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Abstract: In a rabbit model, premixed tobramycin-
containing bone cement was studied for its efficacy to pre-
vent infections with two frequently encountered staphylo-
coccal species in arthroplasty surgery. After intramedullary
inoculation with staphylococci, either standard or premixed
tobramycin-containing Simplex-P bone cement was injected
in the right femur of 120 rabbits. Development of infection
was examined by culture of femoral bone after 7 or 28 days.
Loss of body weight and elevated erythrocyte sedimentation
rate in the control rabbits inoculated with Staphylococcus au-
reus were seen in the first postoperative week, returning to
normal in 28 days. Inoculation with Staphylococcus epidermi-
dis resulted only in a low-grade infection. All rabbits receiv-

ing premixed tobramycin-containing bone cement were free
of signs of infection, and all their cultures were negative.
Culture yield from Staphylococcus aureus controls increased
with time and inoculum dose. Staphylococcus epidermidis con-
trols needed higher inoculum doses to establish an infection,
while culture yield decreased in time. These differences in
mode of prosthesis-related infection are explained by differ-
ences in virulence factors. © 2000 John Wiley & Sons, Inc. J
Biomed Mater Res, 52, 754–761, 2000.

Key words: tobramycin; bone cement; prophylaxis of infec-
tion; animal model; staphylococci

INTRODUCTION

Staphylococcus aureus and Staphylococcus epidermidis
are the most frequently found organisms involved in
arthroplasty-related infection. Incidence rates after to-
tal joint arthroplasty of Staphylococcus epidermidis (26–
38% of infections) are somewhat higher than those for
Staphylococcus aureus (16–24% of infections) and have
increased in the last decade.1–5 Apparently, staphylo-
cocci have surface properties that enable them to ad-
here and grow on implant-surfaces. Some of these sur-
face factors that mediate adhesion to biomaterials
have been more or less well characterized for Staphy-
lococcus epidermidis.6 This surface-adherent growth
mode might even hamper killing of the bacteria by
antibiotics.7 Darouiche et al. (1994) showed that Staph-

ylococcus epidermidis, grown on stainless steel nuts in
the presence of vancomycin could not be eradicated
completely even though high levels of vancomycin
were reached in the biofilm.8

The use of antibiotic-containing bone cement in ar-
throplasty surgery provides for high concentrations of
antibiotics at the implant side, while the low systemic
levels of antibiotics reduce possible systemic toxicity
such as in the case of aminoglycosides. Among the
latter class of antibiotics, tobramycin is one of the
prime candidates for the preparation of antibiotic
bone cement because of its antibacterial spectrum.
This spectrum includes staphylococci as well as aero-
bic Gram-negative bacteria like Pseudomonas aerugi-
nosa, which is an example of another isolate involved
in arthroplasty-related infections.5,9 As compared to
gentamicin, tobramycin has a greater activity against
Pseudomonas aeruginosa.10–12 In numerous hospitals,
especially in the United States, antibiotic-containing
bone cement is prepared by adding tobramycin pow-
der perioperatively to bone cement and subsequent
hand-mixing.13 This hand-mixing of antibiotics with
bone cement does not allow for a consistent and con-
trollable quality of cement. A standardized prepara-
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tion of antibiotic-containing bone cement benefits not
only future infection-based efficacy studies, but also
the evaluation of its biomechanical properties. Al-
though adding low quantities (approximately 1 g per
unit) of tobramycin has minimal effects on the fatigue
life of cement, amounts of more than 2 g of antibiotics
per unit of cement has been shown to decrease the
strength of the cement.14,15

The efficacy of premixed tobramycin-containing
bone cement in preventing implant infections has not
been investigated before. In a previous study on the
release of tobramycin from commercially prepared to-
bramycin-containing bone cement, the minimal inhibi-
tory concentrations of this antibiotic against staphylo-
cocci were exceeded for up to 28 days.16 The purpose
of the present study was to investigate the efficacy of
the same bone cement in the prevention of local Staph-
ylococcus aureus and Staphylococcus epidermidis infec-
tions.

MATERIALS AND METHODS

Experimental design

Premixed tobramycin-containing bone cement or plain
bone cement (controls) was introduced into the medullary
canal of the rabbits’ right femur. Prior to cement injection,
this medullary canal had been inoculated with Staphylococ-
cus aureus or Staphylococcus epidermidis in five increasing
doses. To monitor infection, the amount of bacteria in the
cortex of the femur was quantified after 7 and 28 days, when
the animals were killed. In both bacteria groups, 40 rabbits
(20 tobramycin-cement, 20 controls) were killed after 7 days,
and 20 rabbits (10 tobramycin-cement, 10 controls) after 28
days.

The guidelines according to the Dutch act on animal ex-
periments (1985) have been observed.

Animals

120 Healthy adult female New Zealand White rabbits (Ico:
NZW, mean weight 3.1 kg, range 2.6–3.6 kg) were obtained
one week prior to surgery to acclimatize them to the housing
in the Central Animal Laboratory Institute, Utrecht Univer-
sity. The animals were fed with 80–100 g antibiotics-free
rabbit diet and water ad libitum.

Cement

Surgical Simplex® P bone cement, premixed with 1.0 g
tobramycin as a sulphate in 60 g methyl methacrylate (batch:
N6043), was supplied by Howmedica Inc., Rutherford, NJ.

This radiopaque bone cement is a mixture of a liquid com-
ponent (monomer) and a powder component (polymer),
both sterilized. The composition of the powder component
is: polymethyl methacrylate (6.0 g), methyl methacrylate-
styrene copolymer (30 g), barium sulphate (4.0 g), and to-
bramycin (as a sulphate, 1.0 g). The liquid component (20
mL) is composed of methyl methacrylate (97.4% vol/vol),
N,N-dimethyl-p-toluidine (2.6% vol/vol) and hydroquinone
(75 ± 15 parts per million). The shelf-life of premixed tobra-
mycin-containing bone cement is 2 years. In this study, all
cement was used within 18 months after manufacture and
stored at room temperature until use.

Surgical Simplex® P bone cement without antibiotics was
used as control (Howmedica, Inc).

Bacterial strain

Two bacteria were used to contaminate the femur: Staph-
ylococcus aureus, strain Wood-46 (American Type Culture
Collection Number 10832) and Staphylococcus epidermidis,
strain O-47.17 The inoculum sizes of Staphylococcus aureus
were 103, 104, 105, 106, and 107 colony-forming units (CFU);
those of Staphylococcus epidermidis were 108, 108.5, 109, 109.5,
and 1010 CFU. To prepare the different inocula, the concen-
tration of bacteria in Mueller–Hinton broth had been deter-
mined by serial dilution and plating on blood agar. The
injection volume of each inoculum was 0.1 mL. Using the
E-test, we determined the minimal inhibitory concentration
(MIC) of tobramycin to be 0.125 and 0.064 mg/mL, for Staph-
ylococcus aureus Wood-46 and Staphylococcus epidermidis
O-47, respectively.18

Anesthesia

Surgery was performed under strict aseptic conditions
and under general inhalation anesthesia. Preoperatively the
rabbits were weighed. The anesthesia was prepared by an
intramuscular injection of 4 mg methadone, 4 mg aceproma-
zinemaleate, and 0.5 mg atropine. Blood samples on leuko-
cyte counts and erythrocyte sedimentation rate were taken
of all rabbits preoperatively. A pressure line was introduced
into the auricular artery for measuring blood pressure. Sub-
sequently, the anesthesia was induced by an intravenous
injection of 8–12 mg etomidate. An endotracheal tube (#3)
was introduced, through which the anesthesia was main-
tained by a 1:1 mixture of nitrous oxide, oxygen, and halo-
thane 1%.

Postoperatively, pain relief was provided by 3 mg nal-
bufine intramuscularly immediately postoperative and sub-
sequently 0.09 mg buprenorfine intramuscularly (if neces-
sary, buprenorfine injection was repeated postoperatively).

Operative technique

The skin of the right leg was clipped, and the rabbit was
placed with its left side on the table. The operative area was

755PREVENTION OF INFECTIONS WITH TOBRAMYCIN BONE CEMENT



disinfected with povidone-iodine and isolated by sterile
drapes. Subsequently, a skin incision (approximately 3 cm)
was made over the trochanter tertius of the right femur,
parallel to the femoral shaft. The trochanter tertius was ex-
posed by splitting the fascia, retracting the femoral biceps
and coccygeofemoral muscles postero-medially, and scrap-
ing the periost. Using an air-pressured AO mini-drill, the
cortex was penetrated by a small drill (diameter 1.2 mm).
Subsequently, this hole was widened and the femoral canal
was reamed with 50-mm drills and fraises up to 4 mm in
width until a silicon tube (monitor line, outer diameter 3
mm) could be inserted. Cooled PMMA bone cement (4°C)
was vacuum-mixed (Simplex® cement vacuum-mixer,
Howmedica Inc., Rutherford, NJ) (0.9 bar) for 60 s (tobra-
mycin-containing bone cement) or 100 s (plain bone cement)
on the surgical table. Subsequently, a 6-mL syringe with a
2.0 cm long silicon tube (outer diameter 3.0 mm, inner di-
ameter 1.5 mm) was filled with cement, weighed, and placed
in an adapted device on an applicator gun. During these
steps, the medullary canal was washed with sterile physi-
ologic saline, suctioned, and inoculated with bacteria. Im-
mediately after inoculation, approximately 1.2 mL of the
doughy cement was injected gently into the femoral canal,
while the syringe was slowly being retracted. The expansion
of the cement sealed off the entrance of the medullary canal
at this moment, thereby preventing any spill of the bacterial
suspension out of the medullary canal. The cement was al-
lowed to polymerize in situ. The syringe was weighed again
to determine the amount of cement injected (mean weight of
cement in all rabbits was 1.24 ± 0.16 gram). After wound
drainage with sterile saline solution, the fascia, subcutis, and
cutis were closed with Vicryl® 3-0.

Follow-up

Postoperatively, localization of the cement was evaluated
by routine anteroposterior and lateral radiographs of the
right femur (Fig. 1), and the rabbits were allowed to recover
in a temperature-controlled recovery cage.

The rabbits were monitored by a daily clinical examina-
tion, with special attention to wound healing, the presence
of a fracture, eating, activity level, and body temperature.

Erythrocyte sedimentation rate in the first hour and leu-
kocyte counts were measured preoperatively and weekly
postoperatively.

At day 7 or 28, rabbits were killed with an overdose of
pentobarbital sodium intravenously.

Post mortem sample acquisition

Excision of the femora was performed under strict aseptic
conditions. The left femur (no bacteria, no cement) was ex-
cised to study contamination during the culture procedure.
The skin of the hind limbs was clipped and, with the rabbit
placed in prone position on the table, disinfected with a 2%
tincture of iodine and isolated by sterile drapes. The left
(control) and right femur were excised from all animals and
tissue debris was cleaned off. First a bone fragment was
taken from the left femur from a region corresponding to
that of the right femur. Then, using a high-speed circular
saw, the external surface of the right femur was notched
circumferentially at each end of the cement plug and longi-
tudinally on two sides, posterior and anterior. An osteotome
was used to free the lateral half of the bone from the medial
half. Without damaging the cement plug, the cement was
carefully separated from the bone in order to prevent release
of tobramycin, which could influence the sampling of bac-
teria.19 Only full-thickness cortex adjacent to the cement was
used for both bacteriologic culture and histology; bone that
was not directly adjacent to the cement was discarded.

Bacteriological culture

All the bone fragments of the lateral half of each femur (in
each case approximately 1 g) were ground in a sterile metal
mortar. The samples were homogenized in 10 mL of phos-
phate buffered saline (pH 7.4) using a tissue grinder (Poly-
tron PT 3100 tissue grinder, Kinetica Benelux BV, Best, The
Netherlands), 3 min at 2500 rounds per min and subse-
quently for 5 min at 6000 rounds per min.

A volume of 10 mL of the homogenate (containing 1.0 mg
of bone) was then plated on blood agar plates in serial 10-
fold dilutions. After an overnight incubation at 37°C, the
samples were counted for viable bacteria. For each femur,
the number of viable bacteria per gram of bone was calcu-
lated (minimum 1000 CFU per gram of bone). Infection was
defined as a positive culture.

Histology

The medial half of the bone adjacent to the bone cement
was used for histological evaluation and fixed in 4% buff-
ered formalin. After decalcification and dehydration, the
cortex was embedded in paraffin and sectioned on a micto-
tome (Reichert–Jung 2030, Biocut, Leica, Rijswijk, The Neth-
erlands). The sections were mounted on slides and stained
with hematoxylin and eosin.

Statistical analysis

The results of the bacteriological cultures were analyzed
using the SPSS (Statistical Package for the Social Sciences)

Figure 1. Lateral radiograph of the right femur of a rabbit,
which shows the injected cement in situ. The arrow indicates
the site of injection of the cement.
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version 6.1 for the Macintosh. Differences were considered
significant at p # 0.05. Animals with a comparable history
were grouped. To each group one of the five inoculum doses
and one of the two follow-up periods were assigned. One
half of each group received tobramycin, the other half not,
which formed the controls. For each animal a response of the
0/1 type was recorded (negative or positive culture) and the
number of cultured bacteria. In the first case, a Mantel–
Haenszel type of analysis is called for with a test for trend
over the strata (inoculum doses), which was carried out us-
ing logistic regression. Differences in response over the
strata may be caused by differences between groups. It is,
however, unlikely that this would be exactly like a trend,
which is more plausibly a dose effect. In the second case, a
two-way analysis of variance was used to investigate the
effect of follow-up and inoculum dose. In particular, a posi-
tive relationship of the inoculum dose with the number of
cultured bacteria was analyzed by means of polynomial con-
trasts.

RESULTS

General

In the Staphylococcus aureus group, one rabbit with
tobramycin-containing bone cement (7-days follow-up
group, inoculum 105 CFU) and one control (107 CFU,
28-days follow-up group) died just after the cementing
procedure. The controls showed a loss of body weight
and elevated erythrocyte sedimentation rate at 7 days.
At 28 days, these parameters had returned to normal,
but the macroscopical aspect of the right femur of
these rabbits was suggestive of a local osteomyelitic

process (thickened and soft cortex, pus). The Staphy-
lococcus epidermidis controls, as well as all rabbits re-
ceiving tobramycin-cement recovered well from sur-
gery and did not develop clinical signs of infection
(erythrocyte sedimentation rate, leukocyte count,
body temperature, and body weight remained nor-
mal).

Bacteriological cultures

No positive cultures were found in any of the rab-
bits receiving tobramycin-cement [Figs. 2(a) and 2(b)].
Twenty-seven out of 29 of the Staphylococcus aureus
controls and 16 out of 30 of the Staphylococcus epider-
midis controls had positive bacterial cultures. One con-
trol rabbit in the 7-day follow-up group that had re-
ceived 107 CFU of Staphylococcus aureus was killed af-
ter 5 days, because it was severely ill. The results of the
culture of its right femur (10log 5.89) was included as
a 7-day result. Table I shows an overview of the inci-
dence of infection in the various groups. For both
staphylococcal species, the prophylactic effect of to-
bramycin-containing bone cement was significant (p <
0.001). Because all tobramycin-treated animals (for
both follow-up periods and both bacteria species) did
not show positive cultures, differences in trend of the
inoculum dose between controls and tobramycin-
treated animals have not been statistically tested. The
number of cultured bacteria in the Staphylococcus au-
reus controls increased significantly from 7 to 28 days
follow-up (p = 0.044, F1,19 = 4.64). Testing for a linear
relationship [trend of a positive relationship of inocu-

Figure 2. (a) Results of cultures (mean ± SEM) of rabbits contaminated with Staphylococcus aureus. (b) Results of cultures
(mean ± SEM) of rabbits contaminated with Staphylococcus epidermidis.
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lum with the extent of infection, see Fig. 2(a)] showed
a significant difference of inoculum size (p = 0.034, one
sided). For the Staphylococcus epidermidis controls, a
significantly lower number of bacteria was cultured
after 28 days as compared to 7 days (p = 0.07, F1,20 =
9.06). The effect of the inoculum concentration (linear
relationship) was not significant (p = 0.082).

All cultures from left femora (not operated on) were
negative.

Histology

In the Staphylococcus aureus group, the majority of
rabbits in the control group showed a moderate peri-
osteal reaction of the femoral cortex next to the cement
after 7 days [Fig. 3(a)]. At 28 days follow-up, the Staph-
ylococcus aureus controls showed, in addition to a more
severe periosteal reaction, other signs for infection
such as destruction of the cortex, enlarged Haversian
canals, and a leukocytes infiltrate [Fig. 3(b)]. These
changes were also present in the Staphylococcus epider-
midis controls, but were less pronounced. We found no
histological signs of infection in any of the rabbits that
received tobramycin-containing bone cement (Fig. 4).

DISCUSSION

In the present study, we showed that premixed to-
bramycin-containing bone cement did prevent infec-
tion after inoculation of Staphylococcus aureus and
Staphylococcus epidermidis. These findings support our

previous study, which showed that the release of to-
bramycin from this cement, 28 days after insertion, is
still more than 40 times the minimal inhibitory con-
centrations for these staphylococci.16 However, tests
of susceptibility based on minimal inhibitory concen-
tration may not be accurate for biomaterial-adherent
bacteria and, therefore, in vivo studies are required.7

Previously, other infection studies in the rabbit, rat, or
dog have shown the efficacy of bone cements contain-
ing gentamicin or erythromycin/colistin.20–23 The ef-
ficacy of these antibiotic-bone cement combinations
is less clear in the clinical setting: Lynch et al. found
the efficacy of the gentamicin loaded cement to be
statistically proven only in revision operations, not in
primary arthroplasties.24 Josefsson et al. compared the
prophylactic efficacy of systemic antibiotics vs. genta-
micin bone cement. The difference in favor of the an-
tibiotic bone cement group had lost its statistical dif-
ference at 10 years follow-up.25,26 Results from the
Norwegian arthroplasty show that the additional use
of antibiotic bone cement can reduce the infection rate
compared to systemic antibiotic only.27

The advantage of antibiotic-containing bone cement
is the high local release of antibiotic, which can over-
come the decreased susceptibility of bacteria growing
on an infected prosthesis. High local release of
aminoglycosides like tobramycin increases the rate of
bacterial killing because of their concentration-
dependent antibacterial activity.28 Eckman et al. found
effective wound and serum levels of tobramycin in
patients with compound fractures after prophylactic
treatment with tobramycin-impregnated PMMA
beads.29 No acute wound infections were seen in these
70 patients. Lyons et al. showed that tobramycin-
PMMA beads prevented adherence of Staphylococcus

TABLE I(a)
Incidence of Infections in the Staphylococcus aureus Groups

Inoculum
(10log CFU)

7 days 28 days

Tobramycin Control Tobramycin Control

3 0/4 2/4 0/2 2/2
4 0/4 4/4 0/2 2/2
5 0/3 4/4 0/2 2/2
6 0/4 4/4 0/2 2/2
7 0/4 4/4 0/2 1/1

Total 0/19 18/20 (90%) 0/10 9/9 (100%)

TABLE I(b)
Incidence of Infections in the Staphylococcus epidermidis Groups

Inoculum
(10log CFU)

7 days 28 days

Tobramycin Control Tobramycin Control

8 0/4 1/4 0/2 0/2
8.5 0/4 4/4 0/2 0/2
9 0/4 3/4 0/2 1/2
9.5 0/4 2/4 0/2 0/2

10 0/4 4/4 0/2 1/2
Total 0/20 14/20 (70%) 0/10 2/10 (20%)
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aureus in a rabbit model of a contaminated fracture.30

The release from hand-mixed tobramycin bone ce-
ment has been investigated in primary total hip ar-
throplasties, but these studies did not mention wheth-
er infections were actually prevented.31,32 In another
study, infection recurred in one out of ten patients,
treated with revision total hip arthroplasty using bone
cement hand-mixed with tobramycin (0.5 g tobramy-
cin per unit cement).33 Perioperatively, no systemic
antibiotic had been given in this patient, who had in-
traoperative positive cultures for Pseudomonas aerugi-
nosa. Hofmann et al. treated 26 infected total knee ar-
throplasties using hand-mixed tobramycin bone ce-
ment (both for the spacer and fixation of the revision
prosthesis) together with systemic antibiotics.34 After
a mean follow-up of 30 months, no infection recurred.

The Staphylococcus aureus controls showed an inocu-
lum-size dependent infection, which increased up to
28 days follow-up. In contrast, the virulence of Staph-

Figure 3. Photomicrographs (hematoxylin and eosin, ×50) of tissue sections of control rabbits contaminated with Staphy-
lococcus aureus showing (a) minimal periosteal reaction after 7 days, and (b) severe periosteal thickening, destruction of cortex,
leukocyte infiltrate, and granulation tissue after 28 days.

Figure 4. Photomicrograph (hematoxylin and eosin, ×50)
of a tissue section from a rabbit with tobramycin-containing
bone cement contaminated with Staphylococcus aureus, show-
ing no signs of infection after 28 days.
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ylococcus epidermidis appeared to be lower, given the
higher inoculum dose needed to establish an infection
and the lower incidence of infection. Staphylococcus au-
reus produces a number of extracellular and cell-
associated virulence factors such as enterotoxins, col-
lagen- and fibronectin-specific receptors, and exopoly-
saccharides, and probably, therefore, causes more
evident signs of infection than Staphylococcus epidermi-
dis.35 Staphylococcus epidermidis is known to adhere
preferably to polymers like PMMA.36,37 This capabil-
ity of coagulase-negative staphylococci to colonize
and produce a biofilm on a biomaterial is probably an
important virulence factor in causing foreign body in-
fections, which infections are more indolent by nature.

The initial loss of two rabbits after cementing prob-
ably was caused by pulmonary embolism, due to the
increased intramedullary pressure during injection of
the cement.16 Thorough lavage of the femoral canal
and testing of the width of the reamed femur pre-
vented this complication as much as possible.

It should be noted that, because the method used to
culture and count bacteria has a detection limit of
around 1000 CFU per gram of bone, very low numbers
of bacteria could not be detected. All negative cultures
were considered as ‘0’ bacteria present in the sample,
while theoretically a negative culture can be any cul-
ture below 1000 CFU. This might explain the relatively
large standard errors at some inoculum doses in the
control group. Such a minimal detection limit is a rela-
tive drawback of all studies that evaluate implant-
related infections using a comparable plating and
counting technique.22,38-45 However, many studies do
not mention the minimal detectable level of bacteria.
Early experiments have shown that, in the presence of
a foreign body, a number of 100 CFU of a staphylo-
coccal strain is enough to produce an infection in
man.46 Waldvogel et al. (1991) stated that, because
even clean wounds were found to be contaminated,
the control of infection is more a quantitative than a
qualitative problem.47 Therefore, the value of antibi-
otic bone cement is to eliminate the bacteria to such
low numbers that host defense mechanisms can clear
the remaining infection. It is noteworthy that in
present study the histological appearance of the rab-
bits with tobramycin-containing bone cement con-
firmed the negative bacteriological cultures. Espe-
cially, the recovery of variant and resistant strains
such as small colony variants may be even more dif-
ficult due to their altered growth mode.48 It has been
reported that both Staphylococcus aureus and coagu-
lase-negative staphylococci can develop resistance
against gentamicin after use of gentamicin-containing
cement or beads.48,49 Adequate diagnosis of infection
is a prerequisite to evaluate new biomaterials and op-
erative techniques optimally, and, of course, to treat
patients with an infected implant successfully.

In conclusion, this animal model shows that pre-

mixed tobramycin-containing bone cement can pre-
vent implant bed infection in rabbits after contamina-
tion with Staphylococcus aureus Wood-46 and Staphylo-
coccus epidermidis O-47.
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