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KIIMHUYKM UCTPAXYBAHA

Abstract

The rise of antibiotic resistance of certain bacteria to commonly used agents in antibiotic- loaded
polymethyl methacrylate (PMMA) bone cement has led to the search for new antibiotic agents.
A potential problem in introducing new antibiotics into the PMMA mixture is disruption of the
mechanical properties of bone cement, which is intended for mechanical fixation of joint implants.
The aim of this study was to test compressive strength of bone cement loaded with vancomycin,
meropenem or their combination. Materials and methods: Five groups of samples (PMMA,
PMMA+2.5%w/w vancomycin, PMMA+2.5%w/w meropenem, PMMA+1.25%w/w vancomycin and
1.25%w/w meropenem and PMMA+2.5%w/w vancomycin and 2.5%w/w meropenem) were prepared
and tested for compressive strength according to specifications of the 1S05833:2002 international
standard. Results: All tested groups had compressive strength significantly above the minimum
value of 70 MPa set by the standard (879 - 98.6MPa, p<.0001). All groups of antibiotic-loaded bone
cement had significantly lower compressive strength than PMMA. Conclusion: All tested groups
met the basic compressive strength criteria for clinical use in arthroplasty procedures.
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NsBamok

[TopacToT Ha aHTMOMOTCKATa pesuCcTeHIja Ha OakTepruTe Ha BOOOMUAEHTe areHCH KOM Ce KOPHICTAT
BO noyMetiMetakpuiateH (TIMMA) tieMeHT Kako MeToJ] 3a JIOKA/HO JI0CTABYBambe Ha BICOKH 71031
Ha aHTHOMOTKK BO eHJI0NPOTETHKATA MPE/I3BIKYBA HHTEPeC 3a BOBEJyBathe Ha HOBU aHTHOMOTHIIN.
[TpobyieM Tpi KOPUCTEHETO Ha AHTHOMOTHIIN € HapYIIYBakeTo Ha MEXaHHUKKTe KapaKTepUCTHKY Ha
TeMeHToT. [leTa Ha oBa MCTpaKyBatbe Oellie TpolleHa Ha MaKCHMMaHaTa jakKoCT Ha KOMIpecuja Ha
KOCKEH LIeMEHT €O JI0la/IeHn pasiuuHi KOMMYMHY BAHKOMULMH ¥ MeporieHeM. Matepujaim 1 Meto-
mt: et rpymu Ha ipumeporiy (unet [IMMA, TIMMA co 2,5% Bankomuims, [IMMA co 2,5% MeporieHeM,
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HeM) Oea TIOAITOTBEHH ¥ TeCTMPAHH 3@ MAKCHMajHa jaKoCT Ha MPUTHCOK CIIOPe[t CrieliuKalmjaTa
Ha MeryHaponHuoT cranfapy [SO5833:2002. Pesynratu: Cute rpynut Ha TeCTUPAHU TPUMEPOLIY UMaa
3HAUMTEJTHO MOrojieMa MakcuMaiHa jakocT Ha MPUTMCOK BO OJIHOC HA MUHMMAJIHO OfipefieHata rpa-
Hutia off 70 MPa (879 - 98.6MPa, p<.0001). I'pymuTe co gofaeHi aHTHOMOTHIIN Maa CUrHI(UKAHTHO
TIOHICKA JaKOCT BO OTHOC Ha TpyIaTa 0e3 aHTHOMOTHK. 3aK/ydoK: Bo ofHOC Ha MAKCHMaHATa jaKoCT
Ha IPUTICOK, CHTe UCTIUTaHK (hOPMYIIALIN BO OBAA CTY/IMja Il 3a[J0BOJYBAAT OCHOBHHUTE KPUTEPUYMIL
3a KJIMHWYKA YTI0Tpeba TP MPOLelypuTe Ha apTpPOrIacTHKa.



Introduction

Antibiotic loading of polymethyl
methacrylate (PMMA) bone cement
is an established practice in joint
replacement surgery. Gentamycin-
loaded PMMA is commercially avail-
able from numerous brands. Prophy-
lactic use of antibiotic-loaded bone
cement (ALBC) has become more
frequent due to the results of stud-
ies based on the Norwegian arthro-
plasty register, which showed that
combined use of systemic antibiotic
and ALBC for implant fixation in to-
tal hip replacement leads to lower
revision rates compared to using
systemic antibiotic or ALBC alone.?
Many studies indicate that the revi-
sion risk for total hip arthroplasty
is similar for cemented and non-
cemented implants, but the risk is
higher for cemented implants where
bone cement without antibiotics is
used.’?

The increasing prevalence of mul-
tiresistant bacterial strains causes
decrease in the efficacy of estab-
lished ALBC preparations contain-
ing gentamycin. Therefore, there
is interest in developing ALBC with
different antibiotic combinations.®’
One of the challenges of adding an-
tibiotics to bone cement is alteration
of mechanical properties of the ce-
ment, which are critical when used
for implant fixation.® The Interna-
tional Organization for Standardiza-
tion (ISO, Geneva, Switzerland) de-
fines compressive strength as one of
the key indicators of the mechanical
properties of polymerized cements,
setting a requirement that all com-
mercially available bone cements
must withstand a compression force
of at least 70 MPa.?

The aim of this study was to test the
compressive strength of bone ce-
ment loaded with vancomycin, me-
ropenem or their combination, and
to determine whether the tested
combinations meet the compressive
strength requirements for use in im-
plant fixation.

Materials and methods

We conducted an experimental
study, in which we tested the com-
pressive strength of the commer-
cially available bone cement Smart
Set Endurance™ MV (DePuy Synthes)
loaded with vancomycin and merope-
nem for intravenous use in powder
form. All tested samples were manu-
factured from the same cement se-
ries with LOT number 3684077. We
produced and tested five groups of
samples with the following antibi-
otic combinations:

1. PMMA group - control group
without antibiotic

2. V 2.5% - 40 g PMMA with 1 g van-
comycin

3. M 2.5% - 40 g PMMA with 1 g me-
ropenem

4. VM 2.5% - 40 g PMMA with 0.5 g
vancomycin and 0.5 g meropenem

5. VM 5% - 40 g PMMA with 1 g van-
comycin and 1 g meropenem

For all groups of samples, we test-
ed the compressive strength as the
maximum compressive force before
plastic deformation of cylindric spec-
imens occurs, following the instruc-
tions of the ISO5833:2002, Annex
E - Determination of compressive
strength of polymerized cement.’

We prepared a total of 50 samples,
with 10 samples per each group.
We prepared the bone cement ac-



cording to packaging instructions.
Cement mixing was performed in
sterile conditions, at a temperature
of 23+1°C. In all groups containing
antibiotics, the powder component
of the bone cement was mixed with
the antibiotic powder and then the
liquid component of the cement was
added. The mixture was stirred with
a spatula until a gloved finger with a
sterile unpowdered latex glove sepa-
rated cleanly from the cement. Then
stainless-steel moulds (Figure 1 A.)
were filled with the cement dough
and clamped with end plates. Af-
ter one hour of cement setting, the
molds were unclamped, the excess
cement was removed with an abra-
sive, and the specimens were re-
moved with removal rods.

The samples for compressive
strength testing were cylinders of
length 12 (+0.1) mm and diameter
6 (x0.1) mm (Figure 1). They were
stored in air for 24 hours, at a tem-
perature of 23+1°C. Six samples were
discarded due to visible defects in
shape and filling. The average di-
ameter of each test piece was mea-
sured, taking the measurements in
two mutually perpendicular direc-
tions for two sections. This data was
used to calculate the average diam-
eter, sample surface, and volume. All
samples were weighted, and density
was calculated as the ratio of mass
to volume.

Figure 1. A. Molds for sample preparation. B. Cylindrical samples with 6 mm diameter and 12
mm height, group PMMA. C. VM 2.5% samples after testing

Compressive strength was tested
for the remaining 44 samples at
the Laboratory for material testing
at Faculty of Mechanical Engineer-
ing, Ss. Cyril and Methodius Uni-
versity in Skopje using Shimadzu
AGS-X 10kN materials testing ma-
chine with a speed range 0.001 to
1000 mm/min (Figure 2). The test-
ing was performed at a cross-head
rate of 23 mm/min. Data on force (N)
and stroke (mm) were collected and

compressive strength was calculat-
ed in MPa (N/mm?). Figure 3 shows
the output of the testing machine
with the compressive strength
graph. Two samples (from groups V
2.5% and M 2.5%) were ejected of the
machine during compression, and
results for these samples were ex-
cluded from the analysis.
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Figure 1. A. Shimadzu AGS - X materials testing machine. B. A sample set for testing in the
materials testing machine

A.

The data were analyzed for a total of 42
samples with XLStat software for
Excel (Lumivero (2024). XLSTAT sta-
tistical and data analysis solution.
https://www.xlstat.com/en.) The re-

sults were examined with one-sam-
ple t-tests and analysis of variance
(ANOVA) with post-hoc tests. We
used alpha level of .05 for all statis-
tical tests.

Figure 3. Output with graph for force/stoke relationship for sample 4 from PMMA group
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Results

The average density of tested sam-
ples is shown in Table 1. All groups
had normal distribution, as shown
by the Shapiro-Wilk test. A one-way

ANOVA revealed no statistically sig-
nificant difference in density be-
tween at least two groups (F=1.831, p
= .077), showing the homogeneity of
specimen production.

Table 1. Sample density (mg/mm?3)

Group Ne of samples | Average density SD Shapiro-Wilk
(mg/mm>) P value
PMMA 8 1.216 0.042 0.993
V2.5% 8 1.187 0.047 0.246
M2,5% 8 1.173 0.052 0.551
VM 2.5% 10 1.202 0.017 0.116
VM 5% 8 1.188 0.030 0.517

The stress/strain relationship for
sample 3 from PMMA group is pre-
sented in the graph in Figure 4 as
a typical example of sample behav-
ior. The first part of the graph curve
is linear and represents the elas-
tic sample deformation. When the
strain of the vield point is reached,

the stress begins to decrease and
then a significant plastic deforma-
tion with a slight stress increase oc-
curs until the sample breaks. The
analysis of the compressive strength
was performed with the yield point
values, as they either coincide with
or occur prior to the breaking point.

Figure 4. Stress/strain relationship for sample 3 from PMMA group

Stress/strain curve for sample PMMA 3
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The average compressive strength
was significantly above the thresh-
old of 70 MPa in all examined groups
(one sample t test, p<0.0001 for all
groups). The percentage values above
each column in Figure 5 represent
the relative decrease in the com-
pressive strength of ALBC groups
compared to PMMA.

The Shapiro-Wilk test showed a nor-
mal distribution of data across all

groups (p>.05 for all groups), and
there was homogeneity of variances
(Levene’s test F=1.575, p=.201).

There were statistically significant
differences between group means
as determined by one-way ANOVA (F
(4.37) = 19.377, p <.0001). Coefficient
of determination R? was 0.68, sug-
gesting that 68% of the compressive
strength variance can be attributed
to antibiotic addition.

Figure 5. Average compressive strength of all examined groups. Red line: Minimum
acceptable value according to ISO5833
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Post hoc comparisons using the
Tukey HSD test indicated that the
mean score for PMMA was signifi-
cantly different than that in the
groups with added antibiotics. How-

VM 2,5%

M2,5%

VM 5%

ever, no significant differences were
observed among ALBC groups (Table
2). The minimum significant differ-
ence was 4.7 MPa.

Table 2. Tukey HSD comparisons
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Discussion ed ALBC with different antibiotic
PMMA  polymerization  creates combinations and found greater ef-

chemical bonds that determine
its mechanical properties. Antibi-
otic molecules do not participate
in the polymerization chain reac-
tion; therefore, their presence in
the polymer matrix decreases its
mechanical performance. In vitro
studies have shown a significant de-
crease in the compressive strength
of bone cement loaded with cefazo-
line, cefuroxime, ceftazidime, me-
ropenem, vancomycin, clindamycin
and gentamycin, with clindamycin
and gentamycin causing decrease
below the minimal values necessary
for weight bearing.!°

Double antibiotic loading of bone ce-
ment is considered to have multiple
benefits. Studies examining bone ce-
ment loaded with vancomycin and a
second antibiotic showed that the
addition of the second antibiotic
improved vancomycin release. This
is explained by the phenomenon of
“passive opportunism”, meaning
that the release of the first antibi-
otic creates voids in the cement,
which in turn facilitate the release
of the second antibiotic.”" Combin-
ing two antibiotics broadens the an-
tibacterial spectrum of the ALBC.
Numerous studies have investigat-

ficiency of antibiotic combinations
in bacterial growth inhibition and
reduction of infection incidence.”? A
study of 848 patients with hip frac-
ture treated with hemiarthroplasty
showed significantly lower incidence
of deep infections in patients who
received bone cement loaded with
gentamycin and clindamycin com-
pared to those who received ALBC
with gentamycin only.”® In another
study that tested in vitro bacterial
growth inhibition, ALBC samples
containing vancomycin inhibited all
Gram-positive bacteria, and when
meropenem was added, inhibition
of E. coli and P. aeruginosa was also
observed.!

In this study, we examined the com-
pressive strength of different anti-
biotic combinations that could po-
tentially be used for primary and
secondary infection prevention in
arthroplasty. The compression test
evaluates the maximum compres-
sive force before the plastic deforma-
tion of cylindric specimens occurs.
Compressive strengths of commer-
cially available bone cements differ
depending on their brand and com-
position, and range commonly be-
tween 80 and 100 MPa.’> However,



all commercially available ALBCs
must meet the ISO requirement to
withstand a compression force of at
least 70 MPa.

In our study, all ALBC groups had
significantly lower compressive
strength compared to antibiotic-
free PMMA. All tested groups had
an average compressive strength
significantly above the threshold of
70 MPa set by the ISO5833. Persson
et al. also tested ALBC with different
doses of vancomycin and merope-
nem and found no significant de-
crease in the compressive strength
compared to antibiotic-free control,
although there was some reduc-
tion in the compressive strength in
all ALBC groups.'® The discrepancy
with our findings may be attributed
to differences in cement and anti-
biotic brands that may influence
some of the variability of the bone
cement compressive strength, since
we found that only 68% of the com-
pressive strength variability could
be attributed to antibiotic addition.

Lilikakis and Sutcliffe tested vari-
ous cement brands loaded with van-
comycin of 2.5% w/w, 5%w/w and
10% w/w. They found that all tested
doses caused a significant drop in
the compressive strength of all ex-
amined brands, with most values
being significantly above 70 MPa.
Only the 10% w/w dose had a com-
pressive strength of 74.55 MPa, and
did not significantly differ from the
threshold of 70 MPa.” Wang et al.
found that meropenem can be added
to bone cement in doses up to 15% of
weight without significantly alter-
ing its mechanical properties, while
establishing antibiotic release for
24 days at 37°C.'"® According to them,
high doses of vancomycin (5%, 10%)

lower the compressive strength of
bone cement below 70 MPa.

In this study, we did not have the
resources to test different cement
brands. Although we expect that
trends in mechanical properties
changes would remain the same
across different brands, the magni-
tude of changes may differ, as shown
in the study of Lilikakis and Sut-
cliffe.”” Using these antibiotic doses
with different cement brands, espe-
cially at the highest dose, should be
undertaken with caution. Investi-
gation of different brands with the
same antibiotic doses may show the
magnitude of differences between
them and their clinical significance.

In conclusion, meropenem and van-
comycin loading decreases the com-
pressive strength of bone cement.
However, all tested doses meet the
compressive strength requirements
set by the international standard.
Therefore, they may be considered
for use in arthroplasty procedures
in high-risk patients, particularly
for secondary prevention in patients
where infection was caused by sus-
ceptible organisms.
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