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ABSTRACT The pharmacokinetics, safety, and tolerability of intravenous (i.v.) fosfo-
mycin disodium (ZTI-01) and oral fosfomycin tromethamine were evaluated after a
single dose in 28 healthy adult subjects. Subjects received a single 1-h i.v. infusion
of 1 g and 8 g fosfomycin disodium and a single dose of 3 g oral fosfomycin tro-
methamine in a phase I, randomized, open-label, three-period crossover study. Serial
blood and urine samples were collected before and up to 48 h after dosing. The
mean pharmacokinetic parameters � standard deviations of fosfomycin in plasma
after 1 g and 8 g i.v., respectively, were the following: maximum clearance of drug
in serum (Cmax), 44.3 � 7.6 and 370 � 61.9 �g/ml; time to maximum concentration
of drug in serum (Tmax), 1.1 � 0.05 and 1.08 � 0.01 h; volume of distribution (V),
29.7 � 5.7 and 31.5 � 10.4 liters; clearance (CL), 8.7 � 1.7 and 7.8 � 1.4 liters/h; re-
nal clearance (CLR), 6.6 � 1.9 and 6.3 � 1.6 liters/h; area under the concentration-
time curve from 0 to infinity (AUC0 –∞), 120 � 28.5 and 1,060 � 192 �g·h/ml; and
half-life (t1/2), 2.4 � 0.4 and 2.8 � 0.6 h. After oral administration, the parameters
were the following: Cmax, 26.8 � 6.4 �g/ml; Tmax, 2.25 � 0.4 h; V/F, 204 � 70.7 li-
ters; CL/F, 17 � 4.7 liters/h; CLR, 6.5 � 1.8 liters/h; AUC0 –∞, 191 � 57.6 �g · h/ml;
and t1/2, 9.04 � 4.5 h. The percent relative bioavailability of orally administered fos-
fomycin was 52.8% in relation to the 1-g i.v. dose. Approximately 74% and 80% of
the 1-g and 8-g i.v. doses were excreted unchanged in the urine by 48 h compared
to 37% after oral administration, with the majority of this excretion occurring by 12
h regardless of dosage form. No new safety concerns were identified during this
study. The results of this study support further investigation of i.v. fosfomycin in the
target patient population, including patients with complicated urinary tract infec-
tions and pyelonephritis.
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The prevalence, morbidity, and mortality associated with multidrug-resistant (MDR)
pathogens is increasing, while the number of effective antimicrobial options for

these organisms continues to diminish (1). Fosfomycin possesses a unique mechanism
of action and maintains broad in vitro antibacterial activity against many clinically
significant MDR pathogens, including extended-spectrum �-lactamase (ESBL) and
carbapenemase-producing Gram-negative organisms, vancomycin-resistant Enterococ-
cus (VRE), and methicillin-resistant Staphylococcus aureus (MRSA) (2). Oral fosfomycin, in
the form of the tromethamine salt, has been approved by the Food and Drug Admin-
istration (FDA) and widely used in the United States since 1996, while the intravenous
formulation has been restricted to date to outside the U.S. (3). The use of the oral
formulation has been studied extensively globally and has demonstrated safety and
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efficacy in a variety of patient populations, including adult, elderly, and pediatric
patients (4, 5). Outside the United States, the parenteral formulation has been used to
treat serious infections for more than 40 years (6). ZTI-01 is a phosphonic acid derivative
of fosfomycin, formulated as a disodium salt for intravenous (i.v.) administration, and is
being considered for addition to the U.S. therapeutic armamentarium for difficult-to-
treat infections. Given the dearth of effective treatment options in this era of MDR
bacteria, it is crucial to fully understand the pharmacokinetics of antibacterial agents in
order to assess the pharmacokinetic/pharmacodynamic parameters associated with
efficacy. The purpose of this study was to determine the safety, tolerability, and
pharmacokinetics of two single doses of i.v. fosfomycin disodium (1 g and 8 g) and a
single dose (3 g) of oral fosfomycin tromethamine in a randomized, three-period
crossover study in healthy volunteer subjects.

RESULTS

A total of 30 healthy adult subjects were enrolled in the study. Two subjects were
prematurely withdrawn prior to completion of all study procedures due to violations of
the study protocol, leaving 28 subjects who completed the study and were included in
the pharmacokinetic population. Of the 28 subjects who completed the study, 27
received all three regimens while one subject withdrew consent and only received the
oral fosfomycin tromethamine regimen. The baseline demographics of the pharmaco-
kinetically evaluable subjects are presented in Table 1. Overall, the subjects were young
and the majority were white, non-Hispanic, non-Latino females.

Pharmacokinetics of intravenous fosfomycin. Mean (� standard deviation [SD])
plasma concentrations of fosfomycin after each study drug administration regimen are
displayed in Fig. 1. Figure S1 in the supplemental material also shows mean (�SD)

TABLE 1 Characteristics of healthy adult subjects receiving intravenous and oral fosfomycin

Fosfomycin treatment
(no. of subjects)

No. (%) of
male subjects

No. (%) of
white subjects

Value (means � SD) for:

Age (yr) Height (cm) Weight (kg)
Body mass
index (kg/m2) CLCR

a (ml/min)

i.v. (n � 27) 11 (41) 20 (74) 27 � 5 169.2 � 10.3 70.5 � 11.1 24.6 � 2.9 139.6 � 24.4
p.o. (n � 28) 11 (39) 21 (75) 26 � 5 169.2 � 10.1 69.9 � 11.2 24.4 � 2.9 139.3 � 23.9
aCLCR, estimated creatinine clearance.

FIG 1 Mean (�SD) concentration-versus-time profile of fosfomycin in plasma after intravenous infusion
of 1 g and 8 g fosfomycin disodium and a single dose of 3 g oral fosfomycin tromethamine. Intravenous
administration of 1 g is illustrated by open circles and a dashed lined, and 8 g is illustrated by open
diamonds and a dashed line. Oral administration is illustrated by filled circles and a solid line. The y axis
is in the log scale.
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concentration-time profiles of fosfomycin in plasma after a single 1-h i.v. infusion of 1 g
and 8 g fosfomycin disodium. The mean (�SD) plasma pharmacokinetic parameters of
fosfomycin after i.v. administration are summarized in Table 2. After i.v. administration
of 1 g and 8 g, all subjects had quantifiable plasma concentrations within 5 min of the
end of the 1-h infusion. After a single i.v. dose of 1 g, almost all (24/27) subjects had
measurable plasma concentrations 12 h after the dose, while only one subject had a
measurable plasma concentration at 18 h postdose, and none had measurable plasma
concentrations at the 24-h sampling point or beyond. After an 8-g i.v. dose, all subjects
had measurable plasma concentrations at 18 h and almost half (13/27) had quantifiable
plasma concentrations at 24 h postdose. All plasma concentrations at 36 and 48 h were
below the limit of quantitation (BLQ). Plasma fosfomycin exposure increased in an
approximately dose-proportional manner following i.v. administration of 1 g and 8 g of
fosfomycin disodium. The geometric least-squares mean maximum clearance of drug in
serum (Cmax) and area under the concentration-time curve from 0 to infinity (AUC0 –∞)
increased approximately 8.4- and 8.8-fold, respectively, with an 8-fold increase in dose
(Table 2).

The mean (�SD) cumulative fraction (percent) of fosfomycin dose excreted in urine
over time following i.v. administration is displayed in Fig. 2. Table S1 shows the mean
(�SD) cumulative fraction (percent) of the fosfomycin dose excreted per urine collec-
tion interval. The mean renal clearance of fosfomycin after i.v. administration of 1 and
8 g (6.5 and 6.3 liters/h) approximated normal glomerular filtration (Table 2). Following
i.v. dosing of 1 and 8 g, approximately 74% and 80% of the dose, respectively, was
excreted unchanged in the urine by 48 h postdose. The largest proportion of this
excretion occurred by 12 h postdose, with 70% of the dose being excreted in this time
frame for both regimens. The mean (�SD) concentration of fosfomycin in the urine
during each collection interval is shown in Table S2, along with the mean (�SD) volume
of urine excreted during that interval. After i.v. administration, peak urinary concentra-
tions occurred during the 0- to 4-h collection interval. Eighty-eight percent (24/27) of
subjects had measurable urinary concentrations during the 24- to 36-h collection
interval after receiving 1 g i.v., compared to only 6 subjects who had measurable
urinary concentrations during the 36- to 48-h interval. After 8 g i.v., all subjects had
measurable urinary concentrations through the 48-h collection interval.

Pharmacokinetics of oral fosfomycin tromethamine. Mean (�SD) plasma con-
centrations of fosfomycin after each study drug administration regimen are displayed
in Fig. 1. Mean (�SD) plasma concentrations of fosfomycin after ingestion of a single
3-g oral dose of fosfomycin tromethamine are displayed in Fig. S2a. The mean (�SD)

TABLE 2 Pharmacokinetic parameters of fosfomycin in plasma after intravenous and oral administration

Fosfomycin treatmenta

(no. of subjects)

Value (means � SD) for:

Cmax

(�g/ml) Tmax (h)
AUClast

(�g · h/ml)
AUC0–∞

(�g · h/ml)
V or V/F
(liters)

CL or CL/F
(liters/h)

CLR

(liters/h) t1/2 (h)

1 g i.v. (n � 27) 44.3 � 7.6 1.1 � 0.05 117 � 27.7 120 � 28.5 29.7 � 5.7 8.7 � 1.7 6.6 � 1.9 2.4 � 0.4
8 g i.v. (n � 27) 370 � 61.9 1.08 � 0.01 1,056 � 192 1,060 � 192 31.5 � 10.4 7.8 � 1.4 6.3 � 1.6 2.8 � 0.6
3 g p.o. (n � 28) 26.8 � 6.4 2.25 � 0.4 178 � 49.9b 191 � 57.6 204 � 70.7g 17.0 � 4.7h 6.5 � 1.8 9.04 � 4.5

26.8 � 6.4 2.25 � 0.4 174 � 45.1c 187 � 52.2 184 � 65.6g 17.2 � 4.6h 6.3 � 1.7 7.93 � 3.5
26.8 � 6.4 2.25 � 0.4 165 � 39.2d 179 � 43.8 152 � 53.5g 17.8 � 4.4h 6.1 � 1.7 6.09 � 2.1
26.8 � 6.4 2.25 � 0.4 156 � 36.6e 174 � 40.1 134 � 54.9g 18.2 � 4.2h NRi 5.17 � 2.1
26.8 � 6.4 2.25 � 0.4 139 � 33.6f 160 � 37.4 109 � 54.1g 19.7 � 4.6h 6.0 � 1.7 3.91 � 2.1

aEach subject received only one dose of fosfomycin. Pharmacokinetic parameters are displayed for incremental noncompartmental analyses on partial areas from 0 to
12, 0 to 24, 0 to 36, and 0 to 48 h, as delineated.

bAUC0 – 48.
cAUC0 –36.
dAUC0 –24.
eAUC0 –18.
fAUC0 –12.
gV/F.
hCL/F.
iCLR not reported given the lack of corresponding urine collection interval.
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pharmacokinetic parameters of fosfomycin in plasma after oral administration are
summarized in Table 2. After deconvolution from 1 g i.v., the absorption rate constant
(ka) of oral fosfomycin was 0.0175 h�1. Following a single oral dose of fosfomycin
tromethamine, all subjects had plasma fosfomycin concentrations above the quantifi-
able limit 1 h after ingestion. The vast majority of subjects (25/28) also had measurable
plasma concentrations 24 h after oral administration. Half (14/28) of the subjects had
quantifiable plasma fosfomycin concentrations 36 h postdose, while only 6 of 28 had
measurable plasma concentrations at 48 h postdose. Given this observed variability in
plasma half-life, incremental noncompartmental analyses were performed, including on
all plasma fosfomycin concentrations from 0 to 48 h, 0 to 36 h, 0 to 24 h, 0 to 18 h, and
0 to 12 h. The mean (�SD) pharmacokinetic parameters resulting from these analyses
are displayed in Table 2. Figure S2b, c, and d in the supplemental material show
corresponding mean (�SD) plasma fosfomycin concentration-time curves from 0 to
36 h, 0 to 24 h, and 0 to 12 h, respectively. The geometric mean percent bioavailable
(F) of 3 g oral fosfomycin tromethamine relative to the 1-g i.v. dose based on the
AUC0 –∞ was 52.8%.

The mean (�SD) cumulative fraction (percent) of the dose excreted in urine over
time following ingestion of a single 3-g dose of oral fosfomycin tromethamine is
displayed in Fig. 2. Table S1 shows the mean (�SD) cumulative fraction (percent) of the
dose excreted per urine collection interval. The mean renal clearance of fosfomycin (6.5
liters/h) approximated normal glomerular filtration (Table 2). Following oral dosing,
approximately 37% of the dose was excreted unchanged in the urine by 48 h postdose.
The largest proportion of this excretion (27%) occurred by 12 h postdose. The observed
mean (�SD) concentration of fosfomycin in the urine during each collection interval is
shown in Table S2, along with the mean (�SD) volume of urine excreted during that
interval. After oral administration of fosfomycin, mean peak urinary concentrations
occurred during the 0- to 4-h collection interval, and all subjects had measurable
urinary concentrations through the 48-h collection interval.

Safety of intravenous and oral fosfomycin. Overall, treatment-emergent adverse
events (TEAEs) were reported for 24 (80%) subjects in the study. The majority of TEAEs
(75%) were experienced after receiving i.v. infusions of fosfomycin disodium, of which
a greater proportion occurred after the 8-g dose (19 subjects; 67.9%) compared to the
1-g dose (11 subjects; 39.3%). The most common TEAE after 8-g i.v. infusion was
bradycardia (28.6%), defined as heart rate of �54 beats per minute, followed by
hypocalcemia (10.7%), while hypocalcemia was most common (17.9%) after infusion of

FIG 2 Mean (�SD) cumulative fraction (percent) of the fosfomycin dose excreted in urine over time
following oral and intravenous administration. Intravenous administration of 1 g is illustrated by open
circles and a dashed lined, and 8 g is illustrated by open diamonds and a dashed line. Oral administration
is illustrated by filled circles and a solid line.
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1 g, followed by headache and bradycardia (10.7% each). Six of the 28 subjects with
TEAEs experienced after i.v. infusion had events that were considered treatment
related, with headache being the most common (10.7%). These treatment-related
TEAEs were mild or moderate in intensity and resolved without sequelae. There were
no treatment-related TEAEs after oral fosfomycin tromethamine administration. There
were no clinical laboratory abnormalities reported as treatment-related TEAEs after
either i.v. or oral administration of fosfomycin. All TEAEs except two were considered
resolved by the end of the study. After the 8-g i.v. dose, one subject experienced mild
hypocalcemia and another experienced mild anemia that were unresolved but consid-
ered clinically stable at the end of the study. There were no serious adverse events
reported, and no subjects were withdrawn from the study due to TEAEs.

DISCUSSION

This phase I, single-dose, randomized, three-period, crossover study evaluated the
pharmacokinetics and safety of fosfomycin in plasma and urine after both i.v. and oral
administration in healthy volunteer subjects. The plasma pharmacokinetics of i.v.
fosfomycin disodium were roughly linear and proportional between the 1-g and 8-g
doses. The administration of 3 g of oral fosfomycin tromethamine resulted in a 1.5-fold
higher plasma exposure in terms of mean AUC0 –∞ compared to the 1-g i.v. dose due
to the longer plasma half-life but a 5.5-fold lower mean AUC0 –∞ than that of the 8-g
dose. The percent relative bioavailability of orally administered fosfomycin was 52.8%
in relation to the 1-g i.v. dose. Approximately 74% and 80% of the 1-g and 8-g i.v. doses
were excreted unchanged in the urine by 48 h compared to only 37% after oral
administration, with the majority of this excretion occurring by 12 h regardless of
dosage form. No new safety concerns were identified during this study. The adverse
events observed in this study were similar to those seen in other studies of healthy
subjects and across the decades of clinical experience with fosfomycin (7–17).

Few studies evaluating the pharmacokinetics of fosfomycin after i.v. administration
have been completed in healthy volunteers. The vast majority of modern pharmaco-
kinetic studies have been completed in patients with various infections and patho-
physiological derangements that preclude direct comparison with our study. Even so,
the parameters established in these patients administered doses similar to those of our
study are comparable (18).

Goto et al. examined seven adult male volunteers administered approximately 1 g
(20 mg/kg of body weight) and 2 g (40 mg/kg) of i.v. fosfomycin as a bolus over 5 min
(19). The observed Cmax after the 1-g dose was 132.1 � 31.8 �g/ml, while V, AUC0 –∞,
CL, and CLR were 0.34 � 0.08 liters/kg, 167.9 � 26.4 �g · h/ml, 2.08 � 0.45 ml/min/kg,
and 1.74 � 0.63 ml/min/kg, respectively. A modern study by Frossard et al. evaluated
the distribution of fosfomycin into the plasma and interstitial fluid of healthy volunteers
given a single i.v. dose of fosfomycin (20). Six healthy male volunteers were adminis-
tered 4 and 8 g of i.v. fosfomycin as a 30-min infusion. After an 8-g i.v. dose, the mean
(�SD) plasma Cmax and AUC0 – 8 reported were 395 � 46 mg/liter and 887 � 71 �g ·
h/ml, respectively. These parameters are analogous to the parameters observed in our
study after i.v. administration of 1 g and 8 g fosfomycin disodium.

The plasma pharmacokinetic parameters generated in this study after administra-
tion of oral fosfomycin tromethamine compare well to previous studies, despite the fact
that the vast majority of these analyses were performed in the 1970s and 1980s, prior
to advanced sampling and bioanalytical techniques and the recognized need to
supplement microbiological assays with glucose-6-phosphate (G6P). Many previous
studies also utilize the calcium salt of fosfomycin, which is known to have impaired
bioavailability compared to the tromethamine salt. Borsa et al. examined the pharma-
cokinetics of oral fosfomycin tromethamine in young and elderly adults (21). Thirteen
healthy subjects were administered a single oral 25-mg/kg dose (�2 g) of fosfomycin
tromethamine under fasted conditions. The mean (�SD) Cmax and time to maximum
concentration of drug in serum (Tmax) in young subjects (26 to 33 years of age; n � 5)
were 18.48 � 10.27 �g/ml and 1.61 � 0.23 h, respectively. Mean (�SD) V, t1/2, and
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AUC0 –∞ were 2.42 � 1.68 liters/kg, 5.37 � 2.56 h, and 102.85 � 42.1 �g · h/ml,
respectively. Total body and renal clearance were determined to be 33.6 � 14.5 liters/h
and 18.6 � 2.6 liters/h, respectively, and 57.7% � 30.2% of the administered dose was
eliminated renally by 24 h. Other older studies, administering 3 g of oral fosfomycin
tromethamine, have demonstrated Cmax values ranging from 22 to 32 �g/ml, Tmax from
2 to 2.5 h, t1/2 from 2.4 to 7.3 h, and AUC from 145 to 228 mg · h/liter (22–24). A recent
study examining the plasma pharmacokinetics after administration of 3 g oral fosfo-
mycin tromethamine to 26 mostly older males prior to prostate resection demonstrated
a mean (�SD) Cmax, Tmax, t1/2, V, CL, AUC, and AUC0 –∞ of 17.9 � 8 �g/ml, 2.7 � 1.0 h,
7.1 � 0.3 h, 169.4 � 79.3 liters, 15 � 7.1 liters/h, 236.5 � 121.8 �g · h/ml, and 247 �

128.7 �g · h/ml, respectively (25, 26). The pharmacokinetic parameters observed in
these studies are all within ranges of the parameters determined in our study consid-
ering the differences in study populations, doses, bioanalytical methods, and sampling
schemes.

In this study, oral fosfomycin tromethamine displayed unique pharmacokinetic
qualities compared to i.v. fosfomycin disodium. Regardless of the number of concen-
trations included in the noncompartmental analysis in this study, the plasma elimina-
tion half-life of oral fosfomycin tromethamine was longer than that after i.v. admin-
istration. This may be due to slow absorption of the oral drug into the central
compartment, causing the elimination rate constant (ke) to become larger than the ka

and, therefore, absorption to become the rate-limiting step to drug removal as op-
posed to elimination. In this study, the ka for oral fosfomycin was 0.0175 h�1, while the
ke was 0.1093 h�1, indicating a slow first-order absorption process. This phenomenon,
sometimes known as flip-flop kinetics (27, 28), has been reported with other antimi-
crobials and may be a result of the saturable carrier-mediated phosphate transport
system and nonsaturable first-order absorption processes of fosfomycin in the small
intestine (29). All subjects in this study were fasted and free from concomitant medi-
cations at the time of study drug administration, therefore factors affecting absorption
of oral fosfomycin tromethamine deserve further exploration.

An understanding of the pharmacokinetic/pharmacodynamics (PK/PD) index that
links antimicrobial exposure with efficacy is an important step in designing regimens
that optimize safety and efficacy. The index dynamically linked to antibacterial activity
of fosfomycin in vitro has not been clearly elucidated and has varied among experi-
mental models (30–32). A recent neutropenic murine thigh infection model utilizing
fosfomycin disodium for injection demonstrated AUC/MIC to be the PK/PD index most
closely associated with efficacy (R2 � 0.7), with average net stasis and 1-log kill ratios
for Enterobacteriaceae of 23 and 83, respectively (33). If these data are applied to the
mean AUC values (AUC0 – 8 for i.v., AUC0 –24 for oral) observed in our study, a 1-g i.v. or
3-g oral dose of fosfomycin would be expected to achieve net stasis against Entero-
bacteriaceae isolates with a MIC of �4 mg/liter and 1-log kill for a MIC of �1 mg/liter.
For the 8-g i.v. dose, stasis and 1-log kill could be achieved with a MIC of �32 mg/liter
and �8 mg/liter, respectively. A recently completed phase III randomized controlled
trial (ZEUS) utilized fosfomycin disodium at a dose of 6 g i.v. every 8 h for the treatment
of patients with complicated urinary tract infections or acute pyelonephritis (Clinical-
Trials registration no. NCT02753946). Given the linearity observed in this study, this
dosing regimen of 6 g i.v. every 8 h likely would achieve an AUC0 – 8 of approximately
715 �g · h/ml, allowing for treatment of systemic infections due to Enterobacteriaceae
with MIC values up to 16 mg/liter and 8 mg/liter for stasis and 1-log kill, respectively.
Ideally, these PK/PD targets should be validated in humans and correlated with clinical
outcomes.

In summary, the results of this study provide important information on the time
course and magnitude of plasma and urine concentrations of fosfomycin following
both oral ingestion of fosfomycin tromethamine and i.v. infusion of fosfomycin diso-
dium. In an era of increasing bacterial resistance, parenteral antimicrobial agents with
unique mechanisms of action are needed to treat patients with serious infections. The
broad in vitro activity of fosfomycin against Gram-positive and Gram-negative patho-
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gens, including those that are MDR, and the systemic exposure after i.v. administration
suggest its potential to be an effective agent for the treatment of serious infections in
the United States as it has been for years outside the United States. The adequate
pharmacokinetic exposure and safety profile of fosfomycin after oral and i.v. adminis-
tration support further investigation in the target patient population. Results of the
recently completed phase III trial (ClinicalTrials registration no. NCT02753946) will
provide support to the suitability of i.v. fosfomycin disodium for the treatment of
complicated urinary tract infections and pyelonephritis.

MATERIALS AND METHODS
Study design and subjects. This was a phase I, randomized, open-label, three-period crossover,

single-dose study that evaluated the safety, tolerability, and pharmacokinetics of intravenous (ZTI-01;
Zavante Therapeutics, Inc., San Diego, CA) and oral (Monurol; Forest Pharmaceuticals, Inc., St. Louis, MO)
fosfomycin in healthy adult subjects. This study was approved by the Western Institutional Review Board
and conducted in accordance with Good Clinical Practices at Quintiles Phase One Services (Overland
Park, KS). The Division of Microbiology and Infectious Diseases (DMID), National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health (NIH) provided sponsorship and pharmacovigi-
lance and appointed the independent Safety Monitoring Committee (SMC). Written informed consent
was obtained from each subject prior to the conduct of any study-related procedures.

Inclusion criteria included healthy male or female subjects between 18 and 45 years of age with no
clinically significant findings on medical history, physical examination, vital signs, 12-lead electrocardio-
gram (ECG), or clinical laboratory evaluation. Subjects of childbearing potential were required to use
protocol-defined acceptable methods of birth control. Eligible body weight was �50 kg with a body
mass index of �18 and �30 kg/m2. Subjects must not have used nicotine-containing products within the
30 days preceding study day one. Grapefruit-containing products and alcoholic beverages were prohib-
ited in the 48 h preceding study day one.

Exclusion criteria included any surgical or medical condition that could have interfered with study
drug absorption, distribution, metabolism, or excretion or placed the subject at increased risk during
study participation. Specifically, subjects with any history of or current significant allergic conditions,
cancer, or gastrointestinal disease were excluded, along with those screening positive for HIV, hepatitis
B, or hepatitis C. Subjects with a history of alcohol abuse in the previous 12 months or a positive urine
drug or alcohol screen at enrollment were not eligible. Subjects could not have had a history of
intolerance or hypersensitivity to phosphonic acid derivative antibiotics. Prescription and nonprescrip-
tion drugs (including vitamins and herbal or dietary supplements) were not allowed within 30 and 7 days,
respectively, prior to day 1. Subjects could not have donated blood within a 60-day period or consumed
more than 300 mg of caffeine within the 7 days prior to study participation.

Subjects were enrolled in study drug administration sequences in parallel so that each subject
received all three regimens in a randomized, crossover fashion. The three regimens were the following:
regimen A, 1 g i.v.; regimen B, 8 g i.v.; and regimen C, 3 g per os (p.o.). The three administration
sequences were the following: 1, regimens A, B, and C; 2, regimens B, C, and A; and 3, regimens C, A, and
B. Intravenous doses of fosfomycin were administered as a 1-h infusion, and oral fosfomycin was
delivered as a powder sachet in water. Study drug administration was completed under fasted conditions
for both i.v. and oral regimens. Subjects were confined to the study center the day before dosing in each
sequence through 48 h postdose. Each administration sequence was separated by a 7-day washout
period.

Pharmacokinetic samples. For regimens A and B, blood samples for measurement of fosfomycin
concentrations were collected before and at 1.08, 1.25, 1.5, 2, 3, 4, 5, 6, 8, 12, 18, 24, 36, and 48 h after
the start of the infusion. Urine samples for measurement of fosfomycin concentrations were collected
before and at intervals of 0 to 4, 4 to 8, 8 to 12, 12 to 24, 24 to 36, and 36 to 48 h after the start of the
infusion. For regimen C, blood samples were collected before and at 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8, 12, 18,
24, 36, and 48 h after ingestion. Urine samples were collected before and at intervals of 0 to 4, 4 to 8,
8 to 12, 12 to 24, 24 to 36, and 36 to 48 h after ingestion. Blood was collected and centrifuged, and
plasma was separated for bioanalytical analysis. Plasma samples were flash frozen within 60 min of
collection and stored at �70°C until shipment. Urine samples were collected and stored at �4°C during
collection intervals. After completion of the collection interval, 3-ml aliquots of urine were extracted, flash
frozen, and stored at �70°C until shipment.

Bioanalytical procedures for determination of fosfomycin concentrations. Concentrations of
fosfomycin in plasma and urine samples were measured by American International Biotechnology,
LLC (AI BioTech, Richmond, VA), via validated liquid chromatography-tandem mass spectrometry
(LC-MS/MS) using the procedure described by Li et al. (34). Dilutional linearity was demonstrated
throughout the range of plasma and urine concentrations in the samples tested with a percent
relative error of less than 11%.

The lower and upper limits of quantitation for fosfomycin in human plasma samples were 0.556 and
9.270 �g/ml, respectively. A total of 1,289 unique samples were analyzed in 15 analytical runs, which all
met acceptance criteria for standard curve and quality control (QC) samples. The accuracy of the method
was determined by comparing the mean measured concentrations with theoretical concentrations of
each analyte in the QC samples. The overall mean absolute percent deviation from theoretical values was
2.69%. The intra-assay precision was determined from quality control samples at the low, medium, and
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high end of the calibration curve and demonstrated percent relative standard deviations (%RSD) ranging
from 2.79 to 4.97%. Interassay precision and accuracy determined from standard curves prepared
independently demonstrated %RSD ranging from 3.50 to 7.53%.

The lower and upper limits of quantitation for fosfomycin in human urine samples were 0.741 and
9.270 �g/ml, respectively. A total of 602 unique samples were analyzed in 10 runs which met acceptance
criteria for standard curve and QC samples. The overall mean absolute percent deviation from theoretical
values was 2.78%. The intra-assay precision was determined from quality control samples at the low,
medium, and high end of the calibration curve and demonstrated %RSD ranging from 2.24 to 4.65%.
Interassay precision and accuracy determined from standard curves prepared independently demon-
strated %RSD ranging from 3.76 to 6.60%.

Pharmacokinetic analysis. Noncompartmental analyses (WinNonlin, version 7; Pharsight Corpora-
tion, Cary, NC) were used to generate pharmacokinetic parameters of each subject for fosfomycin in
plasma. Reported parameters following i.v. administration of fosfomycin included peak plasma concen-
tration (Cmax), time of maximum concentration (Tmax), volume of distribution (V), clearance (CL), and
elimination half-life (t1/2). Reported parameters following oral administration of fosfomycin trometham-
ine included fraction bioavailable (F%), peak plasma concentration (Cmax), time of maximum concentra-
tion (Tmax), volume of distribution (V/F), clearance (CL/F), and elimination half-life (t1/2). The AUC was
calculated with the linear trapezoidal method. Reported parameters for fosfomycin in human urine
following i.v. or oral administration included amount of drug excreted during the urine collection interval
(Ae), cumulative amount excreted from time zero (Cum Ae), fraction of dose excreted during the collection
interval (fe), cumulative fraction of dose excreted from time zero (Cum fe), and renal clearance (CLR).

Laboratory and safety assessment. Safety was monitored by clinical laboratory tests, physical
examination, 12-lead ECGs, vital signs, and monitoring of adverse events. Safety evaluations were
conducted at screening, admission to the study center, and on day 3 of all three study drug adminis-
tration regimens. The investigators assessed subjects for the occurrence of adverse events throughout
the study along with their severity, as assessed via Common Terminology Criteria for Adverse Events
(CTCAE) (35), and their relationship with study drug. A safety monitoring committee of independent
evaluators was also appointed to monitor subjects’ safety.
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