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Abstract
Background: Numerous studies have examined 

the elution characteristics and the effects of an-
tibiotics from bone cement.  This study seeks to 
determine the effect that surface area and volume 
have on the elution characteristics and bioavail-
ability of tobramycin and vancomycin when mixed 
in polymethylmethacralate (PMMA) bone cement 
in various combinations.  It also investigates the 
mechanical properties of antibiotic-impregnated 
bone cement and its relationship to surface area 
and volume.

Methods: Three antibiotic-bone cement combi-
nations were used, and these consisted of PMMA 
mixed with tobramycin and vancomycin or tobra-
mycin alone.  Four groups of specimens (different 
surface area and volume) were made.  The elution 
characteristics of the dif ferent specimens were 
examined using the minimum inhibitory concentra-
tion (MIC) method at different time intervals.  The 
bacteria used during testing were methicillin-sensi-
tive staphylococcus aureus (MSSA).  The ultimate 
compressive strength (UCS) of the specimens was 
also determined at various time intervals.  

Results: The bactericidal activity of a tobramy-
cin/vancomycin combination against MSSA was 
not significantly greater than tobramycin alone. 
Tobramycin was more effective than vancomycin 
against MSSA (average: 168%, p<0.05).  The 
inhibitory capabilities of tobramycin and vanco-
mycin individually were not found to be additive.  
Combination 2 (1.0g tobramycin/1.0g vancomy-
cin) had a higher antibiotic elution mass and rate 

for all sample sizes compared to the other two 
combinations (average: 170%, p<0.05).  Surface 
area and volume did not have a significant effect 
on the elution rate of the antibiotics.  The UCS of 
all samples tested was greater than 70MPa at all 
three testing intervals.

Discussion: Mixing tobramycin and vancomycin 
did not have a synergistic effect against the bacte-
ria as expected.  Increasing the concentration of 
antibiotics in bone cement increases both elution 
mass and elution rate over time.  Although the UCS 
of the antibiotic-impregnated bone cement was af-
fected by antibiotic elution and sample geometry, 
all testing results fell within previously accepted 
standards.

Clinical Relevance:  This study advanced our 
overall understanding of the elution characteristics 
and biomechanics of PMMA bone cement impreg-
nated with tobramycin and vancomycin.  

Keywords: antibiotic, bone-cement, elution, 
surface, volume

Introduction
Local delivery of antibiotics using antibiotic depots 

has become a major factor in the management of deep 
musculoskeletal infections1, 2. The use of antibiotic-
impregnated bone cement to treat musculoskeletal 
infection has been reported in the literature for more 
than three decades1, 3 and 4. The elution of antibiotics 
from polymethylmethacrylate (PMMA) beads has been 
studied extensively both in vitro and in vivo5-10. The 
elution characteristics of antibiotic-impregnated bone 
cement can be affected by certain factors including the 
type of cement used11, preparation methods12, surface 
characteristics13, porosity of the cement6, and the amount 
and/or type of antibiotics used10, 14-17.  Despite all of this 
data, the current literature still leaves to question the 
effect that surface area and volume have on the overall 
performance of antibiotic-loaded cement.

Minimum inhibitory concentration (MIC) is the 
lowest concentration of an antimicrobial substance that 
will inhibit the visible growth of a microorganism after 
overnight incubation.  MICs are important in diagnostic 
laboratories to confirm resistance of microorganisms to 
an antimicrobial agent and also to monitor the activity of 
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new antimicrobial agents18. MIC is generally regarded 
as the most basic laboratory measurement of the activ-
ity, or strength, of an antimicrobial substance against 
an organism19.

The two most common antibiotics mixed with bone 
cement are tobramycin and vancomycin. Tobramycin sul-
fate is an aminoglycoside antibiotic used to treat various 
types of bacterial infections, particularly those caused 
by gram-negative organisms.  Tobramycin is preferred 
over gentamicin for Pseudomonas aeruginosa pneu-
monia due to better lung penetration and bactericidal 
activity.  Vancomycin is a glycopeptide antibiotic used 
in the treatment of gram-positive organisms and is best 
known for its effectiveness against methicillin-resistant 
Staphyllococcus aureus (MRSA).  

Several questions, however, still remain.  First, will 
both tobramycin and vancomycin mix well with PMMA 
bone cement?  Second, will combining tobramycin and 
vancomycin increase their overall bioactivity against 
microorganisms?  Third, what kind of elution charac-
teristics will these antibiotics have once the cement 
has cured?  Fourth, do the physical dimensions of the 
cement have an effect on the elution characteristics of 
the antibiotics?  Finally, how will the elution of the an-
tibiotics alter the mechanical properties of the PMMA 
bone cement? To our knowledge, no one has previously 
addressed all of these issues. This study seeks to evalu-
ate the elution characteristics of antibiotic-impregnated 
PMMA bone cement with varying surface areas and 
volumes. Additionally, it also examines the mechanical 
properties of the bone cement over time as the antibiot-
ics are eluted.  

The specific objectives for this study were two-fold: 1) 
investigate the elution characteristics and the mechanical 
properties of PMMA bone cement impregnated either 
with tobramycin and vancomycin, or with tobramycin 
only; and 2) evaluate the relationship surface area and 
volume have with the elution characteristics and mechan-
ical properties of antibiotic-impregnated bone cement.  
The null hypotheses for this study was: 1) the antibiotic 
profile of the PMMA bone cement will be favorable, 2) 
its mechanical properties will not significantly change 
as the antibiotics are eluted, and 3) the surface area 
and volume of the cement will affect both the antibiotic 
elution and its mechanical performance.  

Materials and Methods

Antibiotic-Impregnated PMMA Specimen 
Preparation

Three different antibiotic-impregnated bone cement 
mixtures were used based on the clinical practice at our 
institution.  Combination 1 was a pre-mixed Simplex P 
bone cement with tobramycin, which contains 1.0g (2.5 
wt.%) of tobramycin in 40g of polymer powder (Stryker 
Howmedica Osteonics, Mahwah, NJ).  The next two 
antibiotic-impregnated bone cement mixtures used finely 
powdered tobramycin (X-Gen Pharmaceuticals, Inc., 
northport, NY) and vancomycin (Hospira, Inc., Lake 
Forest, IL) mixed with 40g of Simplex P bone cement 
powder (Stryker Howmedica Osteonics, Mahwah, NJ).   
Combination 2 contained 1.0g (2.5 wt.%) of tobramycin 
and 1.0g (2.5 wt.%) of vancomycin in 40g of polymer 
powder.  Combination 3 contained 0.5g (1.25 wt.%) of 
tobramycin and 0.5g (1.25 wt.%) of vancomycin in 40g 
of polymer powder.  A total antibiotics concentration of 
5% by mass is considered to be the gold standard20, 21.

Four groups (A, B, C, D) of eighteen specimens each 
were made from each of the three antibiotic-impregnated 
bone cement combinations.  Figure 1 and Table 1 show 
the design and dimensions, respectively, for the four 
groups of specimens.  The samples for each group had 
a unique volume and surface area that were carefully 

Figure 1.  Dimension drawing of the antibiotic-impregnated PMMA 
cement specimens *Note: OD - Outer Diameter; ID - Inner Diameter

Table 1.  Physical dimension of antibiotic-impregnated PMMA cement 

Group OD
(cm)

ID
(cm)

Thickness
(cm)

Volume
(cm3)

%
Change
volume

Surface
Area
(cm2)

% change
Surface

area

A (Baseline) 2.54 0.00 1.00 5.07 0 18.11 0

B 2.54 1.75 1.00 2.66 -47 13.30 -27

C 2.54 2.06 1.54 2.67 -47 15.76 -3

D 2.54 2.06 2.07 3.59 +29 19.99 10

*Note: OD - Outer Diameter; ID - Inner Diameter
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predetermined (Table 1).  Group A specimens consisted 
of a solid disk designed to serve as a baseline for later 
comparison.  The samples in groups B, C, and D were 
made up of cylinders each with a particular inner diam-
eter, outer diameter and thickness.  The central core of 
the specimens consisted of a professionally machined 
stainless steel rod that mimicked a prosthetic implant.  
This rod was left in place for all of the samples through 
each arm of the testing.  Figure 2 shows images of 
actual samples.  

The cement was prepared using a manual mixer. Cen-
trifuging and vacuum techniques were not used in this 
study.  The cement was transferred to the appropriate 
polyethylene molds and allowed to cure for 24 hours.  
After 24 hours, each specimen was inspected for any 
voids or powder clots, and any flawed specimens were 
excluded.  All of the approved specimens were fully im-
mersed separately in sterile phosphate buffered saline 
(PBS) inside plastic containers with lids.  The volume of 
the saline was measured for each group of specimens.  
The containers were then placed on a swirl shaker inside 
an incubator (95% humidity, 37oC, 6% CO2).

Elution Kinetics Testing
The measurement of the bioactivity of tobramycin, 

vancomycin and a combination of the two antibiotics was 
assessed using the MIC method.  For this study stan-
dard Petri dishes containing Mueller-Hinton agar were 
plated with methicillin-sensitive Staphylococcus aureus 
ATCC 25923 (MSSA, NCTC 12981).  Four dishes were 
used for each type of antibiotic and the combination of 
the two.  A series of 8 two-fold dilutions ranging from 
2000mg/mL to 7.81mg/mL was prepared, and 10mL 
of each dilution was placed in individual wells of the 
Petri dish (Figure 3).  After overnight incubation of the 
plates at 37oC, the wells were examined for presence or 
absence of growth.  Digital pictures were taken of the 
dishes and used to measure the diameter of the zone 
inhibition.  The area of the inhibitory zone was then 
calculated.  These dishes served as a standard data set 
to determine antibiotic concentrations during the elution 

kinetics testing.
To test the antibiotic elution characteristics, sequential 

samples were assayed for the MIC similar to the antibi-
otic activity tests. Only 6 of the 18 specimens from each 
group were used for this portion of the investigation.  
Sample intervals representative of 1, 3, 5, and 7 days 
were tested for their antibiotic elution characteristics.  
For each sample interval, the solution was removed and 
stored in another container at 4oC until analyzed.  Then 
the appropriate amount of fresh PBS was placed back 
into the plastic container with the specimen.  A series of 
three-fold dilutions (1:1, 1:3, and 1:9) was prepared, and 
10mL of each dilution was placed in individual wells of 
the Petri dish.  Digital pictures were taken of the dishes 
and used to measure the diameter of the zone inhibi-
tion. The antibiotic concentration for each solution was 
extrapolated from the diameter of the zone of inhibition 
using the computer growth equation constructed from 
the standard curves. 

Mechanical Testing
In terms of mechanical performance, all testing was 

performed with strict adherence to the American Society 
for Testing and Materials (ASTM) F451-99a standards - 
Standard Specification for Acrylic Bone Cement (ASTM 
Standard, 2006).  The dimensions for each cylindrical-
shaped specimen were measured using a digital caliper 
and recorded prior to each mechanical test. Surface area 

Figure 2.  Testing specimens (antibiotic-impregnated PMMA  
cement)

Figure  3. Representative digital pictures of the minimum inhibitory 
concentration (MIC) with methicillin-sensitive Staphylococcus aureus 
ATCC 25923 for each type of antibiotic used.  (a) 1.0g tobramycin 
and 1.0g vancomycin combination, (b) vancomycin (top) and tobra-
mycin (bottom) individually
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and volume for the antibiotic-impregnated PMMA sam-
ples were determined. For each antibiotic combination, 
six specimens from each group were tested at intervals 
of 0, 5, and 7 days resulting in eighteen specimens per 
group.  All the specimens were tested in compression 
using an MTS Bionix servohydraulic materials testing 
system (MTS Model 858, Eden Prairie, MN).  The speci-
mens were loaded from -50N to complete structural fail-
ure at the rate of 20mm/min.  Load and deflection data 
were measured and collected every 0.1 seconds by the 
MTS system.  The ultimate compressive strength (UCS) 
was then determined.  The mean and standard deviation 
of the groups were calculated for each type of antibiotic-
impregnated bone cement.  All mechanical tests were 
performed in air at environmental temperature.

Statistical analysis
Data retrieved for bioactivity, antibiotic elution rate, 

and ultimate compressive strength were analyzed using 
one-way analysis of variance (ANOVA) of SPSS software 

(Version 16.0; SPSS, Chicago, IL) with p<0.05 denoting 
significance.  Post hoc tests were conducted using the 
Least Significant Difference (LSD) multiple comparisons 
test method.  These analyses were used to determine 
the statistical relevance of the difference in bioactivity 
of the antibiotics, mechanical properties and elution 
characteristics in each group.  

Results

Elution Kinetics Testing
The mean inhibitory zones for vancomycin, tobramy-

cin, and a combination of the two antibiotics against the 
S. aureus used in this study are shown in Figure 4.  The 
graph illustrates the activity of the antibiotics at different 
concentrations.  Overall, the activity of the tobramycin 
and vancomycin combination was not significantly 
(p>0.05) higher than the activity of tobramycin alone.  
However, tobramycin alone was significantly more ef-
ficacious than vancomycin (average: 168%, range: 117% 
- 257%; p<0.05).  Consequently, the inhibitory capabilities 
of tobramycin and vancomycin individually, were not 
found to be additive.   

After seven days in the 37°C buffered solution, the 
antibiotic-impregnated PMMA specimens did not show 
any evidence of gross deterioration.  Figure 5 shows 
the total concentration of antibiotics released at four 
separate intervals during this time period.  Table 2 lists 
the amount of antibiotics released and the rate of their 
release for each of the bone cement combinations and 
their four sample groups.  The specimens from Com-
bination 2 (1.0g tobramycin/1.0g vancomycin) had a 
higher antibiotic elution rate for all sample sizes when 
compared to Combination 1 and Combination 3 (average: 
170%, range: 66% – 236%, Table 2).  This difference was 
statistically significant (Table 3).  The specimens from 
Combination 3 (0.5g tobramycin/0.5g vancomycin) had 

Figure 4. Antibiotic activity using MIC for tobramycin, vancomy-
cin and combination of both tobramycin and vancomycin (mean + 
standard deviation)

Table 2. Mean overall Antibiotics Released and Release Rate Over Total 7-Days Period

Group
OD
(cm) ID (cm)

Designed 
Thickness

(cm)
Volume
(cm3)

Surface 
area 
(cm2)

Total amount of antibiotics 
released (mg)

Initial antibiotics
Release rate (mg/day)
(Day 1 – Day 3)

BCT BCTV BCTV 
0.5

BCT BCTV BCTV 
0.5

A 2.54 0.00 1.00 5.07 18.11 2.43 13.86 4.03 0.82 1.92 1.15

B 2.54 1.75 1.00 2.66 13.30 1.98 7.77 2.91 0.64 1.94 0.65

C 2.54 2.06 1.54 2.67 15.76 1.85 8.27 3.13 0.64 2.00 0.60

D 2.54 2.06 2.07 3.59 19.99 2.08 12.52 2.68 0.75 2.07 0.88

*Note: BCT represents PMMA impregnated with 1.0g tobramycin;
      BCTV represents PMMA impregnated with 1.0g tobramycin and 1.0g vancomycin;
      BCTV 0.5 represents PMMA impregnated with 0.5g tobramycin and 0.5g vancomycin.
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a higher antibiotic elution rate (average: 52.6%, range: 
28.7% – 69.5%, Table 2) than those from Combination 
1 (1.0g tobramycin), however this was not statistically 
significant (Table 3). 

On day one there was a large amount of total antibiot-

ics released for all samples followed by an exponential 
decay (Figure 5).  For those specimens impregnated 
with both tobramycin and vancomycin, there was no sig-
nificant difference (p>0.05) in the amount of antibiotics 
eluted when comparing groups with the same antibiotic 
combination but different surface areas and volumes 
(Table 4).  However, the larger volume samples did tend 
to elute a higher amount of antibiotics for each of the 
combinations.  On day three, samples containing either 
the low-dose combination of tobramycin and vancomycin 
or tobramycin alone eluted less than 0.7mg of antibiot-
ics, thereby making it difficult to determine the total 
elution mass of antibiotics as a function of surface area 
and volume.  For the specimens containing the high-
dose combination of the two antibiotics, the amount of 
antibiotics eluted was high enough to show there was no 
difference based on surface area when holding volume 
constant (Group B vs C) (Figure 5, Table 4).

The total elution mass of antibiotics as a function 
of volume could not be determined due to the limited 
number of data points collected and the variable perfor-
mance pattern of the different antibiotic combinations.  
No consistent relationship was identified (Figure 6a).  

Table 3.  Statistical Analysis of Effect of Different Antibiotics 
Combination on Antibiotic Release (one-way ANOVA, SPSS)

 
*Note: BCT represents PMMA impregnated with 1.0g tobramycin;
      BCTV represents PMMA impregnated with 1.0g tobramycin and 1.0g vancomycin;
      BCTV 0.5 represents PMMA impregnated with 0.5g tobramycin and 0.5g vancomycin.

Day Group P-value Overall P-value
BCTV 0.000

BCTV 0.5 0.187
BCTV BCTV 0.5 0.000

BCTV 0.000
BCTV 0.5 0.634

BCTV BCTV 0.5 0.000
BCTV 0.000

BCTV 0.5 0.701
BCTV BCTV 0.5 0.001

BCTV 0.000
BCTV 0.5 0.932

BCTV BCTV 0.5 0.000
BCTV 0.000

BCTV 0.5 0.518
BCTV BCTV 0.5 0.001

BCTV 0.000
BCTV 0.5 0.131

BCTV BCTV 0.5 0.001
BCTV 0.002

BCTV 0.5 0.216
BCTV BCTV 0.5 0.024

BCTV 0.000
BCTV 0.5 0.873

BCTV BCTV 0.5 0.000

BCT

1

A

B

C

D

BCT

BCT

BCT

Material

3

A BCT

B BCT

C BCT

D BCT

0.000

0.000

0.001

0.000

0.000

0.000

0.006

0.000

Day Group P-value Overall P-value
BCTV 0.009

BCTV 0.5 0.906
BCTV BCTV 0.5 0.012

BCTV 0.011
BCTV 0.5 0.274

BCTV BCTV 0.5 0.095
BCTV 0.008

BCTV 0.5 0.501
BCTV BCTV 0.5 0.033

BCTV 0.000
BCTV 0.5 0.784

BCTV BCTV 0.5 0.000
BCTV 0.007

BCTV 0.5 0.838
BCTV BCTV 0.5 0.011

BCTV 0.000
BCTV 0.5 0.921

BCTV BCTV 0.5 0.000
BCTV 0.000

BCTV 0.5 0.832
BCTV BCTV 0.5 0.000

BCTV 0.000
BCTV 0.5 0.965

BCTV BCTV 0.5 0.000

Material

5

A BCT

B BCT

C BCT

D BCT

7

A BCT

B BCT

C BCT

D BCT

0.014

0.033

0.021

0.000

0.012

0.000

0.000

0.000

Figure 5.  Total concentration of antibiotics released (mean + 95% 
Confidence Interval) from all PMMA specimens used in the study 
over time
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As for the total elution mass of antibiotics as a function 
of surface area, a linear relationship was identified be-
tween increasing surface area and increasing amount of 
antibiotics released.  However, this was dependent upon 
the initial concentration as well as the combination of 
antibiotics, with the specimens containing the high-dose 
combination of vancomycin and tobramycin exhibiting 
this relationship (Figure 6b).

Mechanical Testing 
Ultimate compressive strength (UCS) testing was car-

ried out, and six samples from each group were tested at 
each interval day for a total of 18 test samples.  Results 
are shown in Figure 7.  The UCS of all specimens tested 
during the seven days of incubation in the 37oC buffer 
was above the ASTM F541 and ISO 5833 minimum 
of 70MPa.  At Day 0, the mean UCS for Group A was 
found to be significantly different (p<0.05) between the 
antibiotic-impregnated specimens.  The same held true 
for Groups B and C.  When antibiotic-free specimens 
in Group A were compared to antibiotic-impregnated 

Table 4.  Statistical Analysis of Effect of Volume and  
Surface on Antibiotic Release (one-way ANOVA, SPSS)

*Note: BCT represents PMMA impregnated with 1.0g tobramycin;
      BCTV represents PMMA impregnated with 1.0g tobramycin and 1.0g vancomycin;
      BCTV 0.5 represents PMMA impregnated with 0.5g tobramycin and 0.5g vancomycin.

Day Material P-value Overall P-value
B 0.000
C 0.000
D 0.008
C 0.761
D 0.100

C D 0.055
B 0.266
C 0.331
D 0.937
C 0.885
D 0.235

C D 0.294
B 0.047
C 0.041
D 0.032
C 0.951
D 0.861

C D 0.910
B 0.116
C 0.044
D 0.040
C 0.617
D 0.585

C D 0.963
B 0.011
C 0.014
D 0.721
C 0.909
D 0.023

C D 0.030
B 0.657
C 0.835
D 0.132
C 0.813
D 0.276

C D 0.189

BCT

BCTV

BCTV 0.5

BCT

BCTV

BCTV 0.5

1

3

Group

0.000

0.492

0.095

0.129

0.014

0.422

A

B

A

B

A

B

A

B

A

B

A

B

Day Material P-value Overall P-value
B 0.177
C 0.222
D 0.066
C 0.891
D 0.593

C D 0.503
B 0.019
C 0.025
D 0.402
C 0.903
D 0.105

C D 0.132
B 0.494
C 0.702
D 0.640
C 0.761
D 0.255

C D 0.398
B 0.010
C 0.054
D 0.162
C 0.438
D 0.180

C D 0.556
B 0.017
C 0.034
D 0.180
C 0.745
D 0.239

C D 0.338
B 0.693
C 0.740
D 0.425
C 0.949
D 0.683

C D 0.639

Group

0.073
B

BCTV 0.5

A

0.879
B

A

0.678
B

7

BCT

A

0.061
B

BCTV

A

5

BCT

A

0.286
B

BCTV

A

0.051
B

BCTV 0.5
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Figure 6.  Average mass of antibiotics eluted as a function of: (a) specimen volume and (b) specimen surface area.  Error bars represent 
the uncertainties of the total eluted mass at the 95% confidence interval

Table 5.  Statistical Analysis of Effect of on Volume and Surface
Ultimate Compressive Strength (one-way ANOVA, SPSS)

 

*Note: BCT represents PMMA with tobramycin (1.0g);
      BCTV represents PMMA with tobramycin (1.0g) and  
      vancomycin (1.0g);
      BCTV 0.5 represents PMMA with tobramycin (0.5g) and  
      vancomycin (0.5g)
      BC represent PMMA without any antibiotics
      P-value < 0.05 indicating a statistically significant difference

Day Group P-value Overall P-value
BCTV 0.032

BCTV 0.5 0.000
BC 0.263

BCTV 0.5 0.000
BC 0.263

BCTV 0.5 BC 0.000
BCTV 0.062

BCTV 0.5 0.548
BC 0.011

BCTV 0.5 0.186
BC 0.423

BCTV 0.5 BC 0.041
BCTV 0.061

BCTV 0.5 0.006
BC 0.017

BCTV 0.5 0.281
BC 0.550

BCTV 0.5 BC 0.622
BCTV 0.993

BCTV 0.5 0.777
BC 0.856

BCTV 0.5 0.784
BC 0.849

BCTV 0.5 BC 0.643
BCTV 0.000

BCTV 0.5 0.000
BCTV BCTV 0.5 0.993

BCTV 0.000
BCTV 0.5 0.478

BCTV BCTV 0.5 0.000
BCTV 0.004

BCTV 0.5 0.250
BCTV BCTV 0.5 0.000

BCTV 0.003
BCTV 0.5 0.260

BCTV BCTV 0.5 0.035

0.000

0.973

D

Material

BCTV

BCTV

BCTV

BCT

D

BCT

0

5

A

BCTV
A

BCT

B

BCT

BCT

0.044

C

BCT

0.029

0.000

0.000

C BCT 0.001

B BCT

0.010

Day Group P-value Overall P-value
BCTV 0.000

BCTV 0.5 0.000
BC 0.022

BCTV 0.5 0.017
BC 0.000

BCTV 0.5 BC 0.000
BCTV 0.407

BCTV 0.5 0.818
BC 0.343

BCTV 0.5 0.292
BC 0.903

BCTV 0.5 BC 0.242
BCTV 0.001

BCTV 0.5 0.009
BC 0.000

BCTV 0.5 0.000
BC 0.000

BCTV 0.5 BC 0.051
BCTV 0.000

BCTV 0.5 0.242
BC 0.181

BCTV 0.5 0.000
BC 0.000

BCTV 0.5 BC 0.018

Material

7

A

BCT

0.000
BCTV

B

BCT

0.549
BCTV

C

BCT

0.000
BCTV

D

BCT

0.000
BCTV
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specimens no significant difference was detected, except 
for those specimens containing a low-dose tobramycin/
vancomycin combination (Table 5).  For Group B the 
mean UCS for antibiotic-free specimens was found to be 
significantly different from specimens with a high-dose 
tobramycin/vancomycin combination (Table 5).  For 
Group C a significant difference in UCS was found be-
tween antibiotic-free specimens and those impregnated 
with tobramycin alone.  For Group D no significant 
difference in mean UCS was found when comparing all 
specimen groups (Table 5).	

At day 7, a significant difference (p<0.05) was detect-
ed in the mean UCS for Group A, and when comparing 

antibiotic-impregnated specimens to antibiotic-free speci-
mens (Table 5).  For Group B no significant difference 
was detected between specimens.  For Group C the mean 
UCS was found to be significantly different (p<0.05) 
when comparing antibiotic-free specimens to antibiotic-
impregnated specimens, except for those specimens with 
a low-dose tobramycin/vancomycin combination (Table 
5).  For Group D the mean UCS was also significantly 
different when comparing antibiotic-free specimens to 
antibiotic-impregnated specimens except for those with 
tobramycin alone. 

When comparing UCS among different specimens 
in relationship to their geometry (i.e. surface area and 

Table 6.  Statistical Analysis of Effect of Different Antibiotics  
Combination on Ultimate Compressive Strength (one-way ANOVA, SPSS)

 

*Note: BCT represents PMMA with 1.0g tobramycin;
      BCTV represents PMMA with 1.0g tobramycin and 1.0g  
      vancomycin;
      BCTV 0.5 represents PMMA with 0.5g tobramycin and 0.5g  
      vancomycin;
      BC represent PMMA without any antibiotics;
      P-value < 0.05 indicating a statistically significant difference

Day Material P-value Overall P-value
B 0.000
C 0.000
D 0.000
C 0.000
D 0.000

C D 0.065
B 0.921
C 0.000
D 0.000
C 0.000
D 0.000

C D 0.040
B 0.033
C 0.440
D 0.001
C 0.006
D 0.000

C D 0.009
B 0.797
C 0.002
D 0.000
C 0.003
D 0.000

C D 0.039
B 0.000
C 0.000
D 0.000
C 0.000
D 0.000

C D 0.044
B 0.109
C 0.001
D 0.000
C 0.038
D 0.003

C D 0.242
B 0.123
C 0.005
D 0.000
C 0.000
D 0.000

C D 0.001

A

B

0

0.000

A

B

A

B

A

B

A

B

A

B

A

B

0.000

0.000

0.000

5 BCTV

BCTV 0.5

Group

0.000

0.000

0.000

BCT

BCTV

BCTV 0.5

BCT

BC

Day Material P-value Overall P-value
B 0.001
C 0.000
D 0.000
C 0.000
D 0.000

C D 0.674
B 0.133
C 0.000
D 0.000
C 0.000
D 0.000

C D 0.100
B 0.036
C 0.276
D 0.008
C 0.003
D 0.000

C D 0.086
B 0.010
C 0.005
D 0.000
C 0.796
D 0.188

C D 0.284

B

BC

A

B

B

A

B

A

A

Group

0.003

0.000

0.000

7

0.000

BCTV 0.5

BCT

BCTV
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volume) statistically significant differences (p<0.05) were 
detected (Table 6).  At Day 0 there was a significant dif-
ference in UCS between groups without antibiotics and 
those with antibiotics except when comparing Groups A 
and B.  At Day 7 the mean UCS of the original PMMA 
specimens without antibiotics was found to be signifi-
cantly different (p<0.05).  When looking at specimens 
with antibiotics, the mean UCS of group A was signifi-
cantly different when compared to all other groups.

The UCS of the specimens containing tobramycin 
alone (BCT) was significantly different (p<0.05), except 
between Groups C and D for day 0 and day 7 (Table 6).  
A significant difference in UCS was also found between 
samples impregnated with a high-dose tobramycin/van-
comycin combination (p<0.05), except between Groups 
A and B (Days 0, 5 and 7) and Groups C and D (Days 5 
and 7).  Those specimens with a low-dose tobramycin/
vancomycin combination had significantly dif ferent 
measurements of UCS, except between Groups A and 

C (Days 0 and 7), Groups A and B (Day 5) and Groups 
C and D (Day 7) (Table 6).

When comparing the UCS of all specimens between 
day 0 and day 7, a significant difference (p<0.05) was 
detected in the groups with a high-dose tobramycin/
vancomycin combination, and in Group C with specimens 
containing a low-dose tobramycin/vancomycin combina-
tion (Table 7).

Discussion
Antibiotic-impregnated PMMA is used routinely in 

treatment of infected total joint arthroplasties and occa-
sionally in the management of chronic osteomyelitis1, 3, 

4, 22-27.  Penner et al9 demonstrated that combining tobra-
mycin and vancomycin in bone cement may have clinical 
advantages by increasing the antimicrobial spectrum and 
providing a synergistic effect.  Their study used the fluo-
rescence polarization immunoassay method to measure 
the concentrations of the eluted antibiotics, but had no 
way of showing whether the antibiotics were biologically 
active against bacteria.  In 2001 González Della Valle et 
al28 demonstrated that the presence of tobramycin has 
a synergistic-like effect on the bactericidal activity of 
vancomycin, and their study used 3 patients who under-
went total hip reimplantation with cement after chronic 
infection caused by methicillin-resistant Staphylococcus 
aureus and Staphylococcus epidermidis.  

Our current study found that tobramycin released 
from PMMA is more bioactive than vancomycin against 
methicillin-sensitive Staphylococcus aureus (MSSA).  An-
other important observation was that mixing tobramycin 
and vancomycin with PMMA bone cement does not have 
a synergistic affect against MSSA.  This is the first report 
that we know of in the literature to demonstrate this 
finding.  The non-additive, non-synergistic properties of 
this antibiotic combination may be due to less elution of 
vancomycin secondary to its greater molecular weight.   

Table 7.  Ultimate Compressive Strength (UCS) comparison 
between Day 0 and Day 7 for different sample sizes

UCS Comparison in Percent
(Day 0 vs Day 7)

p-value

A B C D A B C D

BCT -4.0 3.8 4.3 0.5 0.06 0.64 0.30 0.95

BCTV 9.7 19.7 17.3 15.3 0.01 0.02 0.00 0.04

BCTV 0.5 3.1 5.8 6.7 6.3 0.87 0.71 0.02 0.13

BC 0.6 9.1 1.3 -5.5 0.97 0.13 0.49 0.52

*Note: BCT represents PMMA with 1.0g tobramycin;
      BCTV represents PMMA with 1.0g tobramycin and 1.0g vancomycin;
      BCTV 0.5 represents PMMA with 0.5g tobramycin and 0.5g vancomycin;
      BC represent PMMA without any antibiotics;
      P-value < 0.05 indicating a statistically significant difference

Figure 7.  Mechanical properties from all PMMA specimens used 
in the study over time.  Error bars represent the uncertainties of the 
compression strength at the 95% confidence interval
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Klekamp et al8 stated that the molecular weight of van-
comycin is 1,468 atomic mass units and the molecular 
weight of tobramycin is almost one-third (485 atomic 
mass units).  This factor may also explain the discrep-
ancy in bioactivity of vancomycin and tobramycin when 
obtaining the standard data set using for MIC testing.  
The increased mass of vancomycin may inhibit its dis-
sipation across the Petri dish in liquid form.

Penner et al9 used 1.0g of vancomycin and 2.4g of 
tobramycin added to each 40g pack of bone cement 
powder to study in vitro elution characteristics, and 
they concluded that the elution rate of tobramycin 
was increased by 68% and that of vancomycin by 103% 
simply by combining these two antibiotics in the same 
batch of cement.  Klekamp et al8 also studied the elution 
characteristics of tobramycin and vancomycin combined 
with Simplex or Palacos cement, using enzyme-linked 
immunosorbent assay, and they observed that the elu-
tion of tobramycin was compromised by the presence 
of vancomycin.  Greeme et al29 also reported that the 
tobramycin elutes at higher levels and for longer periods 
than vancomycin.  However, their results only compare 
the elution of tobramycin and vancomycin individually 
from Palacos and Simplex cement.  Our results agree 
with those of both Klekamp et al8 and Penner et al9 that 
the combining tobramycin and vancomycin in PMMA 
bone cement had an additive effect on the in vitro elu-
tion rate.  

Based on previous studies6, 8, 10, 17, there is no doubt 
that elution of antibiotics is a surface phenomenon 
related to pores and cracks within the bone cement 
matrix created by the antibiotics themselves. A major-
ity of impregnated antibiotics remain entrapped within 
the cement core, therefore, it is no surprise that elution 
is improved with increasing surface area.  Our results 
demonstrate that mixing vancomycin with the tobramy-
cin in bone cement helps to increase the elution rate.  

Kelm et al14 noted the effective antibiotic elution in 
vivo may be different from that observed in vitro. And 
according to Masri et al30, it is apparent that clinical ap-
plication of these in vitro results is not straightforward.  
Work suggests that high antibiotic doses and maximal 
elution efficiency are necessary to maintain tissue an-
tibiotic levels above the breakpoint sensitivity limit for 
long-term therapy.  Our results support the use of two 
antibiotics in situations in which the absolute maximal 
amount of antibiotic elution is desired.

Additionally, our current study disproves the null hy-
pothesis that the mechanical properties of PMMA bone 
cement will not significantly change as the antibiotics are 
eluted.  The percentage drop in UCS between Day 0 and 
Day 7 was much higher for specimens made with larger 
amounts of antibiotics.  However, the loading results of 

all groups and specimens with different combination 
doses of antibiotics after the seven days of incubation in 
the 37oC buffer still had the mean UCS above the ASTM 
F54131 and ISO 5833 minimum of 70MPa.

The UCS of the specimens was affected by two fac-
tors: 1) increased time within the solution, and 2) the 
thickness of the specimens. The time-related change in 
mechanical properties has been reported previously.  
Pelletier et al32 showed that after 4 weeks the PMMA 
bone cement was stronger than then the PMMA at 24 
hours, which concluded that the PMMA specimen has 
time-dependent properties.  These may explain why our 
mechanical test results after Day 7 the UCS of the high 
dosage antibiotic-loaded PMMA bone cement still within 
the ASTM and the ISO standards.  The other factor af-
fecting the UCS of the specimen was the thickness of 
the specimens.  Paradoxically, even though there is an 
increase both in volume and surface area, the thicker 
the specimens the more likely the specimen will failure.

Areas of future interest include testing of other me-
chanical properties of PMMA bone cement, such as 
diametral tensile strength and fatigue properties.  Also, 
further research is needed to investigate the biologi-
cal activity of these antibiotics against other strains of 
bacteria such as Staphylococcus epidermidis (BK 2), 
methicillin-resistant Staphylococcus aureus (MRSA) and 
Staphylococcus capitis (ED2D), all bacterial species that 
frequently cause orthopaedic implant infections33.
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