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Background: Due to its safety profile and ease of oral administration, linezolid became an alternative
to vancomycin in the treatment of methicillin-resistant Staphylococcus aureus (MRSA) infections. The
aim of our study was to compare bone tissue and plasma concentrations of linezolid and vancomycin
in prosthesis-related MRSA infection in a rabbit model.
Material and methods: During implantation of titanium cylinders into the femurs of nine rabbits, a bac-
terial suspension of MRSA was added to induce infection. Antibiotic treatment was started eight hours
later. Antibiotic concentrations in plasma (day one, three and seven) and bone (day seven) were
determined by HPLC analysis.
Results: At steady state the mean peak and trough plasma levels of linezolid were 29.0 mg/mL and 8.2 mg/
mL and for vancomycin 39.1 mg/mL and 28.2 mg/mL. On day seven the mean peak concentration of line-
zolid in plasma was 28.5 mg/mL and after six hours 26.3 mg/mL and for vancomycin 53.8 mg/mL and
29.1 mg/mL after six hours. Vancomycin showed a penetration into the infected bone (femur) of 53% of
plasma concentration, into the uninfected 28%, linezolid 11% (for both six hours after administration).
Conclusion: In conclusion, we observed a higher rate of tissue penetration for vancomycin than for
linezolid into femur bone in this animal model. As linezolid offers the option for oral treatment of gram-
positive organisms, results of further studies comparing vancomycin and linezolid are keenly awaited.

1. Introduction

Osteomyelitis and prosthesis-related infections with methi-
cillin-resistant Staphylococcus aureus (MRSA) continue to
be major problems in orthopaedic surgery. Gram-positive
organisms particularly Staphylococci and Streptococci are
responsible for the majority of bone and joint infections.
Treatment of these infections can be difficult, usually in-
volving a prolonged course of antibiotics, often continued
by additional surgical intervention (Darley and MacGowan
2004). MRSA infections involving either bone or joint
prosthesis present a severe problem in anti-infective treat-
ment. Antibiotics with activity against MRSA species are
limited and until recently vancomycin was considered the
drug of choice.
Administration of prolonged courses of intravenous anti-
biotic therapy is expensive and an oral antibiotic with
anti-MRSA activity comparable to vancomycin was lack-
ing. Antimicrobial resistance appears to be increasing all
over Europe with a high prevalence of MRSA found in
most European hospitals. Increasing antimicrobial resis-
tance necessitates a critical appraisal of the remaining anti-
biotic treatment options (Goossens 2005). The emergence
of Staphylococcus aureus strains resistant to vancomycin
has been described (Rodriguez et al. 2005).
Linezolid is an important therapeutic option for the treat-
ment of infections caused by multiresistant gram-positive

bacteria. Linezolid is active against vancomycin-resistant
Enterococci, MRSA and glycopeptide-intermediate Sta-
phylococcus aureus (GISA) (Perry and Jarvis 2001). The
bioavailability of linezolid is �100% even after oral ad-
ministration. Its plasma protein binding is approximately
31%, the volume of distribution is about 40–50 L. The
drug is eliminated via renal and non-renal routes with a
terminal plasma elimination half-life between 4.5 and
5.5 h (Diekema and Jones 2001).
For effective antimicrobial treatment it is extremely impor-
tant to have thorough knowledge about drug concentrations
at the site of action (Mueller et al. 1999). The purpose of
this study was to investigate the pharmacokinetic properties
of linezolid and vancomycin in plasma and bone of rabbits
with prosthesis-related infections due to MRSA.

2. Investigations and results

2.1. Linezolid

To determine the peak and trough levels at steady state we
measured the concentrations in plasma on day three at time-
points two and eleven hours after administration. The mean
peak level of linezolid was 29.0 (SD 10.7) mg/mL and the
trough level was 8.2 (SD 3.7) mg/mL. On day seven (last
day of antibiotic therapy) the mean peak concentration at
t2 hours in plasma was 28.5 (SD 15.0) mg/mL and after t6 hours
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the concentration was 26.3 (SD 8.7) mg/mL. On day seven
(six hours after the last administration) linezolid plasma and
bone concentrations showed a linear correlation with a re-
gression coefficient of r ¼ 0.98. Furthermore there was no
correlation between rabbits’ weight or renal function and
the linezolid concentrations in plasma and bone.
Bone concentrations of linezolid were approximately 11%
of the plasma concentration (12% right femur, 10% left
femur). Bone concentrations of linezolid after seven days
of treatment and six hours after the last administration are
shown in the Table. Additionally, we determined the drug
concentration from soft tissue adjacent the operation site
from two animals. The concentrations were 71% and
101% of the plasma concentrations.

2.2. Vancomycin

After the first dose a mean peak plasma concentration of
24.2 (SD 5.6) mg/mL vancomycin were observed two
hours after subcutaneous injection. Mean peak and trough
concentrations at steady state (on day three) were 39.1
(SD 8.2) mg/mL and 28.2 (SD 17.5) mg/mL. On day seven
of treatment maximum plasma levels were 53.8 (SD
17.2) mg/mL two hours after administration and after
t6 hours the concentration was 29.1 (SD 8.1) mg/mL. Vanco-
mycin showed a penetration into the infected femur of
53% of plasma concentration and into the non-infected
one of only 28% (p � 0.05). Bone concentrations of van-
comycin after seven days of treatment and six hours after
the last administration are shown in the Table. There was
no correlation between rabbits’ weight or renal function
and the vancomycin concentrations in plasma and bone.

3. Discussion

Vancomycin has been approved for the therapy of osteo-
myelitis or prosthetic joint infections due to MRSA. There
are limited data available on the comparison of bone tis-
sue penetration of linezolid and vancomycin. In the pre-
sent study the penetration of linezolid and vancomycin
into bone was evaluated in an animal model.

3.1. Linezolid

Following the administration of linezolid 300 mg p.o. the
plasma concentrations were comparable to previous pub-
lished data in animals and humans (Rana et al. 2002). In
contrast to human studies (Kutscha-Lissberg et al. 2003;
Lovering et al. 2002; Rana et al. 2002) our data show rela-
tively low bone concentrations of linezolid. We would like

to emphasis on this finding. This discrepancy may be due to
a discrepancy in animal models and human studies. Only
limited data are available regarding the concentration of
linezolid in animal bone tissue. Patel et al. (2000) published
a rat model of chronic Staphylococcus aureus osteomyelitis
to test antimicrobial activity against Staphylococcus aureus.
In this animal model linezolid treatment was not different
from no treatment of Staphylococcus aureus osteomyelitis.

3.2. Vancomycin

Our observation of significantly higher vancomycin con-
centrations in the infected compared to the uninfected
bone is in accordance with other both human and animal
studies (Beckmann et al. 2007; Graziani et al; 1988, Wil-
son and Mader 1984). Colwell et al. (1988) noted mean
vancomycin concentrations of 5.5 mg/mL in samples of
cancellous bone, 30 min following a 1 g vancomycin infu-
sion administered over 60 min to 6 patients undergoing
joint arthroplasty surgery. Two further human studies
showed that vancomycin penetrated into sternal bone
(Martin et al. 1994; Massias et al. 1992). Our findings are
in accordance with literature data from both human and
animal studies as mentioned above.
For coagulase-negative staphylococcal or MRSA infection,
vancomycin is a logical choice based on its in vitro activ-
ity. To reduce the risk of relapse, the duration of treatment
should generally exceed four (McDonald and Fitzgerald
1987) weeks to six weeks (Brause 1986).

3.3. Study limitations

A number of points of criticism is raised: (1) small number
of animals examined (2) no power calculation (3) high dose
of linezolid p.o. for rabbits compared to the human standard
dose (we adapted the dose for rabbits of a rat model).

3.4. Conclusion

In conclusion, we observed a higher rate of tissue penetration
for vancomycin than for linezolid into femur bone in this
animal model. As linezolid offers the option for oral treat-
ment of gram-positive organisms, results of further studies
comparing vancomycin and linezolid are keenly awaited.

4. Experimental

4.1. Animals

Nine New Zealand white rabbits underwent titanium cylinder implantation
with direct lateral approach to both distal femurs, mimicking prosthetic
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Table: Bone (cancellous) concentrations of linezolid and vancomycin following administration of linezolid 300 mg p.o. bid or
vancomycin 100 mg s.c. bid for seven days. Time from last dosage to sampling: six hours

Linezolid (n ¼ 4) Vancomycin (n ¼ 5)

Plasma

(mg/mL)

Bone
uninfected
(mg/mL)

Bone
infected
(mg/mL)

Plasma

(mg/mL)

Bone
uninfected
(mg/mL)

Bone
infected
(mg/mL)

20.21 1.31 1.75 30.0 10.52 14.51
38.21 5.71 5.18 23.6 7.08 10.84
19.43 1.34 2.26 42.8 10.6 25.3
27.49 2.36 3.33 24.0 5.29 9.44

25.0 7.45 17.37
Mean 26.34 2.68 3.13 29.08 8.19 15.49
Standard
deviation

8.71 2.08 1.52 8.09 2.31 6.3



surgery. The condyles were exposed and a central hole about 5 mm prox-
imal to the articular cartilage was drilled using a diamond shaper with an
outer diameter of 4 mm. The titanium cylinders (outer diameter 4.1 mm,
length 5 mm, Aesculap Inc., Germany) press-fit implanted to the right fe-
moral condyle into the cancellous bone were intra-operatively coated with
25 mL of the bacterial suspension containing 106 CFU (colony forming
units) MRSA (ATTC 33591). The left leg was also provided with a tita-
nium cylinder, however no infection was induced. Antibiotic treatment was
started 8 h postoperatively. Five animals received vancomycin which was
injected subcutaneously (s.c.) in the back of the neck 100 mg twice a day,
four animals received linezolid 300 mg orally twice a day. For oral admin-
istration linezolid was prepared as a 2 mL suspension of the antibiotic and
mixed with food in a syringe, which was placed in the mouth of the ani-
mal and fed. Blood samples were collected on the first day at 1, 2, 6 and
12 h, on day three at 2 and 11 h and on day seven at 1, 2 and 6 h after
administration. Nine rabbits were sacrificed on day seven. Linezolid and
vancomycin concentrations in the femur bone matrix (cancellous bone) of
the left (uninfected) and right (infected) leg were analyzed 6 h after the
last drug administration. Linezolid concentration from soft tissue adjacent
the operation site from two animals was measured. All studies were con-
ducted in accordance with standard animal experimentation guidelines. The
study protocol was approved by the institutional animal welfare review
board (Regierungspräsidium Karlsruhe, No 35–9185.81/G-99/03).

4.2. Analytics

Linezolid concentrations were determined in plasma and bone samples
using a previously described HPLC method with UV absorbance detection
(Swoboda et al. 2007). Vancomycin in plasma was analyzed in the routine
lab using the fully automated fluorescence immunoassay (Centaur1, Bayer,
Germany). Vancomycin out of bone was assayed adapting previously pub-
lished methods (Backes et al. 1998; Luksa and Marusic 1995).

4.3. Statistics

The degree of drug penetration into bone tissue was assessed by calculat-
ing the penetration ratio (ratio of bone tissue C6 hours to plasma C6 hours).
Statistical analysis was carried out using JMP� statistical software
package (SAS Institute Inc., N.C., USA). Results are expressed as mean
value � standard deviation (SD). Student‘s t-test (unpaired, two-tailed) was
used to determine any significant differences in concentration between in-
fected and uninfected bone. P values of < 0.05 were considered to indicate
statistical significance.
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