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Moxifloxacin superior to vancomycin for treatment of
bone infections—a study in rats
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Background Increasing resistance rates towards con-
ventional antibiotics necessitate investigations of the
efficacy of newly developed antibiotics. Thus, in a rat
study, we compared the efficacy of moxifloxacin and
vancomycin in the treatment of a local Staphylococcus
aureus bone infection.

Method The femoral medullary cavities of 36 Wistar
rats were contaminated with 100 pL of an oxacillin-sen-
sitive Staphylococcus aureus strain (ATCC 29213) at 108
cfu/mL. On the seventh day, antibiotic treatment with
moxifloxacin (10 mg/kg twice daily i.p.) or vancomycin
(15 mg/kg twice daily i.p.) was commenced in 12 animals
each. 12 control animals were left untreated. After 21
days, the infected femurs were explanted and the bacte-
rial counts (cfu/g) were determined.

Results In the control group, a median of 3.42x 106
cfu/g (LQ/UQ 1.09x 108/ 1.55x 107) was cultured, with a
median of 2.53 x 109 cfu/g (LQ/UQ 1.95x 10/ 4.25x 10°)
in the vancomycin group and a median of 2.49x 105
cfu/g (LQ/UQ 2.84x10*/ 3.75x10°) in the moxifloxacin
group. The bacterial count was reduced by treatment
with moxifloxacin both in comparison with the control
group (p < 0.001), and in comparison with treatment
with vancomycin (p < 0.001). There was no statistically
significant difference between the vancomycin group
and the control group (p = 0.53).

Interpretation In contrast to vancomycin, moxifloxa-
cin proved to be an effective antibiotic for the treatment
of bone infections due to Staphylococcus aureus in our
animal model.

Treatment of bacterial osteomyelitis in adults is
based on surgical debridement and long-term anti-
biotic treatment. As many of the antibiotics that
penetrate the bone can only be given intravenously,
the treatment is usually associated with hospital
admission lasting for weeks. The socioeconomic
burden is therefore high.

The patient would experience more comfortable
treatment if antibiotic agents could be administered
orally, but the latter must reach sufficiently high
tissue concentrations and demonstrate adequate
antibiotic efficacy against the typical pathogens
of osteomyelitis such as coagulase-positive and
coagulase-negative Staphylococci. In this respect,
the development of modern quinolones appears
promising. Moxifloxacin is a group 4 fluoroquino-
lone with high activity against a broad spectrum of
gram-positive, gram-negative and anaerobic bac-
terial pathogens. At present, moxifloxacin is used
mostly for the treatment of respiratory infections.
To date, there have been no adequate experimental
or clinical data published in the international lit-
erature regarding treatment of bone infections with
moxifloxacin.

In microbiological and pharmacological studies,
an improved activity against gram-positive patho-
gens—often the cause of bacterial osteomyelitis—
has been confirmed for moxifloxacin compared
with older quinolones (Dalhoff 1999, Jones et al.
1999, Hoogkamp-Korstanje et al. 2000, Kaatz et
al. 2002, Ince et al. 2003).

We assessed the efficacy of moxifloxacin in bone
infections in a controlled animal study and com-
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pared it with vancomycin, a bactericidal substance
that is broadly effective against gram-positive bac-
teria but which has poor tissue penetration.

Animals and methods

Animals

We used 36 male Wistar rats (Charles River, Sul-
zfeld, Germany) aged 12—14 weeks at the start of
the study and with an average body weight of 453
g (SD 29). The animal study was conducted after
approval by the local and state animal protection
committee (approval application no. 621-2531.1-
12/03).

Bacterial strain

We used an oxacillin-sensitive Staphylococcus
aureus strain (ATCC 29213) for bacterial contami-
nation.

Experimental osteomyelitis

The animals were anesthetized with 90-120 mg/kg
BW ketamine 10% (WDT, Garbsen, Germany) and
6-8 mg/kg BW xylazine (Bayer Vital, Leverkusen,
Germany), and the knee of the left hind leg was
opened through a parapatellar incision. After patel-
lar dislocation and exposure of the femoral con-
dyles, the femoral medullary cavity was opened
and widened gradually with Kirschner wires up to
a diameter of 1.6 mm retrogradely, as far as the
proximal metaphysis. 100 uL of the bacterial sus-
pension containing 108 cfu/mL Staphylococcus
aureus was then administered into the medullary
cavity and a sterile hollow needle (16 G, 1.5 mm in
length) was inserted retrogradely (Figure 1). The
intercondylar opening into the medullary cavity
was closed with sterile bone wax, the joint was
irrigated with 5 mL physiological saline and the
wound was closed.

On the first 3 postoperative days, the animals
each received 15 mg/kg ibuprofen p.o. The drink-
ing and feeding behavior was monitored regularly
and the animals were weighed once a week.

Antibiotic treatment

7 days after experimental contamination of the
medullary cavity, 12 animals were randomized
by lot to each of the two treatment groups (moxi-

Figure 1. Retrogradely inserted hollow needle (16 G, 1.5
mm).

Figure 2. Osteomyelitis with marked bone destruction.

floxacin and vancomycin) or to the untreated con-
trol group. The animals in the treatment groups
received intraperitoneal injections of moxifloxacin
(10 mg/kg BW) or vancomycin (15 mg/kg BW)
twice daily at 12-h intervals from day 7 to day 21
postoperatively. The selected dosage was based on
controlled investigations in animal models with
measurement of the level of antibiotics after intra-
peritoneal administration (Blaser et al. 1995).

Microbiological analysis

On day 21, the animals were killed with an over-
dose of pentobarbital 2 h after the last antibiotic
dose. The contaminated femurs were explanted
under sterile conditions and underwent microbio-
logical examination immediately.
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The preparations were each numbered to allow
blinded evaluation, frozen in liquid nitrogen,
homogenized in a dismembranator (Braun, Mel-
sungen, Germany), weighed on a precision bal-
ance (Sartorius Genius Series; Sartorius AG, Got-
tingen, Germany) and vortexed at 250 vibrations
per min in 4 mL sterile 0.9% saline solution for 1
min (Vortex Genie 2; Bender & Hobein, Ziirich,
Switzerland). 50 pL of each suspension was plated
on tryptic soy agar plates in dilution series using
a semiautomatic spiral plater (Whitley Automatic
Spiral Plater; DWS, Shipley, England). After 1 day
of incubation at 36°C, we quantified the bacteria
by colony counting with blinding as to treatment.

Statistics

The size of the study groups was determined on
the basis of preliminary studies. A standard devia-
tion of log 0.70 was assumed and a relevant dif-
ference between treatment groups was defined to
be at least log 1.0. According to the pre-hoc power
analysis (SigmaStat 2.03, SYSTAT Software Inc.,
Point Richmond, CA), 9 animals would have been
enough for each group in order to achieve a statisti-
cal power of 0.8 (type-II error 3 = 0.2) and a type-I
error of a =0.05. However, to allow for possible
complications, 12 animals were chosen for each of
the groups, including the third (control) group.

We used t-test for statistical analysis (SPSS 11.5,
SPSS Inc., Chicago IL, USA). A p-value of less
than 0.05 was considered to be statistically signifi-
cant.

Results

No animal died during the period of the study; thus,
36 animals could be included in the analysis. No
signs of systemic septic reaction were observed in
any animal postoperatively. All animals lost weight
during the first 8 postoperative days: mean 28 g
(SD 14). All animals subsequently gained weight
again and reached or exceeded the baseline weight.
The weight pattern showed no significant differ-
ence between the animals in the control group and
those in the treatment groups.

Bacteria could be cultured from all the bone
preparations from the control group. Macroscopi-
cally, the bone destruction appeared to be much

less marked in the animals of the moxifloxacin
group than in the animals of the control and vanco-
mycin groups (Figure 2). On quantitative culture, a
median of 3.42 x 10° cfu/g Staphylococcus aureus
(lower quartile (LQ)/upper quartile (UQ) 1.09 x
109/1.55 x 107) was cultured from the control ani-
mals, a median of 2.53 x 10° cfu/g (LQ/UQ 1.95
x 109/4.2 x 10°) was cultured from the animals of
the vancomycin group and a median of 2.49 x 10°
cfu/g (LQ/UQ 2.84 x 10%/3.75 x 10°) was cultured
from the animals of the moxifloxacin group.

The bacterial count in the bone was reduced by
treatment with moxifloxacin, both compared to the
control group (p < 0.001; 95% confidence interval
for differences of means: log —2.33 to —0.66 cfu/g)
and compared to the group treated with vancomy-
cin (p < 0.001; 95% confidence interval: log —1.94
to —0.64 cfu/g). There was no statistically signifi-
cant difference between the vancomycin group and
the untreated control group (p = 0.53; 95% confi-
dence interval: log —0.86 to +0.45 cfu/g).

Discussion

Bone infections due to Staphylococcus aureus are
a considerable problem. The increasingly critical
bacterial resistance situation demands development
of new antibiotic substances and their experimental
investigation in suitable models.

Numerous animal osteomyelitis models have
been described for pharmacological, physiological
and therapeutic investigations. The most important
requirements of a reliable animal model are a local
infection rate of 100% and low mortality. In order
to ensure the development of local bone infection,
a few authors have recommended in vitro contami-
nation of the implants before the actual operation
on the experimental animal (Garcia et al. 1998,
Monzon et al. 2002), or iatrogenic deterioration
of the bone prior to contamination and foreign
body implantation (Mayberry-Carson et al. 1984,
Kaarsemaker et al. 1997). However, such addi-
tional experimental steps diminish the applicability
of an osteomyelitis model to the natural develop-
ment of osteomyelitis.

In the experimental model employed here, both
preoperative in vitro contamination of the foreign
bodies and toxic injury of the bone were omitted.
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Thus, the in vivo formation of the biofilm and local
tissue perfusion were not influenced in the experi-
mental model. In order to ensure the development
of local osteomyelitis, we increased the quantity
of Staphylococcus aureus used for contamination
(to 108 cfu/mL) as compared to other experimen-
tal models (Melcher et al. 1994, Blaser et al. 1995,
Arens et al. 1996, Monzon et al. 2002). Even so,
none of the animals died of sepsis and the local
infection rate in the operated femur was 100%. In
view of the median bacterial count in the femoral
bone (log 6.51 cfu/g) in control animals that did
not receive antibiotic treatment, one can assume
that this is a reproducible and reliable infection
model that permits a meaningful investigation of
the efficacy of antibiotic treatment in experimental
animal osteomyelitis.

Moxifloxacin has an antibacterial spectrum of
activity suitable for the treatment of bone infec-
tions. In numerous in-vitro and in-vivo studies,
moxifloxacin was one of the most effective sub-
stances against gram-positive bacteria and in par-
ticular, it has been shown to be many times more
effective against Staphylococci than older fluoro-
quinolones such as ciprofloxacin (Dalhoff 1999,
Jones et al. 1999, Hoogkamp-Korstanje et al. 2000,
Kaatz et al. 2002, Ince et al. 2003). On the basis of
numerous studies, the risk of development of resis-
tance during treatment with moxifloxacin appears
to be much lower than during treatment with older
quinolones (Pong et al. 1999, Lister 2001, Firsov
et al. 2003).

The pharmacokinetics of moxifloxacin enables
the antibiotic to be given once daily (400 mg): oral
bioavailability of 91%, a terminal half-life of 12 h
and post-antibiotic effect (Miiller et al. 1999, Rod-
vold and Neuhauser 2001, Stass et al. 2001, Joukha-
dar et al. 2003). The favorable bioavailability, with
similar tissue concentrations of moxifloxacin after
intravenous or oral administration, allows the pos-
sibility of antibiotic treatment initially started intra-
venously being switched to oral administration.
This would help to shorten hospitalization, reduce
treatment costs and avoid secondary complications
such as catheter infections (Cunha 2001).

In our rat model, no significant reduction of
bacterial counts was achieved with vancomycin
as monotherapy when compared with the control
group. The selected dosage of vancomycin of 15

mg/kg BW twice daily was based on controlled
investigations using the animal model, with mea-
surement of the vancomycin level after intraperito-
neal administration (Blaser et al. 1995). The poor
results for vancomycin are all the more surprising
since vancomycin is one of the few alternatives in
bone infections due to oxacillin-resistant Staphylo-
coccus aureus strains in routine clinical practice.
However, the results of our study are supported by
observations of other researchers. Saleh-Mghir et
al. (2002) found no significant reduction of bacte-
rial counts in bone after vancomycin monotherapy
(60 mg/kg BW i.m. once daily) in their study of
rabbits with a contaminated Silastic prosthesis in
the knee (Saleh-Mghir et al. 2002). Zimmerli et al.
(1998) described similar results with glycopeptide
monotherapy after investigation of a tissue cham-
ber contaminated with Staphylococcus.

Even though a significant reduction in bacte-
rial counts could be achieved with moxifloxacin,
our study shows that antibiotic monotherapy with
moxifloxacin does not appear to be sufficient to
eradicate the pathogens in local osteomyelitis with
Staphylococcus aureus when foreign material is
left in situ.
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