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Fosfomycin is a broad-spectrum antibiotic which is established as therapy for uncomplicated lower urinary
tract infections. In addition, preliminary data indicate that fosfomycin has a potential role in the treatment of
soft tissue infections. However, the use of fosfomycin has not been established for this condition, and it is
unclear whether the level of fosfomycin penetration into human soft tissues is high enough to eradicate relevant
pathogens. To better characterize the antibiotic potential of fosfomycin, we applied a combined in vivo
pharmacokinetic-in vitro pharmacodynamic model to human volunteers. For this purpose fosfomycin concen-
trations in vivo in the fluid of the interstitial space of human soft tissues were measured by microdialysis
following intravenous infusion of 4 or 8 g of fosfomycin (n = 6). Subsequently, bacterial isolates with relevance
for soft tissue infections were exposed to concentrations according to the in vivo pharmacokinetic profile in the
interstitial space fluid obtained by microdialysis. Our experiments indicated a high degree of soft tissue
penetration for fosfomycin, with ratios of the area under the concentration-time curve from 0 to 8 h for muscle
(AUCy g JAUCy ¢ of 0.48 = 0.08 and 0.53 + 0.04 and ratios of AUCy 5 . /AUC, 5 of0.74 = 0.12
and 0.71 = 0.11 following administration of 4 and 8 g, respectively. In corresponding in vitro simulation
experiments with selected isolates of Staphylococcus aureus, Enterobacter cloacae, and Serratia marcescens for
which MICs were 16 pg/ml, organisms were undetectable after a single dosing interval. Fosfomycin exhibits a
strong ability to penetrate into the fluid of the interstitial space of soft tissues and reaches levels sufficient to
substantially inhibit the growth of relevant bacteria at the target site. We therefore conclude that fosfomycin

might qualify as an alternative candidate for the therapy of soft tissue infections.

Soft tissue infections are among the most frequent infections
worldwide and may lead to serious (25) and even life-threat-
ening (10, 14) complications. Therefore, current treatment
guidelines suggest immediate empirical antibiotic therapy and
subsequent modification of the antibiotic regimen depending
on the bacterial culture result.

One important prerequisite for an antibiotic to be clinically
effective in soft tissue infections is the ability to attain unbound
concentrations in the interstitial fluid high enough to exceed
the MICs for the relevant pathogens (16, 24). An antibiotic
which might be particularly favorable in this regard is fosfo-
mycin (6, 8). To date, fosfomycin is considered a broad-spec-
trum antibiotic with a wide therapeutic range and is established
as therapy for uncomplicated lower urinary tract infections
(21). Fosfomycin gains high concentrations in the cerebrospi-
nal fluid of patients suffering from meningitis (5) and is occa-
sionally applied in combination with other antibiotics in the
therapy of osteomyelitis (15). Although promising but prelim-
inary clinical data show the high degree of effectiveness of
fosfomycin treatment for soft tissue infections (27), the admin-
istration of fosfomycin has still not been established for this
condition. Due to its chemical structure, its pharmacokinetic
properties, and antibacterial spectrum, however, fosfomycin
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may qualify as an alternative candidate for the treatment of
soft tissue infections.

We set out to better characterize the antibiotic potential of
fosfomycin to eradicate bacteria at the relevant target site by
applying a previously described combined in vivo pharmacoki-
netic-in vitro pharmacodynamic approach (2, 3). This ap-
proach is based on the measurement of free, i.e., pharmaco-
logically active (11, 16), fosfomycin concentrations in the
interstitial fluid, i.e., the relevant effect site (23), by microdi-
alysis (MD) and subsequent simulation of the pharmacokinetic
profile in an in vitro bacterial culture.

MATERIALS AND METHODS

The study was approved by the local ethics committee. All volunteers were
given a detailed description of the study, and their written consent was obtained.
The study was performed in accordance with the Declaration of Helsinki and the
Good Clinical Practice Guidelines of the European Commission.

Experimental subjects. The study population included six healthy male vol-
unteers receiving no medications (mean * standard error weight, 79 + 3 kg;
mean * standard error height, 182 * 2 cm; age range, 23 to 29 years).

Study design. The study was performed as a single-center, randomized, non-
placebo-controlled, open, crossover study. Each volunteer was studied twice and
was randomly assigned to receive an intravenous (i.v.) infusion of either 4 or 8 g
of fosfomycin (Fosfomycin; Biochemie GmbH, Vienna, Austria) over 30 min on
each occasion after an overnight fast. Between the two appointments there was
a washout phase of 1 week.

Sampling procedures. To measure fosfomycin concentrations in the interstitial
fluid of human soft tissues in vivo we used in vivo MD (26). Briefly, MD is based
on sampling of analytes from the interstitial space by means of a semipermeable
membrane at the tip of a MD probe. The probe is constantly perfused with a
physiological solution at a low flow rate (1.5 pl/min). Once the probe is im-
planted into the tissue, substances present in the interstitial fluid (concentration
in tissue [Cygue]) are filtered by diffusion out of the interstitial fluid into the
probe, resulting in a concentration (Cgjqiysace) in the perfusion medium. Samples
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FIG. 1. (a) Reproducibility of the pharmacodynamic effect of the in vitro time-versus-concentration profiles obtained by in vivo MD in subcutaneous adipose tissue
after i.v. administration of 4 g of fosfomycin for S. marcescens (n = 3). The dotted line indicates the detection limit. (b) Influence of dilution over time shown for S.
marcescens (open triangles, corrected for dilution; closed triangles, nondiluted control group).

are collected and analyzed. For most analytes, equilibrium between the concen-
tration in interstitial fluid of human soft tissue and the concentration in the
perfusion medium is incomplete; therefore, Cyjyyc is greater than Cyiqgpysate- The
factor by which the concentrations are interrelated is termed in vivo recovery.
Therefore, to obtain absolute concentrations in interstitial fluid from the con-
centrations in the dialysate, MD probe calibration was assessed by the retrodi-
alysis method (16). The principle of this method relies on the assumption that the
diffusion process is quantitatively equal in both directions through the semiper-
meable membrane. Therefore, fosfomycin was added to the perfusion medium at
a concentration of 100 pg/ml, and the rate of disappearance through the mem-
brane was taken as the in vivo recovery value. The in vivo recovery value was
calculated as follows: percent recovery = 100 — (100 - fosfomycin Cgiuysace *
fosfomycin concentration in perfusate ™ ').

In the present study, one MD probe was inserted into a thigh muscle and a
second MD probe was inserted into the subcutaneous layer of the thigh by a
previously described procedure (26). The MD system was connected and per-
fused with Ringer’s solution at a flow rate of 1.5 wl/min except during the in vivo
calibration period. Continuous perfusion was performed with a microinfusion
pump (Precidor; Infors-AG, Basel, Switzerland). At 30 min after probe insertion,
an in vivo probe calibration was performed for 30 min, which was followed by a
30-min washout period. Thereafter, fosfomycin was randomly administered over
30 min at the doses mentioned above. Sampling was continued at 20-min inter-
vals for up to 8 h. Microdialysates were immediately frozen and stored at —80°C
until analyses. Venous blood was simultaneously taken at 20-min intervals ac-
cording to the time of sampling of the microdialysates and was centrifuged at
1,600 X g for 5 min at 5°C. Thereafter, venous plasma was pipetted into polypro-
pylene tubes and was immediately frozen and stored at —80°C.

Analyses. (i) Chemical analyses. Fosfomycin was analyzed by a previously
published, modified gas chromatographic method (4). Serum or perfusate sam-
ples were precipitated with 4 volumes of methanol containing 125 g of eth-
ylphosphonic acid per ml as the internal standard and were centrifuged at
16,000 X g for 5 min at room temperature. The supernatant was brought to
dryness under reduced pressure and was derivatized with N,O-bis(trimethylsilyl)
trifluoracetamide with 1% trimethylchlorsilane (Fluka 15238) for 15 min at 56°C.
Fosfomycin was measured with a Hewlett-Packard (HP) 5890 Series II gas
chromatograph equipped with an HP 7673 autosampler, a split injector, a nitro-
gen phosphorous detector, and an HP 1701 capillary column (14% cyanopropyl-
phenylmethylpolysiloxane; 30 m by 0.32 mm [inner diameter]; film thickness, 0.25
pm) with helium at 70 kPa as the carrier gas. Data acquisition was performed
with the HP 3396 Series II integrator and the HP 7673 controller. Chromato-
grams of blank samples did not show interfering peaks. Fosfomycin was quanti-
tated with a calibration curve prepared with blank serum samples spiked with
concentrations from 10 to 600 pg/ml. The relation between the ratio of the peak

area of fosfomycin and the peak area of the internal standard and the concen-
trations of fosfomycin were linear, with a correlation coefficient of 0.9936. The
coefficients of variation were 9.7% at 10 pg/ml, 8.7% at 200 pg/ml, and 3.1% at
600 pwg/ml (n = 6). The limit of detection was 1 pg/ml.

(ii) Pharmacokinetic analysis. Data were fitted by a commercially available
computer program (Kinetika 2.0.2; INNAPHASE, Philadelphia, Pa.) according
to a two-compartment model for values for serum and according to a one-
compartment model for values for the peripheral compartment. The time to the
maximum concentration of drug and the maximum concentration of drug (C,,.,)
were calculated for plasma, subcutaneous adipose tissue, and muscle. The area
under the concentration-time curve (AUC) from 0 to 8 h (AUC,_g) was deter-
mined fpr plasma (AUCO,gpldsma) and adipose t'issm': (AI'JC0 S dipose ) DY the
trapezoidal rule. As a measure of drug penetration into tissue, the AUCy g\ /
AUCy g and AUCy g, JAUCy g ratios were determined.

P

(iii) Caiculations and data analysis. Alf Values are expressed as means *
standard errors of the means (SEMs). Concentrations in interstitial fluid were
calculated from the concentrations in the dialysate as described previously (17).

For comparisons between pharmacokinetic parameters for different compart-
ments and fosfomycin dosages, Wilcoxon signed rank sum tests were conducted
with a commercially available computer program (Statistica Statsoft; Statsoft
Inc., Tulsa, Okla.). A P value of <0.05 was considered the level of significance.

(iv) In vivo pharmacokinetic-in vitro pharmacodynamic simulation. On the
basis of the pharmacokinetic data obtained from the in vivo experiments we
simulated the time-versus-concentration profile of fosfomycin in the fluid of the
interstitial space in vitro in order to describe the antibacterial activity of fosfo-
mycin at the target site. Therefore, 50-ml Falcon tubes with a starting volume of
2 ml of Mueller-Hinton broth (MHB) which were kept in a water bath at 37°C
were inoculated with select clinical isolates commonly found in soft tissue infec-
tions at an approximate concentration of 5 X 10° CFU/ml. Subsequently, the
time-versus-fosfomycin concentration profile obtained in vivo from the concen-
trations in serum and interstitial fluid were simulated in vitro by changing the
fosfomycin concentrations in broth by adding MHB at 20-min intervals depend-
ing on the individual pharmacokinetic data by the following equation: V,
(C,/C,) X Vy where C; and V; are the current fosfomycin concentration and the
current MHB volume, respectively; C, is the desired fosfomycin concentration;
and V, is the calculated MHB volume to be added to simulate the individual
fosfomycin clearance. Therefore, the detection limits in Fig. 1a and Fig. 3 de-
creased over time.

The influence of dilution on growth control curves is depicted in Fig. 1b, and
the CFU data were corrected for dilution. To assess the similarity of the phar-
macokinetic profile in vitro to that observed in vivo, we checked the variability
introduced by dilution at several select time points. The reproducibility during
our experiments is shown for Serratia marcescens in Fig. 1a. Samples for deter-
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FIG. 2. Time versus fosfomycin concentration profiles in serum (closed squares) and fluid of the interstitial space of skeletal muscle (closed triangles) and
subcutaneous adipose tissue (open triangles) following intravenous administration of 4 g (a) and 8 g (b) of fosfomycin to healthy volunteers (n = 6). The black bar

indicates the time of infusion (30 min). Results are presented as means = SEMs.

mination of bacterial counts were drawn at fixed time points (control and 0, 40,
80, 140, 200, 260, 320, 380, 440, and 480 min). After vortexing of the culture tube,
50 pl of sample was taken and twofold serially diluted with 0.9% sodium chlo-
ride. Samples of 20 wl obtained at each dilution step were then plated onto
Columbia agar plates and the plates were incubated at 37°C for 24 h. Subse-
quently, the colonies were counted and the counts were backextrapolated to the
original volume.

The MICs of fosfomycin were determined twice, before and after 24 h of
pharmacokinetic modeling, by a twofold serial MD method in MHB. Isolates of
Staphylococcus aureus, Enterobacter cloacae, and S. marcescens were precultured
overnight in brain heart infusion broth and were introduced into MHB contain-
ing fosfomycin at an inoculum of approximately 5 X 10° CFU/ml. All bacteria
were stored frozen in liquid nitrogen at —196°C until they were used.

RESULTS

The time-versus-concentration profiles and the pharmacoki-
netic parameters of fosfomycin following i.v. infusion of 4 and
8 g in serum and in the fluid of the interstitial space of subcu-
taneous adipose tissue and skeletal muscle are shown in Fig. 2
and Table 1, respectively. The AUC, ¢ values were signifi-
cantly higher than AUC_g and AUdLgmwe e Values for
both dosages. o

Time-Kkill curves for the in vitro simulation model are shown
in Fig. 3. For E. cloacae no colonies were visible after 200 and
300 min following simulation of the in vivo time-versus-con-

'muscle

centration profile in the interstitial space of subcutaneous ad-
ipose tissue following administration of 4 and 8 g of fosfomy-
cin, respectively. Following administration of the two dosages
no colonies of S. marcescens and S. aureus were visible after
300 and 420 min, respectively. The lowest concentration of
fosfomycin which inhibited bacterial growth after incubation
for 24 h at 37°C was determined to be the MIC and was 16
mg/liter for each of the three bacteria tested. The coefficient of
variation during simulation of the in vitro pharmacokinetic
profile was 11%.

DISCUSSION

In the case of soft tissue infections bacteria are almost ex-
clusively localized in the fluid of the interstitial space (22).
Thus, the efficacy of antimicrobial therapy for soft tissue in-
fections is dependent on the ability of an antibiotic to pene-
trate the fluid of the interstitial space. Recent research con-
firmed the relevance of these considerations, particularly for
soft tissue infections, and impressively demonstrated that the
pharmacokinetics for plasma insufficiently mirror the pharma-
cokinetics for the target site (2, 17, 18, 20) and also the ability
of an antibiotic to eradicate the causative pathogen (2). There-
fore, antibiotic therapy should be tailored to achieve concen-

TABLE 1. Pharmacokinetic parameters for serum, skeletal muscle, and subcutaneous adipose tissue following
administration of fosfomycin to healthy volunteers®

Fosfomycin Comax (pg/mb Cs (wg/ml)’ AUC (ug - min - ml" AUCy e AUC,uponc i
dosage (8)  Muscle Subcutis  Serum Muscle Subcutis  Serum Muscle Subcutis Serum AUCerum AUCerum

4 9713 14419 20220 10719 48=x09 2715 12,113 £3,424 18,838 + 2,641 26,594 2,482 0.48 =0.08 0.74 £0.12

8 156 =16 208 =30 395 +46 22.1 £3.6 13.7*3.7 9.8 23 27,644 £2,403 35822 £2,917 53,199 + 4,245 053 £0.04 0.71 £0.11

“ Data are means = SEMs. See text for dosages and administration schedules. Cg, concentration at 8 h.
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FIG. 3. Time-kill curves for selected isolates of S. aureus, E. cloacae, and S. marcescens for which fosfomycin MICs are 16 pg/ml for an in vitro simulation model.
The in vivo time course of fosfomycin concentrations in serum and fluid of the interstitial space obtained from the experiments whose results are shown in Fig. 2 was
simulated. Solid symbols with dashed lines, time-kill data for profiles of concentration in serum after infusion of 4 g (closed triangles with dashed lines) and 8 g (closed
circles with dashed lines) of fosfomycin; open symbols, time-kill data for concentrations in interstitial fluid of subcutaneous adipose tissue after infusion of 4 g (open
triangles with solid lines) and 8 g (open circles and with solid lines) of fosfomycin. The CFU data shown were corrected for dilution. The detection limit over time is

shown as the dotted line.

trations in interstitial fluid high enough to exceed the MIC for
the causative pathogen.

Besides a high degree of in vitro antibiotic activity, an ideal
antibiotic for soft tissue infections should be characterized by
several physicochemical attributes, particularly a low level of
protein binding, i.e., the ability to attain high unbound con-
centrations at the target site, and hydrophilicity, i.e., the ability
to selectively penetrate extracellular water spaces. These char-
acteristics are typical of several antibiotics currently recom-
mended as treatments for soft tissue infections, particularly
beta-lactams (24). An alternative, promising candidate in this
regard appears to be fosfomycin, which is negligibly bound to
serum proteins, has a water-soluble, hydrophilic structure, and
does not undergo metabolism to an inactive portion. Although
the pharmacokinetics of fosfomycin in serum are well docu-
mented (9), the drug’s ability to penetrate the fluid of the
interstitial space of human soft tissues has not been character-
ized to date. The present study was therefore aimed at mea-
suring in vivo fosfomycin pharmacokinetics in the fluid of the
interstitial space of adipose tissue and skeletal muscle.

The main finding of our study was that the AUC, 4 of
fosfomycin in the interstitial fluid of soft tissues reached 50 to
70% of the corresponding AUC,,_g for serum, which indicates
a high degree of penetration into the target site. Our data are
in clear contrast to those from previous studies on fosfomycin
concentrations in biopsy specimens, which reported concentra-
tions of almost 30% in adipose and muscle tissue compared
with those in serum (8, 22). With knowledge of the recent data,
these contradictory findings may be explained by the fact that
some drugs attain especially high concentrations in the fluid of
the interstitial space, whereas their access to the intracellular
space may be substantially limited (17). In particular, measure-

ment of drug concentrations by tissue homogenization after
biopsy allows no discrimination between different compart-
ments. As shown previously (17), tissue homogenization may
lead to relative dilution of the compartment of interest, i.e., the
fluid of the interstitial space, and therefore to underestimation
of the concentrations in interstitial fluid. Our present findings,
however, which demonstrated the strong ability of fosfomycin
to penetrate tissues, are in accordance with data obtained
previously with animal models with implanted tissue cages (13)
and skin blister data (12), although these were shown to poorly
reflect the pharmacokinetics in the fluid of the interstitial
spaces of target tissues (19).

Despite favorable tissue penetration characteristics, therapy
with fosfomycin may be limited by the emergence of resistant
isolates, a view which was corroborated by in vitro studies in
which different isolates of bacteria were exposed to static an-
tibiotic concentrations (1, 7). A pharmacodynamic effect in
vivo, however, is the result of a dynamic exposure of the in-
fective agent to the unbound antibiotic drug fraction at the
relevant effect site, i.e., the fluid of the interstitial space. Thus,
static conditions in an in vitro setting do not accurately reflect
a dynamic situation in a target organ under in vivo conditions.
To relate our findings on the pharmacokinetics in tissue to the
effect of fosfomycin on clinical isolates of bacteria relevant to
soft-tissue infection, we used a previously described in vivo
pharmacokinetic-in vitro pharmacodynamic model (2). For
this purpose, we exposed in vitro different isolates of bacteria
to fosfomycin concentrations according to the time-versus-con-
centration profile in interstitial fluid obtained by microdialy-
sis to obtain a pharmacokinetic-pharmacodynamic model. As
shown in Fig. 2, no visible bacterial growth could be observed
after single-dose exposure of selected bacterial isolates to fos-
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fomycin at concentrations determined from the pharmacoki-
netic profile of the drug in interstitial fluid, and no resistant
isolate emerged. Thus, our study not only provides evidence
for the fact that fosfomycin attains high concentrations in tis-
sues but also provides evidence that it has the ability to sub-
stantially inhibit the growth of relevant infectious agents at the
effect site.

In conclusion, we have shown that fosfomycin attains high
concentrations in the interstitial fluid of human soft tissues and
reaches levels sufficient to eradicate relevant bacteria. There-
fore, fosfomycin might qualify as an alternative candidate for
the treatment of soft tissue infections in humans.
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