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The objective of this study was to evaluate the antibacterial activities of joint fluids of patients undergoing total-knee arthro-
plasty (TKA). Thirty patients who were scheduled for primary cemented TKA were enrolled in the study. The patients were
grouped on the basis of whether the cement was without antibiotic loading (control group) or loaded with oxacillin (oxacillin
group) or vancomycin (vancomycin group). Cefazolin was administered to every patient as the perioperative prophylactic anti-
biotic. Samples of joint fluids were collected from the knee joints at 8, 16, 24, 32, 40, and 48 h after prosthesis implantation. We
assessed the bioactivities of the joint fluids against methicillin-susceptible Staphylococcus aureus (MSSA) and methicillin-resis-
tant S. aureus (MRSA). The antibiotic contents of the joint fluid samples were further evaluated by using high-performance liq-
uid chromatography. Against MSSA, all joint fluid samples exhibited at least 24 h of bacterial inhibition activity. The oxacillin
(43.2 h � 2 h) and vancomycin (40.8 h � 1.8 h) groups exhibited significantly longer durations of antibacterial activities than the
control group (28 h � 1.3 h; P < 0.05). However, antibacterial activity against MRSA was observed only in the vancomycin
group. In conclusion, cefazolin, which was administered as a prophylactic antibiotic in TKA, exhibited good ability for knee
joint penetration and was sufficient to inhibit MSSA during its administration. The use of antibiotic-loaded cement can prolong
the antibacterial activity of joint fluid in TKA. Further, vancomycin-loaded cement had antibacterial activity against MRSA su-
perior to that of cement loaded with oxacillin or without antibiotic loading.

Deep infection is one of the most devastating complications of
total-joint arthroplasty. Systemic prophylactic antibiotics

have been widely accepted as effective agents for reducing the rate
of deep infection (22). Cefazolin, a first-generation cephalospo-
rin, is commonly used for prophylaxis during joint replacement
because of its broad-spectrum activity, favorable pharmacokinet-
ics, good safety profile, and good ability for bone penetration.
However, despite its use, a 1 to 2% prevalence of deep infection
was noted in most of the large case series reporting on total-joint
arthroplasty (12, 18).

The use of antibiotic-loaded polymethylmethacrylate (PMMA)
bone cement has been shown to be effective in the reduction of the
rate of early to intermediate deep infection after total-joint arthro-
plasty of both the hip (14) and the knee (5). Unlike total-hip arthro-
plasty, total-knee arthroplasty (TKA) is mostly performed using bone
cement. The use of antibiotic-loaded bone cement has been recom-
mended for prophylaxis against infection acquired during TKA in
patients with immune-compromising comorbidities (6). However,
the in vivo behavior of antibiotic-loaded bone cement in TKA has not
been sufficiently investigated.

Staphylococcus aureus is the most common organism impli-
cated in the infection of the skeletal system (3, 8, 11). Oxacillin, a
penicillinase-resistant �-lactam similar to methicillin, is widely
used clinically to treat penicillin-resistant S. aureus infection (2).
Approximately 20% of S. aureus isolates collected in Europe are
reported to be methicillin-resistant S. aureus (MRSA); the preva-
lence ranges from 33% to 55% in U.S. hospitals (1). Vancomycin,
a glycopeptide antibiotic, remains the standard therapeutic agent
used in most MRSA infections. Both oxacillin (16) and vancomy-
cin (3) have been shown to be stable in PMMA and are released in
a microbiologically active form. Therefore, the use of oxacillin- or

vancomycin-loaded bone cement may be an effective method to
prevent S. aureus infection in TKA.

To our knowledge, no study has been conducted on the bacte-
rial-eradication abilities of joint fluid in TKA fixed with bone ce-
ment with or without antibiotic loading. Further, data on the
comparison of the in vivo characteristics of bone cement loaded
with oxacillin and that loaded with vancomycin are also unavail-
able. The aim of this study was to measure the antibiotic contents
of the joint fluid of patients undergoing cemented TKA using
bone cement with or without antibiotic (oxacillin or vancomycin)
loading and to compare the antibacterial activities of the fluid
samples against methicillin-susceptible S. aureus (MSSA) and
MRSA.

MATERIALS AND METHODS
Patients and operations. The study protocol was approved by the insti-
tutional review board, and written informed consent was provided by all
participants. Between May 2011 and September 2011, 30 patients diag-
nosed with end stage knee osteoarthritis and scheduled for primary TKA
were asked for their consent to participate in this study. Patients were
excluded from the study if they had diabetes mellitus, peripheral arterial
occlusive disease, psoriasis, prior knee surgery, any type of lower-extrem-
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ity infection, osteomyelitis, or malignant tumor; had received immuno-
suppressive agents; or had a history of cephalosporin, oxacillin, or vanco-
mycin allergy. The study population included 21 women (21 knees) and 9
men (9 knees), with a mean age of 68.7 � 9.2 years (range, 52 to 84 years).
Patients were randomly grouped on the basis of whether PMMA was
without antibiotic loading (control group; systemic cefazolin) or loaded
with oxacillin (oxacillin group; systemic cefazolin plus oxacillin-loaded
PMMA) or vancomycin (vancomycin group; systemic cefazolin plus van-
comycin-loaded PMMA). In all cases, arthroplasty was performed with a
midline incision and through a midvastus approach. A NexGen LPS-Flex
fixed-bearing knee system (Zimmer Inc., Warsaw, IN) or a P.F.C. Sigma
rotating-platform knee system (DePuy Orthopedics, Inc., Warsaw, IN)
was used according to the surgeon’s usual practice. All components were
fixed with cement (Simplex P; Howmedica, Rutherford, NJ). All the pa-
tients were administered 1 g cefazolin (Chi Sheng, Taipei, Taiwan) intra-
venously 30 min before the operation and every 8 h after the operation for
24 h as the prophylactic antibiotic. The demographic characteristics of the
enrolled patients are summarized in Table 1. The 3 groups did not show
any significant differences with regard to gender, age, body mass index
(BMI), amount of drainage, amount of implanted cement, and brand of
prosthesis (Table 1).

For the preparation of bone cement, 40 g of methyl-methacrylate
polymer was thoroughly mixed with or without 1 g of vancomycin (Gentle
Pharmaceutical Co., Yulin, Taiwan) or oxacillin (Union Chemical and
Pharmaceutical Co., New Taipei, Taiwan). Then, liquid monomer was
added and mixed. The weight of the implantation cement was recorded.
After implantation, 10-cm3 aliquots of the drainage were collected under
sterile conditions at 8, 16, 24, 32, 40, and 48 h. The drainage container was
changed after each collection. Along with the collection of the first drain-
age sample, 10-ml specimens of peripheral venous blood and midstream
urine were also collected. The specimens were subsequently stored at
�80°C until further analysis. Preliminary data had shown that the degra-
dation of cefazolin, vancomycin, or oxacillin was less than 1% when it was
stored at �80°C for 3 months. Hence, �80°C was considered the optimal
temperature for the storage of the specimens.

Determination of antibiotic concentrations. The concentrations of
the antibiotics were determined by high-performance liquid chromatog-
raphy (HPLC). Chromatography was carried out on a model ALC 717

chromatograph (Waters Associates, Milford, MA) with a stainless steel
column (RP18 column [100 mm by 4.6 mm; 5-�m particle size] for van-
comycin and oxacillin; C18 column [300 mm by 3.9 mm; 10-�m particle
size] for cefazolin). The mobile phase consisted of water-acetonitrile-100
mM ammonium formate (composite ratio, 78/12/10), acetonitrile-0.5%
ammonium phosphate (composite ratio, 34/66), and 50% methanol-50%
double-distilled H2O (composite ratio, 50/50) for vancomycin, oxacillin,
and cefazolin, respectively. The HPLC system had sensitivities of 0.5
�g/ml for vancomycin and 0.1 �g/ml for oxacillin and cefazolin. The
concentrations of antibiotics in the drainage samples were then deter-
mined by comparison with the peak areas of standard curves prepared
daily.

Bioassay of antibiotic activity. The bioactivity of joint fluid was de-
termined using an agar disk diffusion bioassay with a MSSA strain (ATCC
25923) and a MRSA strain (ATCC 43300). The technique was based on
the inhibitory activity of the disks (PDM Diagnostic Discs; AB Biodisk,
Sweden) containing 35 �l of test samples and a standardized concentra-
tion of cefazolin, oxacillin, or vancomycin. The disks were placed on
MSSA- or MRSA-seeded agar and incubated overnight at 37°C. The di-
ameters of the inhibition zones were measured using a caliper (4). All
samples were tested in triplicate.

Statistical analysis. The antimicrobial concentrations of joint fluid
samples obtained from different patients at each time point were sam-
pled and tested in triplicate. The results are presented as means and
standard deviations. The Kruskal-Wallis test was used to determine
the intergroup differences in the continuous variables, including age,
BMI, amount of drainage, amount of implanted cement, and concen-
trations of antibiotics. Fisher’s exact test was used to determine the
statistical differences of the categorical variables, including gender and
type of prosthesis. Kaplan-Meier survival analysis was used to compare
the groups for the durations of joint fluid antibacterial activities. The
Kruskal-Wallis test was used to compare the statistical differences in
the elution efficacies of PMMA loaded with oxacillin or vancomycin.
Spearman’s rank correlation was used to determine the correlation
between the amounts of implanted cements and the amounts of anti-
biotic released from the bone cements. A P value of �0.05 was consid-
ered significant.

TABLE 1 Characteristics of patients in different groups

Characteristic

Valuea

P valueControl Oxacillin Vancomycin

Age (yr) 69.6 (55–82) 73.3 (57–84) 63.3 (55–73) 0.052
Sex ratio (male/female) 3/7 5/5 1/9 0.449
BMI 28.5 (22.2–36.6) 28.4 (22.7–32.1) 27.4 (20.3–5.8) 0.783
Serum creatinine (mg/dl) 0.8 (0.5–1.3) 0.9 (0.5–1.3) 0.8 (0.4–1.2) 0.519
eGFRb (ml/min/1.73 m2) 83.8 (52–126) 76.8 (41–127) 84.7 (46–147) 0.856
Prosthesis (Zimmerc/DePuyd) 6/4 5/5 5/5 1.000

Amt of drainage (ml) at (h):
8 126.5 (90–190) 215 (50–320) 237 (90–450) 0.210
16 101.5 (50–210) 147 (40–350) 99 (40–210) 0.552
24 83.5 (35–160) 107.5 (35–240) 95 (60–150) 0.636
32 78 (20–170) 93 (140–60) 77 (50–110) 0.304
40 39 (10–110) 74 (25–130) 64.5 (20–280) 0.056
48 44 (20–80) 66 (20–150) 46 (20–70) 0.684

Total amt of drainage (ml) 472.5 (310–660) 702.5 (345–1010) 618.5 (350–030) 0.089
Amt of cement (g) 19.4 (11–32) 21.5 (12–32) 18.7 (12–35) 0.535
a Values shown are means, with ranges in parentheses.
b eGFR, estimated glomerular filtration rate.
c NexGen LPS-Flex fixed-bearing knee system (Zimmer Inc.).
d P.F.C. Sigma rotating-platform knee system (DePuy Orthopedics, Inc.).

Ueng et al.

5542 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


RESULTS
Antibiotic concentrations in joint fluid. Cefazolin, which was
administered as the prophylactic antibiotic in this study, was de-
tected in the joint fluid of each enrolled patient, irrespective of
whether the bone cement was loaded with an antibiotic. Further,
no significant intergroup difference was noted in the cefazolin
concentrations in the joint fluid samples at any time of collection
(Fig. 1A). All the samples collected within 24 h of prosthesis im-
plantation contained cefazolin (Fig. 1A), and the concentrations
were 48.3 � 19.5 �g/ml, 42 � 17.5 �g/ml, and 39.2 � 16 �g/ml for
the joint fluid samples obtained at 8 h, 16 h, and 24 h, respectively
(Fig. 1A). However, cefazolin was detected in only 53% (16 of 30)
and 20% (6 of 30) of the joint fluid samples obtained at 32 h and 40
h after the prosthesis implantation, and the concentrations were
12 � 16 �g/ml and 1.8 � 6.3 �g/ml, respectively. Forty-eight
hours after the prosthesis implantation, cefazolin could not be
detected in the joint fluid of any patient (Fig. 1A). Cefazolin was
mainly excreted through the urine, and the urinary concentration
of cefazolin was 780 � 238 �g/ml.

Oxacillin and vancomycin were detected in the joint fluid sam-
ples of the oxacillin group and the vancomycin group, respec-
tively. PMMA powder (40 g) loaded with 1 g of oxacillin or van-
comycin released the antibiotic for up to 48 h (Fig. 1B and C). In
the oxacillin group, the concentrations of oxacillin were 30.2 �
10.3 �g/ml, 23.22 � 8.9 �g/ml, 23 � 10.6 �g/ml, 15.2 � 8.5
�g/ml, 8.4 � 5 �g/ml, and 5.9 � 3.8 �g/ml for the joint fluid
samples collected at 8 h, 16 h, 24 h, 32 h, 40 h, and 48 h, respec-
tively (Fig. 1B). Correspondingly, the concentrations of vancomy-
cin in the vancomycin group were 16.9 � 6.3 �g/ml, 14.7 � 4.9
�g/ml, 12.7 � 5 �g/ml, 10.1 � 4.5 �g/ml, 8.6 � 3 �g/ml, and
2.6 � 2.9 �g/ml, respectively (Fig. 1C). The concentrations of
oxacillin and vancomycin in the urine and peripheral venous
blood samples were too low to be detected by our HPLC system.
During the 48 h of the sample collection period, oxacillin exhib-
ited significantly better release efficacy (total amount of oxacillin
release, 14,170 � 7,138 �g) than vancomycin (total amount of
vancomycin release, 7,750 � 6,621 �g; P � 0.05). Spearman’s
rank correlation test indicated no statistical correlation between
the amount of implanted cement and the release efficacy of anti-
biotics in either the oxacillin or the vancomycin group (data not
shown).

Bioassay of antibiotic activity. Both the staphylococcal
strains, MSSA and MRSA, were found to be susceptible to differ-
ent concentrations of the test antibiotics (Fig. 2). In the disk dif-
fusion assay, the disk loaded with vancomycin exhibited a signif-
icantly smaller inhibitory zone against MSSA than that loaded
with the same concentration of cefazolin or oxacillin (Fig. 2A).
With regard to MRSA, the inhibitory zone was observed at a con-
centration as low as 8 �g/ml in the case of vancomycin (Fig. 2B)
but could be observed only at concentrations higher than 32
�g/ml and 64 �g/ml of oxacillin and cefazolin, respectively.

The joint fluid samples from all the enrolled patients exhibited
antibacterial activity, irrespective of whether the cement was
loaded with antibiotics. However, the joint fluid samples exhib-
ited intergroup differences in the durations of antibacterial activ-
ities (Fig. 3). The oxacillin group (43.2 h � 2 h) and the vancomy-
cin group (40.8 h � 1.8 h) exhibited significantly longer durations
of antibacterial activity against MSSA than the control group
(28 h � 1.3 h; P � 0.001) (Fig. 3A). With regard to MRSA, the

FIG 1 Antibiotic contents in joint fluid samples at each collection time point.
Shown are the concentrations of cefazolin (A), oxacillin (B), and vancomycin (C)
in the different groups. All the patients were administered 1 g cefazolin intrave-
nously 30 min before the operation and every 8 h after the operation for 24 h as the
prophylactic antibiotic. The control group received systemic cefazolin; the oxacil-
lin group received systemic cefazolin plus oxacillin-loaded PMMA; the vancomy-
cin group received systemic cefazolin plus vancomycin-loaded PMMA. The data
are expressed as means and standard errors of the mean (SEM) for triplicate spec-
imens assessed for each group.
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joint fluid samples from the control and oxacillin groups did not
exhibit antibacterial activity, and only those of the vancomycin
group showed inhibitory zones on the disk diffusion assay (Fig.
3B). Figure 4 presents the antibacterial activities of the joint fluids
against MSSA (Fig. 4A) and MRSA (Fig. 4B) in the disk diffusion
assay.

DISCUSSION

Antibiotic-loaded bone cements have been widely used in total-
joint arthroplasty, particularly for patients at high risk of infection
(6, 10, 17, 23). On the basis of 2 prospective randomized trials,
Chiu et al. reported that cefuroxime-impregnated bone cement
was effective in reducing the rate of deep knee infection after TKA
(5), particularly in the case of diabetic patients (6). The antibiotic
elution characteristics of antibiotic-loaded bone cements have
been widely investigated. However, the majority of these studies
have been based on in vitro models (3, 15). In vitro studies of
specimens prepared under laboratory conditions do not necessar-
ily address actual clinical circumstances. Such studies do not ac-
count for the quantity and flow of body fluids, limb mobility, host
response, and antibiotic stability in vivo. The in vivo antibiotic
release characteristics of antibiotic-loaded PMMA bone cement in
TKA have not yet been investigated.

Since cephalosporins are microbiologically active against most
of the common pathogenic organisms, they are currently the com-
monest antibiotics used for prophylaxis in surgery. Compared to
other cephalosporins, such as cephalothin or cephradine, cefazo-
lin has been shown to exhibit a higher peak concentration and a
longer duration of antimicrobial activity in bones for the same
dose level (7). Because of these superior characteristics, cefazolin
is frequently used as the prophylactic antibiotic in orthopedic sur-
geries, including total-joint arthroplasty (7). In this study, cefazo-
lin, which was administered intravenously as a prophylactic anti-
biotic in TKA, exhibited good ability for knee joint penetration.
When 1 g of cefazolin was used, the concentration of cefazolin in
the joint fluid was sufficient to inhibit MSSA during the adminis-

tration period. However, the antibacterial activity declined dra-
matically after the discontinuation of cefazolin.

In this study, the concomitant use of antibiotic-loaded bone
cement, along with an intravenous prophylactic antibiotic, in
TKA was found to prolong the antibacterial activity of joint fluid
after the intravenous drug administration. A longer duration of
antibacterial activity may contribute to a lower infection rate in

FIG 2 Different concentrations of antibiotics exhibited inhibitory effects
against bacteria. The data are presented in terms of the inhibition of the test
organisms, namely, MSSA (A) and MRSA (B), as determined by agar disk
diffusion bioassay.

FIG 3 Kaplan-Meier survival analysis of the duration of antibacterial activities
of joint fluid samples in different groups. The data are presented as the dura-
tion of inhibitory function against the test organisms, MSSA (A) and MRSA
(B), as determined by agar disk diffusion bioassay.
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total-joint arthroplasty with antibiotic-loaded cement (6, 10, 17,
23). In addition, the administration of prophylactic antibiotics
both systemically and in the bone cement has been proven to
provide excellent results in the prevention of infection in total-
joint arthroplasty (9). Dual-antibiotic prophylaxis has also been
shown to reduce the incidence of infection, particularly MRSA
infection, in total-joint arthroplasty (21).

The use of antibiotic-loaded bone cement as a prophylactic
measure requires the administration of low doses of antibiotics to
avoid adverse mechanical effects on the cement used for the fixa-
tion of the prosthesis. In general, low-dose loading of antibiotic in
the cement is defined as �1 g of powdered antibiotic per 40 g of
PMMA bone cement (13). However, the details of the in vivo
antibiotic elution of bone cement loaded with low doses of anti-
biotics are still unknown. In this study, bone cement loaded with
low-dose oxacillin or vancomycin (1 g antibiotic in 40 g PMMA)
released the antibiotic for up to 48 h, thereby retaining its antibac-
terial activity after the implantation. These results indicate that
bone cement loaded with low-dose oxacillin or vancomycin could
release the antibiotic effectively in an in vivo environment. Our
findings also suggest that oxacillin and vancomycin not only were
stable under the high temperatures applied during PMMA poly-
merization, but also retained their bioactivities after exposure to
body temperature (37°C) for up to 48 h. When antibiotics are used
in cement, the release efficacy is the critical point determining the
antibacterial activities. Our findings revealed that oxacillin-loaded
cement provided a significantly better antibiotic release efficacy
than vancomycin-loaded cement. This superior release efficacy
may have contributed to the longer duration of antibacterial ac-
tivity against MSSA in the oxacillin group than in the vancomycin
group, although the difference was not significant.

The increasing resistance of S. aureus to antibiotics has become
a major concern in the treatment of orthopedic infections (4, 9,

12). A multihospital study conducted in England revealed that S.
aureus is responsible for 50% of surgical-site infections (19) and
that 59% of the S. aureus isolates were methicillin resistant. At our
institute, 51% of the clinical isolates of S. aureus obtained in 2011
were MRSA. Thus, it appears that S. aureus is the primary bacte-
rium toward which antibiotic-loaded bone cement should be di-
rected (20). In this study, only the joint fluid samples of the van-
comycin group exhibited antibacterial effects against MRSA on
the disk diffusion assay. This anti-MRSA activity was not observed
in the joint fluid samples obtained from the oxacillin group or the
control group. It may be speculated that using parenteral cefazolin
with or without oxacillin-loaded PMMA bone cement is not suf-
ficient to inhibit MRSA infection in TKA. Considering MRSA in-
fection prophylaxis, vancomycin-loaded PMMA bone cement is a
better choice than cement loaded with oxacillin or without anti-
biotic. However, using vancomycin as a prophylactic antibiotic in
bone cement triggers several concerns, including the potential
risks of toxicity, allergic reactions, and drug-resistant organisms.
Therefore, its use is recommended only for revisions after primary
arthroplasty because of the prevalence of antibiotic resistance in
association with such revisions (13) or the high prevalence of
MRSA infection or colonization at the medical institute (21).

Our study has certain limitations. First, due to the small sample
sizes and short follow-up period, we could not determine the in-
tergroup differences in infection rates. Second, since the mechan-
ical strength of bone cement may be compromised by mixing it
with antibiotics, we do not know the impact of this alteration in
mechanical strength on the fixation strength of the cement and the
survival of the prosthesis. Third, only 1 type of bone cement and 1
method of preparation were used in this study. Fourth, only resis-
tant or nonresistant strains of S. aureus were selected as test organ-
isms in the experiment. We do not know the bioactivities of spec-
imens against other organisms, particularly biofilm-forming
organisms. Fifth, 70% (21 of 30) of enrolled patients were female
in the current study. Even though gender did not seem to contrib-
ute to the differences between groups in the current study, it was
possibly because of the small size of the study, which would not
make it powerful enough to confirm even large differences (e.g.,
90% of the vancomycin group was female). Since the specimens in
this study were all prepared and tested in a uniform and reproduc-
ible manner, these results should provide useful information ap-
plicable to clinical practice.

The use of antibiotic-loaded bone cement has been shown to
be effective in the reduction of the rate of deep infection after
total-joint arthroplasty (14, 15). The primary concerns regarding
antibiotic-loaded bone cement include the potential for detri-
mental effects on the mechanical structural characteristics of
PMMA when antibiotics are admixed, systemic toxicity related to
high antibiotic levels eluted from the cement, allergic reactions to
the specific antibiotic used, development of drug-resistant bacte-
ria, and cost (13). The issue of whether to use antibiotic-loaded
bone cement routinely for prophylaxis against deep periprosthetic
infection when performing primary or aseptic revision total-joint
arthroplasty is still controversial.

In conclusion, cefazolin, which was used as a prophylactic an-
tibiotic in TKA, was sufficient to inhibit MSSA during its admin-
istration. The use of antibiotic-loaded PMMA bone cement can
prolong antibacterial protection after the discontinuation of the
intravenous prophylactic antibiotic. With regard to MRSA, van-

FIG 4 The antibacterial activities of urine, peripheral venous blood, and joint
fluid samples obtained at different time points. The data are presented in terms
of the inhibition of the test organisms, namely, MSSA (A) and MRSA (B), as
determined by the agar disk diffusion bioassay.
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comycin-loaded PMMA bone cement provided antibacterial ac-
tivity superior to that of cement with or without oxacillin loading.
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