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Background: Antibiotic bone cement is commonly used in staged revision arthroplasty as well as the treatment of open
fractures. Multiple factors affect antibiotic elution from bone cement. This study was performed to investigate the effect of
two variables, the quantity of liquid monomer and the timing of antibiotic addition, on the ultimate elution of antibiotic from
bone cement.

Methods: Vancomycin-loaded Simplex P and SmartSet MV bone cement was prepared with three different methods: a
common surgical technique, a mixing technique that doubled the amount of liquid monomer, and a novel technique that
delayed antibiotic addition until after thirty seconds of polymerization. Cylinders of a standardized size were created from
each preparation. The elution profiles of five cylinders from each preparation were measured over six weeks with use of
high-performance liquid chromatography. Cylinders were tested in compression to quantify strength.

Results: Delayed antibiotic addition resulted in significantly greater cumulative elution over six weeks (p < 0.0001), with
minimal reduction in strength, compared with the other groups. Doubling the liquid monomer significantly reduced cumulative
elution over six weeks compared with either of the other techniques (p < 0.0001). Vancomycin elution from Simplex P was 52%
greater and vancomycin elution from SmartSet MV was 25% greater in the delayed-antibiotic-addition groups than it was in the
corresponding standard surgical technique groups. The majority of the antibiotic was released over the first week in all groups.

Conclusions: High-dose-antibiotic bone cement prepared with delayed antibiotic addition increased vancomycin elution
compared with the standard surgical preparation. Incorporating additional liquid monomer decreased vancomycin elution
from high-dose-antibiotic cement. We recommend preparing high-dose-antibiotic bone cement with the delayed-antibiotic-
addition technique and not incorporating additional liquid monomer.

Clinical Relevance: Both the relative volume of liquid monomer and the timing of antibiotic addition have substantial
effects on the elution of antibiotic from bone cement.

B
one cement provides a medium for efficient delivery of
antibiotics to eradicate and prevent local infection. The
use of antibiotic cement includes spacer treatment in

staged revision arthroplasty and void-filling struts or bead
pouches in the treatment of open fractures1-4. Although advanced
aseptic technique has significantly reduced infection rates
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associated with primary surgical procedures, surgeons com-
monly use antibiotic-impregnated cement as an adjunct pro-
phylactic in primary total joint arthroplasty5-7. Various
antibiotics, including gentamicin, tobramycin, and vancomycin,
have been added to bone cement either by the manufacturer or
on site by the surgeon4,8-10. Antibiotic selection has a significant
impact on eradication of infection, especially in the setting of
biofilm formation11. Vancomycin, in particular, has demon-
strated a much-needed effectiveness against methicillin-resistant
Staphylococcus aureus and is currently recommended as an an-
timicrobial prophylaxis in arthroplasty when such resistant or-
ganisms are of specific concern10.

Numerous investigators have evaluated the effect of
variations in preparation of antibiotic cement on elution and
mechanical strength. The different variables tested include the
mixing technique12-14, initial antibiotic loading15-17, and use of
inert additives intended to increase strength or elution rates18,19.

Although numerous antibiotics have been incorporated
within bone cement, the quantity and formulation of an added
antibiotic have an important effect on a cement’s mechanical
properties that should be considered15,16,20,21. Investigators have
reported many different techniques for creating antibiotic
spacers, incorporating anywhere from 8 to 12 g of antibiotic per
40-g pack of cement22,23. International industrial standards state
that bone cement used for definitive fixation must have an
ultimate compressive strength of at least 70 MPa (International
Organization for Standardization [ISO] 5833-2). This standard
was established to reduce the likelihood of revision arthro-
plasties due to premature bone-cement breakdown. One study
demonstrated that, depending on the formulation of cement used,
approximately 6 g of vancomycin may be added while still
maintaining the industry standard of 70 MPa for compres-
sive strength12.

Numerous reports suggest that vacuum-mixed cement
often provides a stronger construct than hand-mixed cement
and reduces the number of microscopic pores8,16,24,25. Compari-
sons between vacuum and hand-mixed cement have demon-
strated significant differences in porosity24. Although a reduction
in porosity may yield cement with greater strength, less porosity
is believed to decrease total antibiotic elution and to slow elution
rates8,13,14,26,27.

In an effort to increase the workability of bone cement,
surgeons adding powder antibiotic are tempted to add more
monomer during the mixing process. Adding more monomer,
however, has been shown to have unintended consequences.
Previous studies have demonstrated conflicting results with
regard to the effect of changes in the monomer-to-powder ratio
on cement strength. Haas et al. demonstrated no effect28

whereas Belkoff et al. found decreased strength with an increased
liquid monomer-to-powder copolymer ratio29. In addition to its
effect on strength, alteration of the initial polymerization process
and viscosity may influence antibiotic incorporation and deliv-
ery. A study by Rasyid et al.19 demonstrated how the reduction of
monomer could increase the elution of gentamicin from bone
cement. An understanding of the effects of increasing the mono-
mer on the elution properties of bone cement is also needed.

The numerous studies on various bone-cement prepa-
rations have not addressed the effects of altering the timing of
antibiotic addition to the cement. The technique of adding
antibiotic powder to the cement mixture after initiating the
polymerization process is a novel approach to antibiotic in-
corporation. Initiating polymerization prior to antibiotic in-
corporation may provide a means for increasing cement
strength and antibiotic elution.

In this study, we evaluated the effects of two variations in
the mixing technique on the elution and mechanical properties
of antibiotic-loaded bone cement. The first variation was an
increase in the ratio of liquid monomer to powdered polymer.
The second variation was a delay in the addition of antibiotic
until after initiation of the polymerization process. We evalu-
ated both characteristics by measuring ultimate compression
strength and elution of antibiotic.

Materials and Methods
Cylinder Preparation

Two types of bone cement were used in this study: Simplex P (Stryker
Orthopedics, Limerick, Ireland) and SmartSet MV (DePuy, Blackpool,

England). Both types of cement were provided to us sterilized and pre-
packaged. Three 40-g batches of each cement were used. Five grams of
vancomycin hydrochloride powder (Hospira, Lake Forest, Illinois) was added
to each 40-g batch of cement. The cement and vancomycin mixtures were
prepared with three different techniques, as described below. In each case, the
vancomycin was broken up into a uniform powder with use of a small metal
spatula before it was mixed with cement. Mixing was done with a commer-
cially available manual cement mixer (Zimmer, Warsaw, Indiana) under
vacuum at 66�F to 67�F (18.9�C to 19.4�C). The same mixer was used for
each batch, but it was thoroughly cleaned and sterilized with alcohol prior to
each use.

The first preparation technique (referred to as the ‘‘standard surgical
technique’’) involved mixing the cement powder (40 g) with the vancomycin
powder (5 g) by hand for thirty seconds. Next, 20 mL of liquid monomer (the
manufacturers’ recommended amount for normal cement preparation) was
added and was mixed for sixty seconds in a 30-kPa vacuum environment.

The second preparation technique (referred to as the ‘‘double-liquid-
monomer technique’’) again involved mixing the cement powder (40 g) with
the vancomycin powder (5 g) by hand for thirty seconds. Next, 40 mL of liquid
monomer (double the manufacturers’ recommended dose of 20 mL) was added
and was mixed for sixty seconds under a 30-kPa vacuum.

The third preparation (referred to as the ‘‘delayed antibiotic technique’’)
consisted of first mixing the cement powder (40 g) with 20 mL of liquid
monomer under a 30-kPa vacuum for thirty seconds. The vacuum was then
removed and 5 g of vancomycin was added, followed by an additional thirty
seconds of vacuum mixing at 30 kPa.

Test specimens in the shape of small cylinders were formed for
compression testing and elution measurement with use of a stainless-steel
mold as specified in ASTM standard F451-99a

30
. The mold was cleaned and

sterilized by autoclaving. Each of the previously mentioned cement prepa-
rations was injected with a 60-mL syringe into an array of holes, 6.0 mm in
diameter and 12.7 mm deep, in the mold. Immediately after cement injection,
the molds and samples were stored for one hour in an incubator at 37�C. The
cylinders were then tapped out of their molds and inspected for major defects
or cracks. Exclusion of cylinders was based on ASTM standards

30
. The cyl-

inders suitable for testing were ground to a 12-mm length to meet the ASTM
standard.

Fifteen cylinders from each preparation were randomly selected for
compression testing. Five of these cylinders were incubated at 37�C for twenty-
four hours in a dry test tube and then allowed to cool to room temperature
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before compression testing. Five cylinders were placed in a solution of
phosphate-buffered saline solution (PBS) (wet environment) for six weeks at
37�C. The remaining five cylinders were placed in an empty test tube (dry
environment) for six weeks at 37�C.

Elution Testing
Five cylinders from each preparation were placed in individual test tubes and
immersed in 5 mL of PBS for six weeks. The cylinders were incubated in a 37�C
chamber during elution testing. Samples were collected from each test tube at
one, two, three, four, five, six, and seven days and at two, three, four, five, and six
weeks. At the time of sample collection, each cylinder was rinsed and placed
in 5 mL of fresh PBS. Collected samples were analyzed for vancomycin con-
centration with use of high-performance liquid chromatography (HPLC;
Shimadzu, Kyoto, Japan) with a C18 column, ultraviolet detection at 214 nm,
and a mobile phase consisting of acetonitrile/ammonium acetate at a flow
rate of 1 mL/min.

Determination of Compression Strength
Following incubation, compression testing of each cylinder was carried out on
an 858 Mini Bionix II materials testing machine (MTS Systems, Eden Prairie,
Minnesota) at a crosshead speed of 22 mm/min (ASTM specifications

30
). The

ultimate compressive strength was defined as the peak stress applied to the
specimen before failure. The ultimate compressive strengths were compared
with the ISO standard of 70 MPa (ISO 5833-2).

Statistical Analysis
The effects of the mixing technique (standard surgical preparation, double liquid
monomer, and delayed antibiotic addition) on total elution and elution rates were
analyzed with use of repeated-measures analysis of variance (STATISTICA soft-
ware; StatSoft, Tulsa, Oklahoma). Post hoc multiple comparisons of the ultimate
compressive strength of the bone cement were performed with use of the Tukey
honestly significant difference (HSD) test. Significance was set at p < 0.05.

Source of Funding
Internal funding was received for this study from the Marc A. and Elinor J. Asher
Orthopedic Research Endowment at the University of Kansas Medical Center.

Results

The majority of antibiotic elution took place over the first
seven days (Figs. 1 and 2). Comparisons of total elution

over the first seven days revealed significantly higher rates of
vancomycin release from the cement cylinders prepared with
the delayed antibiotic technique than from the cylinders pre-
pared with the standard surgical technique (p < 0.0001).
Doubling the amount of liquid monomer reduced the total
vancomycin elution over seven days compared with that from
the cylinders prepared with the standard surgical technique
(p < 0.0001). These differences were likewise significant when
cumulative elution was compared over the entire six weeks of
measurements (p < 0.0001). Total vancomycin elution from
Simplex P over six weeks was 52% greater in the delayed
antibiotic group than in the standard surgical technique group
(Fig. 3). Compared with the standard surgical technique, the
use of double liquid monomer led to a 33% decrease in van-
comycin elution from Simplex P over six weeks (Fig. 3). There

Fig. 1 Fig. 2

Fig. 1 Daily elution of vancomycin from SmartSet MV cement over one week. The error bars represent ±1 SD (standard deviation). Fig. 2 Daily elution of

vancomycin from Simplex P cement over one week. The error bars represent ±1 SD.

Fig. 3

Cumulative elution of vancomycin over a six-week period from both

SmartSet MV and Simplex P cement mixed with 5 g of vancomycin with use

of three different mixing techniques. The error bars represent ±1 SD.
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were similar differences in vancomycin elution from the
SmartSet MV preparations over six weeks. Delayed antibiotic
addition led to a 25% increase in elution over that associated
with the standard surgical preparation, whereas incorporation
of double liquid monomer resulted in 35% less elution than
that associated with the standard antibiotic technique (Fig. 3).
Elution over the last five weeks of measurement did not differ
significantly between the standard and delayed antibiotic
techniques. The double-liquid-monomer technique, however,
still resulted in substantially and significantly lower elution
(30% lower for SmartSet MV and 51% lower for Simplex P)
over the last five weeks compared with that associated with the
standard surgical technique (p < 0.0001).

Compression testing proved that all three mixing tech-
niques provided high-dose antibiotic-loaded cement within
industrial standards, measuring above the recommended
70 MPa at twenty-four hours (Figs. 4 and 5). Statistical analysis
did not reveal a significant difference in strength between
cylinders tested at twenty-four hours and those tested after
incubation in a dry environment for six weeks (p > 0.95).
Comparison of the compression strength of the cylinders tested
at twenty-four hours with that of the cylinders tested after six
weeks of elution demonstrated a significant decrease in
strength (p < 0.001). We observed this decrease in strength in
all three cement-preparation groups. All post-elution com-
pression testing showed average cement strength remaining
above 70 MPa. However, the SmartSet MV cement prepared
with the standard surgical technique demonstrated compres-
sion strength with a 95% confidence interval that fell below
the 70-MPa recommendation. Furthermore, strength after six
weeks of elution in the SmartSet MV standard surgical prepara-
tion group was significantly lower than that in either the delayed
antibiotic group or the double-liquid-monomer group (p < 0.01).

Cumulative vancomycin elution over the entire six-week
period ranged from 3.1% to 5.2% of the total added vancomycin,
depending on the type of cement and the preparation technique.
In other words, approximately 95% to 97% of the vancomycin
remained in the cement at the end of the six-week period. The
majority of this elution took place over the first week. Roughly
90% (90% to 93%) of the vancomycin elution over the entire six-
week period occurred in the first week; only 10% eluted over the
remaining five weeks of measurement. Elution profiles illustrate
leveling of vancomycin release at approximately one week (Figs.
1 and 2). Detectable, but much lower, levels of vancomycin
continued to elute for at least four weeks.

Discussion

Delayed antibiotic addition yielded both greater and faster
vancomycin release from our cement cylinders. This

technique produced higher levels of antibiotic elution over the
first week and then amounts equivalent to those produced
by the standard technique for the remaining measurement
period. The mechanism, however, is not clear from our study.
There are multiple theories regarding the mechanism of an-
tibiotic elution from cement: diffusion through a solid matrix,
diffusion through cement voids, and a surface phenomenon8.
The primary factor influencing elution is thought to be po-
rosity8. The superior elution achieved by the delayed tech-
nique may have been due to decreased interference by the
vancomycin with the initial polymerization process. The de-
layed addition of antibiotic may have also increased the po-
rosity of the cement as a whole.

Altering the polymerization process and mechanical
properties of bone cement by varying the liquid monomer-to-
powder ratio ultimately affects elution of any antibiotic added
to the bone cement. In our study, altering the polymerization
process by increasing the ratio of liquid monomer to powder
significantly decreased the elution of antibiotic from the bone
cement. The cement prepared with double liquid monomer

Fig. 4

Compression strength of SmartSet MV cement. Incubated dry = group

incubated at 37�C in the absence of PBS solution, and incubated in PBS =

group incubated in PBS at 37�C. The horizontal axis crosses at 70 MPa, the

ISO standard. The error bars represent ±1 SD.

Fig. 5

Compression strength of Simplex P cement. Incubated dry = group incu-

bated at 37�C in the absenceof PBS solution, and incubated in PBS = group

incubated in PBS at 37�C. The horizontal axis crosses at 70 MPa, the ISO

standard. The error bars represent ±1 SD.
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eluted a significantly lower amount of antibiotic than did both
the standard surgical and the delayed antibiotic preparations.
This decrease in elution may be attributable to less total cement
porosity and increased entrapment of antibiotic within the
cement matrix during polymerization. Less porosity would
allow less antibiotic to be exposed to infiltrating fluids, re-
sulting in lower total antibiotic elution.

It has previously been shown that greater porosity not
only increases elution but also decreases bone cement strength16.
Although, at twenty-four hours, the ultimate compressive
strength of the cement prepared with the delayed antibiotic
technique was lower than that of the cement prepared with
the standard technique, it was less than 10% lower at that
time and was equal to or greater than that in the standard
technique group after six weeks of elution. The resulting re-
duction in strength may have been mitigated by the undis-
turbed, although short, period of polymerization prior to the
addition of the antibiotic.

Belkoff et al. understood that surgeons often varied the
initial ratio of liquid monomer to powder to alter working
time29. Their study demonstrated that increasing the liquid
monomer-to-powder ratio decreased the compressive strength
of bone cement. Haas et al. observed that a decreased liquid
monomer-to-powder ratio decreased working time but an in-
creased ratio did not decrease strength28. Both groups of au-
thors used Simplex P bone cement. The difference between the
results of the two experiments may be attributed to Belkoff
et al. having studied cement mixtures with higher ratios of
liquid monomer to powder, up to double the manufacturer’s
specified amount of monomer. Our study, however, did not
show that doubling the liquid monomer had any substantial
effect on the ultimate compressive strength. Belkoff et al. and
Haas et al. did not add antibiotic to their preparations so it is
likely that the incorporation of vancomycin in our preparations
limited the reduction in strength caused by the additional
monomer, at least at the ratio of 1 g:1 mL used in our study.

The ultimate compressive strength following only one
day of curing in our study was somewhat higher than that
typically reported in the literature16,20,21. In our study, curing
(incubation) was done under dry conditions at 37�C, whereas
most reported values have been measured following one day of
curing at 23�C (ASTM standard F45130). The curing temper-
ature of 37�C is more representative of in vivo temperatures.
Haas et al.28 clearly showed how this difference in temperature
would affect the material properties of curing cement, espe-
cially over the first twenty-four hours. When cement is cured at
37�C, little change in material behavior or strength is expected
between twenty-four hours and six weeks (i.e., after full cur-
ing). Cement that is initially cured at 23�C will not yet have
achieved its final material properties, including ultimate
compressive strength, at twenty-four hours.

Compression strength testing demonstrated that all three
preparation techniques were acceptable according to industrial
standards. However, after six weeks of elution, SmartSet MV
prepared with the standard surgical technique demonstrated
reduced strength with a confidence interval that fell slightly

below the industrial standard of 70 MPa. Pelletier et al. found
that the compressive strength of bone cement prepared with 6 g
of antibiotic decreased to below or near 70 MPa after four
weeks of elution20. Our study confirms their finding of a de-
crease in compression strength of high-dose antibiotic-loaded
bone cement after elution for multiple weeks. Our results also
support the use of the delayed antibiotic technique, which
yielded acceptable industrial strength of both brands of cement
after six weeks of antibiotic elution. When placing an antibiotic
spacer created with the standard surgical technique, surgeons
should consider the amount of partial weight-bearing allowed.
This weight-bearing limit becomes more important with time
as antibiotic elution continues and the mechanical strength of
the cement diminishes.

Although we found that the rate and amount of vanco-
mycin elution varied across mixing techniques, investigation of
the clinical impact of these findings on eradication of infection
was not within the scope of this study. No assay of antimicrobial
effectiveness was undertaken. Previous authors, such as Squire
et al.31, have reported using such assays, and finding in vitro
bacterial growth inhibition that was in line with the quantitative
elution results reported in our study. In our study, the delayed
antibiotic technique effectively increased the total vancomycin
elution, but this effect was primarily limited to the first few days.
By day six, no appreciable difference in elution could be detected
among the various techniques. The new technique did not
substantially increase the duration of effective antibiotic delivery,
but it did increase the total amount delivered. Squire et al. found
that in vitro antibacterial properties of premixed bone cements
were greatly reduced after the first four days. This implies that
other additives or components might be required if antibiotic
delivery is needed over a more extended period.

Identifying the optimal timing of the antibiotic addition
should be further pursued. Different types of cement and an-
tibiotics respond variably and sometimes unpredictably to al-
terations in the mixing technique16. Adding the antibiotic too
early may reduce the total elution, whereas adding it too late
may create large defects in the cement, potentially weakening
the final material. The optimal time and method of delaying
addition of the antibiotic may depend on the cure rate of the
particular cement being used.

Only two commercial brands of cement were used in this
study. Similar results were obtained with both brands, implying
that the results are not unique to a particular commercial ce-
ment. However, we examined the effect of the mixing tech-
nique on the properties of high-dose-antibiotic cement; we did
not evaluate any low-dose combinations. The cement was not
premixed by the manufacturer but mixed with vancomycin on
site to model the mixing of the antibiotic into the cement at the
time of surgery. Studies have demonstrated that increasing the
amount of antibiotic added to bone cement affects mechanical
properties16,20,21. Therefore, the inherent differences between
high and low-dose-antibiotic cement may yield different out-
comes with regard to mixing technique. The interpretation of
our results should therefore be limited to high-dose-antibiotic
cements mixed in the operating room.
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This study clearly demonstrates the advantages of de-
laying the addition of antibiotics until after the initiation of
polymerization when preparing high-dose antibiotic-loaded
bone cement. Adding antibiotic after the initiation of the
polymerization process created higher elution while still
maintaining mechanical strength that met industrial stan-
dards in both the Simplex P and the SmartSet MV group even
after six weeks of elution. Furthermore, doubling the amount
of liquid monomer led to a significantly lower elution profile
compared with the other two preparations. Therefore, to
achieve higher antibiotic elution levels, we propose prepa-
ration of high-dose-antibiotic bone cements with use of the
delayed antibiotic technique. We do not recommend incor-

porating additional liquid monomer when preparing anti-
biotic cements. n
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