interest in the use of this agent in both
intravenous (IV) and oral formulations for the treatment of infec-
tions associated with multidrug-resistant bacteria. Fosfomycin’s
in vitro activity against Enterobacteriaceae, including those pro-
ducing ESBL enzymes, provides the impetus for this interest. In
one review, Falagas and colleagues found that 1,604 of 1,657
(96.8%) ESBL-producing Escherichia coli isolates were fosfomycin
susceptible (MIC � 64 mg/liter) (4) per Clinical and Laboratory
Standards Institute (CLSI) susceptibility test interpretive criteria
(7). Moreover, when the results of two small studies were com-
bined, the authors noted a high percentage of positive clinical
response (93.8%) in fosfomycin-treated patients with compli-
cated or uncomplicated lower urinary tract infections caused by
ESBL-producing Escherichia coli (4, 8, 9).

Given that there are few treatment options available in this era
of multidrug-resistant bacteria, it is critical to understand the
pharmacokinetic-pharmacodynamic (PK-PD) determinants of
efficacy for potential antimicrobial agents. Despite 40 years of
clinical use, such data are limited for fosfomycin (10). Thus, to
characterize the PK-PD of fosfomycin against E. coli, studies using
a one-compartment in vitro infection model in which fosfomycin
was administered as an IV formulation (ZTI-01) were under-
taken. The objectives of these studies were twofold. The first ob-
jective was to identify the PK-PD index that best predicts the effi-
cacy of fosfomycin against E. coli. The second objective was to
determine the magnitudes of the fosfomycin PK-PD index asso-
ciated with net bacterial stasis and 1- and 2-log10 CFU/ml reduc-
tions in bacteria over 24 h.

MATERIALS AND METHODS
Bacteria and antimicrobial agent. A panel of three E. coli isolates was
utilized for the in vitro studies described herein. The panel consisted of
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one wild-type reference strain, ATCC 25922 (American Type Culture
Collection, Manassas, VA), and two clinical isolates, E. coli 2692 and
13319 (JMI Laboratories, North Liberty, IA). ZTI-01 (fosfomycin diso-
dium) IV solution was provided by Zavante Therapeutics, Inc. (San Di-
ego, CA).

Media and in vitro susceptibility studies. Susceptibility studies were
performed with cation-adjusted Mueller-Hinton broth and agar (Becton,
Dickinson and Company, Franklin Lakes, NJ) with and without supple-
mentation with 25 mg/liter of glucose-6-phosphate (Sigma-Aldrich Cor-
poration, St. Louis, MO) and were completed in triplicate. The suscepti-
bility studies with 25 mg/liter glucose-6-phosphate were performed in
accordance with guidelines from the Clinical and Laboratory Standards
Institute (CLSI) (9). Modal MIC values were reported.

Mutation frequency studies. The frequency of mutation to drug re-
sistance was estimated in duplicate for each isolate by plating 4 ml of a
log-phase growth suspension onto agar containing 5 and 256 times the
baseline fosfomycin agar MIC with or without 25 mg/liter of glucose-6-
phosphate. The bacterial concentration within the suspension was deter-
mined by quantitative culture. The ratio of the growth on the drug-con-
taining plates to the starting inoculum provided an estimate of the drug
resistance frequency within the total population. In studies with each
isolate, a subset of colonies was taken from the drug-containing plates and
MIC values were determined in order to confirm decreased fosfomycin
susceptibility. The MIC values of the resistant isolates were determined
using the agar dilution method described by CLSI (11).

One-compartment in vitro model and sample processing. The one-
compartment in vitro infection model utilized in these studies has been
extensively applied to understand the PK-PD principles displayed by sev-
eral antimicrobials and inhibitors (12). The model consists of a central
infection compartment containing growth medium, the challenge isolate,
and magnetic stir bars to ensure the homogeneity of the drug concentra-
tions within the compartment. The central infection compartment was
attached to a stir plate, and the entire unit was placed within a tempera-
ture- and humidity-controlled incubator set at 35°C. Drug-free Mueller-
Hinton broth medium supplemented with 25 mg/liter glucose-6-phos-
phate was pumped into the central infection compartment via a
computer-controlled peristaltic pump, while growth medium was simul-
taneously removed through an exit port and captured in a waste con-
tainer. The challenge isolate was aseptically inoculated directly into the
central infection compartment, and the peristaltic rate of diffusion was set
at a flow rate which allowed the simulation of the human concentration-
time profile of fosfomycin. The test compound was infused via computer-
controlled syringe pumps which allowed the simulation of the desired
half-life, dosing frequency, and concentrations. Specimens for CFU enu-
meration and drug concentration assay were collected from the central
infection compartment using a sterile syringe and needle through a rub-
ber septum at predetermined time points.

In these experiments, the initial inoculum of 1.0 � 106 CFU/ml of each
isolate was prepared from a culture grown overnight on Trypticase soy
agar supplemented with 5% sheep blood (Sigma-Aldrich Corporation, St.
Louis, MO). Isolates were taken from the overnight cultures, grown to
mid-logarithmic phase in a flask of Mueller-Hinton broth supplemented with
25 mg/liter of glucose-6-phosphate, and set in a water shaker bath operating
at 125 rotations per minute and 35°C. The bacterial concentration within the
flask of Mueller-Hinton broth was determined by measurement of the optical
density utilizing a previously confirmed growth curve.

Bacteria were then exposed to changing fosfomycin concentrations
which simulated human free-drug concentration-time profiles for a range
of ZTI-01 doses (described below) administered every 6 h (q6h), using a
2-h half-life (13). Given that fosfomycin is not bound to plasma proteins,
total- and free-drug concentrations were considered equivalent (13).
One-milliliter specimens were collected for determination of the numbers
of CFU at 0, 2, 4, 8, 12, and 24 h. Each sample was centrifuged, washed, and
resuspended in sterile normal saline twice to prevent drug carryover. The
bacterial suspensions were then cultured onto Trypticase soy agar supple-

mented with 5% sheep blood, as well as Mueller-Hinton agar supple-
mented with 3� the fosfomycin agar MIC plus 25 mg/liter of glucose-6-
phosphate. Plated samples were incubated at 35°C for 24 h. One-milliliter
specimens for drug assay were collected at various time points throughout
the 24-h experiment and then immediately frozen at �80°C until assayed
for drug concentration.

Single-isolate dose-ranging study. A dose-ranging study was con-
ducted using E. coli ATCC 25922 in order to examine the fosfomycin
dose-response relationship. In these studies, a range of fosfomycin doses,
0.125 to 8 g, were administered q6h over a 24-h period within the one-
compartment model.

Dose fractionation studies. The ZTI-01 dosing regimens selected for
the dose fractionation studies were guided by the results of the single-
isolate dose-ranging studies. The dosing regimens selected were associ-
ated with a wide range of effects from treatment failure (in which the
growth matched that of the no-treatment control at 24 h) to those asso-
ciated with a nearly maximal effect. The total daily fosfomycin exposure,
as measured by the free-drug area under the concentration-time curve
from 0 to 24 h (AUC0 –24), was held constant but was fractionated into
doses given q6h, q8h, and q12h, as well as a continuous infusion. The dose
fractionation studies were performed in duplicate.

Pharmacokinetic-pharmacodynamic analysis of data from dose
fractionation studies. Data from the dose fractionation studies were eval-
uated using Hill-type models and nonlinear least-squares regression. The
data were weighted using the inverse of the estimated measurement vari-
ance. The relationships between the change from baseline in the log10

CFU/ml at 24 h and three PK-PD indices were evaluated. These included
the ratio of the free-drug AUC0-24 to the pathogen MIC (AUC0-24:MIC
ratio), the ratio of the maximal free-drug concentration to the pathogen
MIC (Cmax:MIC ratio), and the percentage of the dosing interval that the
free-drug concentrations remained above the MIC (%T�MIC). In addi-
tion to the nominal MIC value, the MIC value which was determined in
the absence of glucose-6-phosphate and which approximates the suscep-
tibility of the bacterial subpopulation with reduced fosfomycin suscepti-
bility was considered. The relationships between change from baseline in
log10 CFU/ml at 24 h and a secondary set of PK-PD indices calculated
using this measure, hereafter referred to as resistance inhibitory concen-
tration (RIC), were evaluated.

Multiple-isolate dose-ranging studies. A series of dose-ranging stud-
ies was completed to determine the magnitude of the PK-PD index asso-
ciated with net bacterial stasis and 1- and 2-log10 CFU/ml reductions from
baseline at 24 h. Duplicate studies were completed using two clinical iso-
lates with known resistance mechanisms, E. coli 2692 (NDM-1, TEM-1,
CTX-M) and 13319 (CTX-M-15). The concentrations of ZTI-01 used in
the dosing regimens ranged from 0.25 to 8 g, and doses were administered
q8h. Data from the dose fractionation and dose-ranging studies were eval-
uated using a Hill-type model and nonlinear least-squares regression. The
data were weighted using the inverse of the estimated measurement vari-
ance. The relationship between the change from baseline in the log10

number of CFU/ml at 24 h and the PK-PD index most predictive of effi-
cacy based on the PK-PD analysis of data from the dose fractionation
studies was evaluated.

Bioanalytical method. Fosfomycin concentrations were determined
by biological assay. Two hundred microliters of E. coli ATCC 25922,
grown to log phase and diluted in Mueller-Hinton broth supplemented
with 25 mg/liter of glucose-6-phosphate, was inoculated onto each plate at
a concentration of 1.0 � 106 CFU/ml. A volume of 15 �l was taken from
each sample and deposited into 4.8-mm-diameter wells in the inoculated
plates, and the plates were incubated at 35°C for 18 h. The fosfomycin
standard curve was logarithmic over concentrations ranging from 10 to
500 mg/liter, with the lower quantification limit determined to be 10
mg/liter.
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RESULTS
In vitro susceptibility testing. The MIC values for fosfomycin
were determined to be 1 mg/liter for all challenge isolates when the
MICs were determined using the agar and broth methods with
agar and broth supplemented with 25 mg/liter of glucose-6-phos-
phate. These values were well within the performance standards
reported by CLSI (11). The MIC values increased 5- to 6-fold
when susceptibility studies were carried out in the absence of glu-
cose-6-phosphate (Table 1).

Mutation frequency studies. The average density of the drug-
resistant subpopulation was determined for all isolates at 5 times
and 256 times the baseline fosfomycin MIC in the presence of 25
mg/liter of glucose-6-phosphate. The results of this evaluation are
shown in Table 2. The isolates taken from plates containing drug at 5
times the MIC had MIC values of 32 or 64 mg/liter regardless of the
presence of glucose-6-phosphate (Table 2).

Pharmacokinetic studies. As shown in Fig. 1, there was good
agreement between the observed and targeted fosfomycin concen-
trations for all dosing regimens evaluated (r2 � 0.98). To illustrate
this good agreement, Figure 2 shows targeted free-drug fosfomy-
cin concentration-time profiles overlaid with the mean observed
fosfomycin concentrations for the ZTI-01 dosing regimens with a
total daily dose of 32 g evaluated in the dose fractionation studies.

Single-isolate dose-ranging study. The results of the dose-
ranging study are presented in Fig. 3. Bacteria in the no-treatment
control arm grew well and reached a bacterial density of greater
than 1.0 � 108 CFU/ml by 4 h (Fig. 3). The range of ZTI-01 doses
demonstrated a full spectrum of drug effect. That is, ZTI-01 dos-
ing regimens associated with the lowest fosfomycin exposures re-
sulted in bacterial densities approaching the density of the growth
control by 24 h, while those providing higher drug exposures re-

sulted in either net bacterial stasis or �4-log10 CFU/ml reductions
from baseline at 24 h.

Figure 4 shows the change in the density of the total population
and the inherently drug-resistant bacterial subpopulation for each
regimen in the dose-ranging studies. Note that in the control reg-
imen, the total bacterial population contained 1 log10 CFU/ml of
the drug-resistant subpopulation at baseline, and the drug-resis-
tant subpopulation increased in parallel with the growth of the
total population to approximately 3.5 log10 CFU/ml at 24 h. While
the fosfomycin exposures associated with the two least-intensive
ZTI-01 dosing regimens (0.125 and 0.25 g q6h) resulted in a rapid
reduction in the total bacterial population, the inherently drug-
resistant subpopulation rapidly replaced the entire population,
and by 24 h the bacterial density was similar to that of the growth
control. A similar bacterial growth dynamic was observed with the
0.5-g q6h dosing regimen, except that at 24 h the total bacterial
population, which was drug resistant, was similar in magnitude to
that at baseline. As expected, the fosfomycin exposures associated
with the most intensive ZTI-01 dosing regimens (1, 2, 4, and 8 g
q6h) resulted in rapid reductions in the bacterial density of the
total bacterial population without significant amplification of the
drug-resistant subpopulation. Figure 5 shows the relationship be-
tween the log10 CFU/ml of the inherently fosfomycin resistant
bacterial subpopulation at 24 h and dose, which resemble a
hormetic or inverted-U function.

The data generated based on the dose-ranging studies were
deemed sufficient to identify ZTI-01 dosing regimens for evalua-
tion in the dose fractionation studies. ZTI-01 total daily doses of 2,

FIG 1 Relationship between observed and targeted free-drug fosfomycin con-
centrations across all studies.

TABLE 1 Susceptibility results for the three Escherichia coli isolates by fosfomycin broth microdilution and agar dilution methodologies with and
without glucose 6-phosphate

Escherichia coli isolate Resistance mechanism

Fosfomycin MIC (mg/liter)

With 25 mg/liter g-6-Pa Without 25 mg/liter g-6-P

Broth microdilution Agar dilutionb Broth microdilution Agar dilutionc

ATCC 25922 Wild type 0.5 1 16 32
13319 CTX-M-15 1 1 32 32
2692 NDM-1, TEM-1, CTX-M 1 1 32 64
a g-6-P, glucose-6-phosphate.
b Methodology recommended by CLSI guidelines (13).
c The RIC was utilized for these data.

TABLE 2 Mutation frequency results and susceptibility results for plates
containing fosfomycin concentrations at 5 times the MIC for the three
challenge isolates

Escherichia
coli isolate

Avg mutation frequencya MICb (mg/liter)

5� MIC 256� MIC

With 25
mg/liter
g-6-P

Without 25
mg/liter g-6-P

ATCC 25922 3.5 � 105 �1.2 � 109 32–64 32–64
13319 4.5 � 106 �8.9 � 108 32–64 32–64
2692 8.1 � 105 �1.6 � 109 32–64 32–64
a The average mutation frequency was calculated to be 1 CFU of resistant bacteria in the
indicated number of CFU/ml.
b MICs of isolates from plates containing drug concentrations at 5 times the MIC were
determined using the agar susceptibility methodology. g-6-P, glucose-6-phosphate.
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8, and 32 g were chosen for evaluation in the dose fractionation
studies.

Dose fractionation studies. The results of the dose fraction-
ation studies are presented in Fig. 6. The bacteria in the no-treat-
ment control arm grew well and reached a bacterial density of
greater than 1.0 � 108 CFU/ml by 12 h. Note that in the control
regimen, the total bacterial population contained less than 1 log10

CFU/ml of the drug-resistant subpopulation at the zero hour time
point, and the drug-resistant subpopulation increased in parallel
with the growth of the total population to approximately 3.5 log10

CFU/ml at 24 h.
The 2-g total daily ZTI-01 dose administered either as a con-

tinuous infusion or as 0.5, 0.67, and 1 g q6h, q8h, or q12h, respec-
tively, failed to prevent the amplification of the inherently resis-
tant bacterial subpopulation and resulted in a static effect at the
24-h time point for all treatment regimens regardless of the dosing
interval. The 8- and 32-g total daily ZTI-01 doses resulted in rapid
reductions in the density of the total bacterial population without
a significant amplification of the drug-resistant subpopulation. Of
interest, efficacy was maximized when the 8- and 32-g total daily

ZTI-01 doses were administered as a continuous infusion, as evi-
denced by the sterility achieved in the in vitro model at 24 h.

Pharmacokinetic-pharmacodynamic analysis. The relation-
ships between free-drug AUC0 –24:MIC ratio, Cmax:MIC ratio, and
%T�MIC and the change from baseline log10 CFU/ml at 24 h are
presented in Fig. 7. As evidenced by the dispersion of the data
around the fitted function and by the r2 value, the free-drug
AUC0 –24:MIC ratio was the PK-PD index that was the most pre-
dictive of efficacy. However, given that the majority of free-drug
%T�MIC values were 100, the PK-PD relationship based on this
index could not be adequately explored. Because of the 8-log10

CFU/ml range in response at a free-drug %T�MIC of 100, the
nominal MIC value that was used to calculate free-drug %T�MIC
did not appear to be predictive of response. It was hypothesized
that the MIC value predictive of response was that of the drug-
resistant subpopulation (i.e., the RIC) rather than the nominal
MIC value.

Thus, in addition to the nominal MIC value, RIC was the sec-
ond variable considered in the PK-PD analysis. Relationships be-
tween the free-drug AUC0 –24:RIC ratio, Cmax:RIC ratio, and the

FIG 2 The targeted free-drug fosfomycin concentration-time profiles (solid lines) overlaid with the mean observed free-drug fosfomycin concentrations (red
squares) for the ZTI-01 dosing regimens with a total daily dose of 32 g evaluated in the dose fractionation studies.

FIG 3 Dose-ranging study results showing the effects of a range of ZTI-01 doses administered q6h on the log10 CFU/ml over 24 h for the E. coli ATCC 25922 total
population.
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percentage of the dosing interval that free-drug concentrations
remain above the RIC (%T�RIC) and the change from baseline in
log10 CFU/ml at 24 h are presented in Fig. 8. As evidenced by the
dispersion of the data around the fitted function and by the r2

value, free-drug %T�RIC was the PK-PD index that was the most
predictive of efficacy.

Multiple-isolate dose-ranging studies. The results of the mul-
tiple-isolate dose-ranging studies which are presented in Fig. 9
show the relationship between the change from baseline in the
log10 CFU/ml of the total population, including the inherently
drug-resistant bacterial subpopulation for each isolate and the

free-drug %T�RIC. As evidenced by the r2 value of 0.83, the two
clinical isolates were comodeled reasonably well with the wild-
type (ATCC 25922) strain. The magnitudes of free-drug %T�RIC
required for net bacterial stasis as well as 1- and 2-log10 CFU/ml
reductions from baseline at 24 h were determined to be 11.9, 20.9,
and 32.8, respectively.

As shown in Fig. 10, a hormetic or inverted-U-shaped function
described the relationships between the ZTI-01 dose and the
change in resistant populations for the two clinical isolates at 5 and
256 times the MIC . The 5-times-the-MIC population represented
a larger bacterial burden over the 0.25- through 1-g dosing regi-
mens than that observed with the 256-times-the-MIC population.
ZTI-01 dosing regimens of �2 g prevented the amplification of
the drug-resistant subpopulations for both isolates over the 24-h
period. MIC values of the isolates taken from the 5-times-the-
MIC drug-containing plates ranged from 32 to 128 mg/liter, while
those sampled from the 256-times-the-MIC plates ranged from
256 to �512 mg/liter.

DISCUSSION

The objectives of the studies described herein using a one-com-
partment in vitro infection model to evaluate the PK-PD of fosfo-
mycin administered as ZTI-01 for E. coli were twofold. The first
objective was to identify the PK-PD index for fosfomycin that best
predicts efficacy against E. coli. The second objective was to deter-
mine the magnitudes of the above-described PK-PD index asso-
ciated with net bacterial stasis and 1- and 2-log10 CFU/ml reduc-
tions from baseline at 24 h.

We successfully identified %T�RIC, a new PK-PD index that

FIG 4 Dose-ranging study results. The individual panels show the log10 CFU/ml over 24 h for the total population and drug-resistant subpopulation for each
ZTI-01 dosing regimen.

FIG 5 Relationship between ZTI-01 dosing regimens administered q6h and
change from baseline in log10 CFU/ml for the drug-resistant subpopulation at
24 h based on data from the dose-ranging study.
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was most closely associated with fosfomycin efficacy. The magni-
tudes of free-drug %T�RIC associated with net bacterial stasis
and 1- and 2-log10 CFU/ml reductions from baseline at 24 h were
11.9, 20.9, and 32.8 respectively. It is important to recognize why
%T�RIC rather than %T�MIC was identified as the PK-PD in-
dex associated with fosfomycin efficacy. Figure 7 shows the rela-
tionships between the free-drug AUC0 –24:MIC ratio, the Cmax:
MIC ratio, and %T�MIC and the change from baseline in the
log10 CFU/ml at 24 h for different ZTI-01 dosing regimens which
were identical in terms of total daily dose. As evidenced by the
relationship for free-drug %T�MIC, the vast majority of dosing
regimens had free-drug %T�MIC equal to 100 but the change

from baseline in bacterial density at 24 h varied dramatically,
spanning an 8-log10 CFU/ml range. Thus, these results demon-
strated that %T�MIC is not the PK-PD index that best describes
fosfomycin efficacy.

One reason for the failure of %T�MIC to describe the PK-PD
of fosfomycin is the presence of an inherently fosfomycin resistant
E. coli subpopulation (agar MIC � 32 to 64 mg/liter) within the
standard starting inoculum of the susceptibility test and the failure
of this testing methodology to detect this subpopulation. The
standard starting inoculum for the susceptibility test is 5 � 105

CFU/ml. However, the volume of the microtiter well is 100 to 200
�l and thus contains only 50,000 to 100,000 CFU. Given that the

FIG 6 Dose fractionation study results showing the log10 CFU/ml over 24 h for the total population and the drug-resistant subpopulation for each ZTI-01 dosing
regimen.

FIG 7 Relationships between free-drug fosfomycin AUC0 –24:MIC ratio, Cmax:MIC ratio, and %T�MIC and change from baseline in log10 CFU/ml of E. coli
ATCC 25922 at 24 h based on data from a one-compartment in vitro infection model.
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inherently fosfomycin-resistant subpopulation has a frequency of
at least 1 in 350,000 CFU, the bacterial burden in the microtiter
well for the susceptibility test is too low to allow for detection of a
fosfomycin-resistant E. coli subpopulation. Thus, for fosfomycin,
the nominal MIC based on the standard susceptibility test method
appears to be an insensitive measure of the drug concentration
required to inhibit a clinically relevant bacterial inoculum.

One way to overcome the poor sensitivity of the susceptibility
test method is to increase the inoculum size and the volume of the
test system. Relative to the standard susceptibility test method, the
one-compartment in vitro PK-PD infection model is a much more
sensitive tool for measurement of the drug concentration required
to inhibit a clinically relevant bacterial inoculum owing to its abil-
ity to accommodate a larger inoculum and the larger volume (125
ml) of the test system. For this reason, dose fractionation studies
were conducted using a one-compartment in vitro PK-PD infec-
tion model to identify the PK-PD index most closely associated
with fosfomycin efficacy.

Figure 8 shows the relationship between each PK-PD measure

indexed relative to the MIC of the drug-resistant bacterial sub-
population (i.e., the RIC) for the same E. coli strain for which each
PK-PD index was evaluated. Note the relatively stronger relation-
ship for %T�RIC and the change from baseline in log10 CFU/ml
compared to those for the AUC0 –24:RIC ratio and the Cmax:RIC
ratio, as evidenced by the r2 value and the dispersion of the data
about the fitted functions for each PK-PD index.

One important implication of the results of these analyses is
that there is an opportunity to adjust the technical details of the
disc diffusion or broth dilution test methods to detect and quan-
titate the drug-resistant subpopulation. The availability of such a
test may provide a diagnostic tool that can be used to discriminate
the relevant MIC and thereby identify patients likely to respond to
ZTI-01 therapy. Such studies are currently being planned.

There are two important caveats to consider when evaluating
the study results described herein. First, we do not understand the
biological fitness of the isolates selected from the drug-containing
plates. Animal studies with these isolates would be required to eval-
uate their biological fitness. Second, the duration of the study with the
in vitro PK-PD models described herein was 24 h. Studies of longer
duration with in vitro PK-PD models, such as a hollow-fiber infection
model, will be required to evaluate resistance amplification preven-
tion over clinically relevant treatment durations.

In conclusion, we successfully identified %T�RIC as the

FIG 8 Relationships between free-drug fosfomycin AUC0 –24:RIC ratio, Cmax:RIC ratio, and %T�RIC and change from baseline in log10 CFU/ml of E. coli 25922
at 24 h based on data from a one-compartment in vitro infection model.

FIG 9 Relationship between free-drug fosfomycin %T�RIC and change from
baseline in log10 CFU/ml at 24 h based on data from the multiple-isolate
dose-ranging studies for E. coli isolates 25922, 13319, and 1692.

FIG 10 Relationships between change from baseline in log10 CFU/ml at 24 h
of resistant isolates observed in the multiple-isolate dose-ranging studies and
ZTI-01 dosing regimen.

VanScoy et al.

7176 aac.asm.org December 2015 Volume 59 Number 12Antimicrobial Agents and Chemotherapy

http://aac.asm.org


PK-PD index most closely associated with fosfomycin efficacy.
The magnitudes of free-drug %T�RIC required for net bacterial
stasis and 1- and 2-log10 CFU/ml reductions from baseline were
11.9, 20.9, and 32.8, respectively. These data demonstrate the need
to adjust technical details of the disc diffusion or broth dilution
test methods to detect and quantitate the drug-resistant subpop-
ulation. If such a test can be developed, it would provide a diag-
nostic tool that can be used to identify patients likely to respond to
fosfomycin therapy with ZTI-01 efficacy.
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