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Antimicrobials in polymethylmethacrylate: ==

from prevention to prosthetic joint infection
treatment: basic principles and risk of resistance
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Abstract

Background Excellent revisions about antibiotic-loaded bone cement (ALBC) have been recently published. In the
present article, we review the principles and limitations of local antibiotic delivery in the context of recent advances
in the pathogenesis of prosthetic joint infections (PJI), with particular attention paid to the potential association
between ALBC and antimicrobial resistance.

Main body Recalcitrance of PJI is related to the ability of pathogens to adapt to particular environments present in
bone tissue and protect themselves from host immunity in different ways. Accordingly, delivery of high local antimi-
crobial concentrations using ALBC is needed. Most relevant clinical data showing the efficacy of ALBC for PJI prophy-
laxis and treatment are reviewed, and we dissected the limitations on the basis of the recent findings from animal
models and suggested that aminoglycosides, in particular, could not be the best option. One of the major concerns
associated with ALBC is the emergence of resistance because of theoretical prolonged exposure to low antibiotic
concentrations. We summarize the mechanisms for the selection of resistant microorganisms, and we critically
reviewed the evidence from animal models and clinical data from observational and registry studies and concluded
that there is no evidence to support this association.

Conclusion While waiting for better evidence from well-designed clinical trials, ALBC shows a beneficial effect as a
prophylaxis in arthroplasty, and to avoid the colonization of spacers used for two-stage revision in patients with PJI.
Experimental models and clinical evidence suggest the need to achieve high local antimicrobial concentrations to
obtain the highest prophylactic and therapeutic effect. The current evidence does not support the risk of increas-
ing resistance with use of ALBC. In the future, it is necessary to evaluate new carriers and different antimicrobials to
improve clinical outcomes.
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Introduction

Foreign-body infections are characterized by the pres-
ence of microorganisms in phenotypes that are different
from the ones we encounter in other infections like uri-
nary tract or respiratory tract infections. In the second
one, microorganisms are actively replicating, induce a
potent inflammatory response and can evolve to sepsis
or septic shock in a few hours or days. In this scenario,
prompt antibiotic treatment is necessary to reduce the
mortality rate and, in general, it suffices to serve the
purpose with a course of 7 days even in the presence
of bacteremia [1]. In contrast, the presence of a for-
eign body (orthopaedic implant or necrotic/dead bone)
changes the natural history of infection. Bacteria and
fungi in specific environments surrounding implants
(e.g., low pH, low oxygen or nutrient availability) are able
to evolve, reducing their metabolism and virulence and
forming small colony variants (SCV). This phenotype
will be eliminated by phagocytic cells, but they protect
themselves from immunity and antimicrobials in dif-
ferent ways [2]. Consequently, the clinical presentation
of prosthetic joint infections (PJI) is more frequently
chronic and their response to systemic antimicrobi-
als poorer as compared to other infections, requiring
prolonged courses (>6 weeks) and implant removal to
achieve high success rates [3].

According to this evidence, many years ago emerged
the concept of using antibiotic-loaded bone cement
(ALBC) to fix implants and reduce the number of infec-
tions or to make spacers to treat PJI, among other indi-
cations. Recently, excellent revisions about ALBC [4—6]
have been reported and the present article aims, in gen-
eral, to review the principles and limitations of ALBC on
the basis of recent advances and, in particular, discuss its
potential association with antimicrobial resistance. This
paper is a narrative review and covers 5 main topics: local
antimicrobials for the treatment of PJI, pharmacokinet-
ics and efficacy of antibiotic-loaded polymethyl meth-
acrylate, clinical evidence in infection prophylaxis using
ALBC and PJI treatment using antibiotic-loaded spac-
ers, resistance after exposure to polymethyl methacrylate
loaded with antibiotics and definition of antimicrobial
susceptibility to locally-delivered antibiotics.

Are local antimicrobials necessary

for the treatment of PJI?

The failure rate in PJI even after implant removal using a
two-stage revision approach varies from 46 to 100% [7].
Although different reasons are proposed to explain the
high failure rates, including mechanical problems related
to the spacer or medical problems associated with pro-
tracted inactivity of the patient, the infection-related fail-
ures remain important.
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Classically, it has been believed that a concentration of
the antibiotic 100 to 1000 times the minimum inhibitory
concentration (MIC) is necessary to eradicate biofilms [8].
This concentration is not achievable with systemically-
administered antibiotics and consequently the standard
treatment of chronic PJI includes the complete removal
of the implant, cement, and necrotic/dead bone [9] and
local delivery of high-concentration antimicrobials. The
most widely used surgical strategy is the two-stage proce-
dure using spacers of polymethyl methacrylate (PMMA)
bone cement serving as antibiotic carriers. However, con-
sidering that adequate surgery removes the inert surfaces
where the biofilm resides, is it still necessary to provide
local antibiotics? In general, it is thought that there could
be a residual biofilm. However, the presence of these
structures has not been found in the peri-implant tissues.
A question presents itself: Why the failure rate remains
so high? We have been focusing on the presence of bio-
films for many years, but probably the biofilm is just one
of the placements where microorganisms remain pro-
tected. The bone and joint environment promotes the
formation of SCV as an adaptive bacterial strategy to sur-
vive that is only apparent under stressful conditions, but
not detected under the standard conditions under which
MIC is measured in microbiology laboratories [10]. This
bacterial phenotype is tolerant to antibiotics, but it would
be eliminated by phagocytes if it were not for their ability
to protect themselves. Beyond biofilms, other locations
where SCV are protected include the clumps induced by
synovial fluid, the intracellular space of osteoblasts, the
abscesses in the bone surrounding implant, or the bone
canaliculi (Fig. 1). Synovial fluid causes a staphylococcal
aggregation (clumps) and it has been demonstrated that
the concentration needed to eradicate these bacteria far
exceeds the MIC of anti-staphylococcal cephalospor-
ins [11]. Another location is the intracellular space and
several in vitro experiments have described the ability
of Staphylococcus aureus SCV to survive within osteo-
blasts [12], although no in vivo data have proven this
potential mechanism. Other locations where SCV can
persist has recently been described using a pig model
that allegedly could define the histological and metabolic
characteristics of the bone area surrounding an infected
implant [13]. The model consisted of a small steel implant
inserted in the tibial bone and inoculated with a low-
inoculum of S. aureus. The main histological findings
were: (1) the presence of abundant neutrophils forming
microabscesses containing bacteria, and (2) vessel-free
foci that consisted of osteonecrosis, inflammatory cells,
bacteria, and bands of collagen. Both environments stim-
ulated the formation of SCV and were good substrates
for protecting SCVs from host immunity [14]. Finally, a
recent experimental model and human biopsies from
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Synovial fluid (clumps)

Implant surface (biofilm)

Peri-implant bone (micro abscess,
necrotic bone)

Compact bone (canaliculi)

Fig. 1 Potential structures that serve S. aureus small colony variants to protect themselves from immune system and antibiotics (see text for

description)

peri-implant infections have found S. aureus living in the
bone canaliculi of compact bone adjacent to the infected
implant [15-17]. Compact bone has bone canaliculi that
consist of small channels from the lacunae (osteocytes)
to the haversian canal (blood vessels) to provide passage-
ways through the hard matrix. This space is used by S.
aureus to escape from neutrophiles but, at the same time,
the low vascularization of compact bone may predict
that, in these canaliculi, the antibiotic concentration after
its systemic administration is low. Consequently, it is rea-
sonable to use local antimicrobials that theoretically can
provide higher local concentrations to kill SCV. However,
whether x100-1000 MIC is enough (as for biofilms) or
even higher concentrations are necessary to eradicate
SCV in other locations is not well defined as well as the
total exposure (days, weeks, months). It is of note that the
capacity to form SCV and survive in different environ-
ments has been described mainly for S. aureus [18], and
more data are needed for other pathogens.

Pharmacokinetics of polymethyl methacrylate
(PMMA) antibiotic elution

PMMA is an insoluble-in-water plastic that polymer-
izes from mixing a powder containing microspheres of
PMMA and a polymerizing monomer in an exothermic
reaction. Its insolubility does not permit the delivery of
any water-soluble drug (antibiotics) contained within
the PMMA and, theoretically, only the drug located
in the surface of PMMA dissolves in the surrounding
fluid. However, PMMA has intrinsic porosity due to the
entrapment of air not completely removed during the
polymerization. Although porosity reduces the strength
of PMMA, this is a positive feature for drug delivery.
PMMA porosity allows for fluid penetration and release
of deep drug by dissolution and diffusion. Accordingly,
the use of poragens (substances that increase the porosity

of PMMA) has been evaluated to increase the drug
delivery.

The kinetics of antibiotic elution is characterized by a
first burst that represents the immediate delivery of the
drug located on the surface of the PMMA, followed by
the release of the drug within the PMMA because of
fluid absorption into PMMA pores. The diffusion of the
drug from the pores to the fluid surrounding the PMMA
is directed by a concentration gradient. To quantify the
total mass of antibiotic that is released from PMMA and
to compare the eluent efficacy of different preparations or
different antibiotics, the fluid in contact with PMMA is
exchanged constantly over a period of 30 days when the
release falls to near zero. This laboratory test maintains a
low antibiotic concentration around the PMMA, simulat-
ing an infinite sink condition. These studies allow us to
know the total antibiotic mass that can be released from
PMMA and to study the parameters that predict the elu-
tion. From these studies, we know that the 3 main driv-
ers of elution are (1) the molecular interaction between
the antibiotic and the PMMA (in general not a problem
except in some specific cases, such as anphotericin B
that binds to PMMA and is not released, although this
is overcome with liposomal formulation), (2) the PMMA
surface in contact with the surrounding fluid, and (3)
whether PMMA is subjected to loading or not.

The surface of PMMA can be modified by increasing
the porosity. The antibiotic powder itself is a poragen
and the size of the antibiotic particulates, the presence
of water-soluble excipients (e.g., cyclodextrin in vori-
conazole preparation) and the total antibiotic dose per
batch of PMMA will increase the porosity, thus leading
to a higher percentage of antibiotic release at the expense
of reduced strength of PMMA [19]. The percentage of
antibiotic release using low doses is 3—5%, but this rate
increases to 30—-75% at high doses. A second determinant
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of the porosity is the mixing method. Mixing under
vacuum reduces the air bubbles and, consequently, the
porosity and increases the strength of the PMMA. At
low dose (<2 g per 40 g of PMMA), antimicrobials do
not affect the PMMA polymerization and the mixing
method does not alter significantly the drug release [20].
However, mixing under a vacuum reduces the release of
antibiotics when high doses (>10 g per 40 g of PMMA)
are used [21]. Orthopedic surgeons should be aware
that, with high doses, hand mixing is better for elution
purposes but significantly reduces the strength of the
PMMA and a metal core is recommended. In addition,
using more than 16 g of antibiotics per 80 g of PMMA
makes mixing difficult in spacer molding [22]. Finally,
spacers subjected to loading, like daily activities, increase
the antibiotic release up to 2 times [23].

The efficiency of PMMA to elute a specific antibiotic in
vitro is important, but we need to know the concentra-
tion achieved in the surrounding tissue, synovial fluid,
and peri-implant bone for prophylactic and therapeutic
purposes (Fig. 1). The dose used in prophylaxis is 0.5-2
g per 40 g of PMMA and the mantle applied around the
prosthesis is few millimeters thick. We don’t know the
concentration achieved in the peri-implant space, but the
small fluid volume and the limited flow in the implant/
bone interface predicts high levels. On the other hand,
the data from postoperative drain fluid levels reflect the
antibiotic concentration that protects the extraosseous
parts of the implant. These reports showed a peak at 12
h that generally is above the MIC of susceptible micro-
organisms, but then the concentration decreases rapidly.
Considering that most implant infections are the conse-
quence of intraoperative contamination, the use of local
antibiotics could help the systemic one to reduce the risk
of infection. In addition, large national registries with
long follow-up support that no reduction in the implant
fixation occurs when antibiotic-loaded cement is used
and even aseptic loosening is less frequent [24]. How-
ever, there are concerns about the potential association
between antimicrobial resistance and whether amino-
glycosides continue to be the best agents for prophylaxis.
These aspects are addressed in the following sections.

For therapeutic purposes, antibiotic-loaded spacers
have been widely used in a two-stage exchange proce-
dure. Antimicrobial delivery from spacers have been ana-
lyzed by measuring concentrations in the postoperative
drain fluid [25-27]. From these studies the major conclu-
sions are: (1) the higher the dose and the number of anti-
biotics in the cement, the higher the antibiotic elution,
(2) doses of > 3 g of antibiotic per 40 g of PMMA deliver
concentrations higher than 500 mg/L during the first
7 days after spacer placement, (3) concentrations well
above the MIC of microorganisms involved in PJI remain
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at the moment of spacer removal (>6 weeks), (4) doses of
1-4 g of antibiotic per 80 g of PMMA deliver concentra-
tions below 50 mg/L at peak and around 1-5 mg/L after
1 week, and even lower concentrations at the moment of
implant removal, and (5) systemic antibiotic concentra-
tions, even at high local doses, are only < 2 mg/L.

This data suggest that by using spacers with high
doses, concentrations >100 times the MIC of the micro-
organisms causing PJI can be achieved. However, all the
information comes from studies using drain fluid. The
problem is that there are no data showing the concentra-
tions in the peri-implant bone and compact bone sur-
rounding the infected implant. This is important since
data suggest that the elution from spacers is not homog-
enously distributed [28], and transcortically-transported
(from peri-implant tissue to cortical bone) antibiotic is
sub-optimal [29]. To learn more about the potential use-
fulness and limitations of local antibiotic delivery using
PMMA, we are going to review the most recent and rele-
vant information coming from experimental models that
best mimic the PJI conditions.

Efficacy of antibiotic-loaded PMMA for the treatment of PJI
in experimental models

Experimental models of PJI have been established using
different materials, locations, or animals. Staphylococcus
aureus is the most used pathogen, but the microorganism
and the material are pre-incubated and then implanted
in some cases, or the pathogen is inoculated before or
after the implant placement in others. This heterogenic-
ity makes it difficult to extend the efficacy of different
interventions to humans [30]. Several models have evalu-
ated the efficacy of antibiotic-loaded cement as prophy-
laxis, but few have been designed to analyze its efficacy
as treatment of PJI using antibiotic-loaded cement spac-
ers. Carli et al. [31] made a mouse model of two-stage
revision for PJI caused by S. aureus using an antibiotic-
loaded cement spacer. A 40 g of PMMA powder was
mixed with 2 g of vancomycin powder by using a spatula.
The mixture was used to form knee spacers. Twenty mice
underwent proximal tibial implantation with 3 x 10° col-
ony-forming units (CFUs) of S. aureus and after 2 weeks,
and 9 were randomly selected for receiving revision sur-
gery. An articulating vancomycin-loaded PMMA spacer
was inserted into the proximal tibia and the animals were
followed for 6 weeks without systemic antibiotics. At the
end of the follow-up, animals treated with spacers had
lower levels of inflammatory biomarkers in compari-
son to their non-treated counterparts, and no signs of
periosteal reaction or proximal tibial fragmentation was
found on X-ray and no purulent material during surgery
was present in non-treated ones. The total amount of
CFU from implant sonication was significantly lower in
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vancomycin-loaded spacers than in the original infected
implants. In contrast, the culture of periprosthetic tissue
counts were similar in treated (2.53 £+ 3.2 x 10° CFUs)
and non-treated (3.7 £ 3.38 x 10° CFUs, P = 0.261)
mice. This study suggests that antibiotic-loaded cement
spacers without systemic antibiotics are effective for pre-
venting spacer surface bacterial colonization and reduc-
ing the soft-tissue damage, but fail to eradicate S. aureus
from the periprosthetic tissue, at least when dosage was
at 2 gin 40 g of PMMA.

What happens in the periprosthetic tissue

of an infected implant that even high local antibiotic
concentrations are not enough to eradicate the infection
from the peri-implant tissue?

To answer this question, it is of interest to come back
to the above-mentioned pig model developed by Jensen
et al. [13]. The histological characteristics showing
microabscesses and free vascular areas make it difficult
for the antibiotic diffusion to attain the target. Indeed,
they observed low gentamicin concentrations (<3 mg/L)
in the bone adjacent to gentamicin-loaded calcium sul-
phate in the pig model [32]. This low gentamicin con-
centration associated with the documentation that the
peri-implant bone had low oxygen concentration [33]
could explain the limited therapeutic efficacy of ami-
noglycosides. It is of note that aminoglycosides require
oxygen to cross the bacterial cell membrane, and conse-
quently, their activity in hypoxic environments is limited
and they are non-active against anaerobes. These findings
call into question the role of aminoglycosides in the treat-
ment of peri-implant osteomyelitis, while they retain a
good efficacy as local antibiotic prophylaxis.

In summary, local antibiotics are needed but the
presence of microabscesses and bone necrosis in the
peri-implant bone area together with a hypoxemic envi-
ronment significantly lower the concentration of the
antibiotic in the peri-implant tissue and also reduce the
efficacy of antibiotics, but, in particular, aminoglyco-
sides. New carriers delivering higher antibiotic concen-
trations and different antibiotics should be evaluated in
the future. In the next sections we review the clinical tri-
als assessing the efficacy of antibiotic-loaded PMMA for
reducing the infection rate in joint arthroplasty and the
evidence for the treatment of PJI using antibiotic-loaded
spacers.

Clinical evidence in infection prophylaxis using ALBC

The role of ALBC in PJI prophylaxis after total joint
arthroplasty has been widely discussed. Several system-
atic reviews and meta-analyses have recently analyzed
the current evidence of the effect of ALBC vs. plain bone
cement (PBC). Sultan et al. [34] showed contradictory
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results for PJI rates when using ALBC in primary pro-
cedures in comparison with PBC, while Sebastian et al.
[35] supported its effectiveness in preventing PJI in total
joint arthroplasty. Ekhtiari et al. [36] reviewed five rand-
omized controlled trials that showed a potential benefit
of ALBC in both primary and revision arthroplasty sur-
gery, but with no statistically significant overall differ-
ences. Farhan-Alanie et al. [37] found a protective effect
against infection in total hip arthroplasty (THA), but not
in primary knee replacements. On the opposite, Xu et al.
[38] defended the potential reduction of PJI after primary
total knee arthroplasty (TKA) by using ALBC, especially
with the use of gentamicin and high-dose ALBC (>1 g/40
g of PMMA). Some studies have also shown a reduction
in aseptic loosening when using ALBC, with a lower all-
cause revision rate, probably because of undiagnosed PJIs
[39-41], while other authors did not support this postu-
late [42]. Despite these variable results, we must remark
on the huge heterogeneity of the reported meta-analyses.
Table 1 summarizes the randomized controlled trials
(RCT) that compared ALBC and PBC [43-46], excluding
first experiences from Pfarr et al. and Wannske ez al. for
lacking data [47, 48]. Three articles showed benefit, and
the other 2 did not, but one yielded a low PJI rate (1%) and
the other used colistin and erythromycin as local antibi-
otics with poor activity against Gram-positive microor-
ganisms. Chiu et al. had also demonstrated the benefit
of ALBC in higher risk population, such as patients with
diabetes mellitus with a previous smaller-sized RCT in
which cefuroxime-impregnated cement prevented PJI (0%
in ALBC-group vs. 13.5% in PBC-group, P = 0.021) [49].

Consistent with the conclusion of a meta-analysis by Xu
et al. that higher antibiotic doses yielded better results,
Sprowson et al. [50] demonstrated better outcomes with
the use of high-dose dual-antibiotic local prophylaxis in
comparison with low-dose single antibiotic. This study
was not included in most meta-analyses because it did
not incorporate a PBC arm, but the rate of PJI was 1.1%
in the clindamycin 1 g plus gentamicin 1 g group against
3.4% in the 1 g single-gentamicin group (P = 0.041). Tyas
et al. [51] showed that this effect was maintained over
time, and it was even associated with a lower number of
resistant strains in infected cases (although the propor-
tion of infection with resistant microorganisms were
higher in this group in relative terms as discussed later).
As we pointed out before, doses up to 2 g/40 g of PMMA
do not alter the biomechanical properties of the cement
and may confer benefits in prophylaxis.

Regarding observational retrospective studies, they
have the main limitation of selection bias. Higher-risk
patients are more likely to receive ALBC, so we can
expect worse outcomes in large series despite control for
confounding factors. This issue has been proved in some
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Table 1 Randomized controlled trials comparing ALBC vs. PBC in PJI prophylaxis during total joint replacement

First Author, year Country Study period Antibiotic, dose Joint n (ALBC/PBCQ) PJIALBC PJIPBC Comments

(g/40 g PMMA) n (%) n (%)

Josefsson etal. 1981  Sweden 1976-1978 Gentamicin, 0,5 Hip 1633 (821:812) 3(0,37) 13(1,60) P<0.01 No systemic

[43] prophylaxis
in ALBC
group

McQueen etal. 1990 UK 1982-1985 Cefuroxime, 1,5 Hip and knee 401 (201:200) 2 (1,00 2(1,000 n.s. No systemic

[44] prophylaxis
in ALBC
group

Chiuetal. 2002 [49]  China 1994-1998 Cefuroxime, 2 Knee 340 (178:162) 0(0,00) 5(3,09) P 0.0238

Chiuetal. 2002 [49]  China 1993-2004 Vancomycin, 1 Knee 183 (93/90) 0(0,000 6(700 P0.0130

Hinarejos etal. 2013 Spain 2005-2010 Erythromycin, 0,5/ Knee 2948 (1483:1465) 20(1,35) 20(1,37) n.s.

[46] Colistin 3 MU

studies, where there was a significantly higher presence of
comorbidities in the ALBC group than in the PBC group:
more diabetes, higher ASA grade and more indications
different from osteoarthritis [52], more severe obesity,
more bilateral surgeries, and longer surgery duration [53]
or more cases of diabetes, obesity, hepatitis C virus infec-
tion, higher smoking rates, and greater ASA grades and
charlson comorbidity index (CCI) scores [54].
Furthermore, the outcome chosen in most of the stud-
ies (revision rate for PJI) may underestimate the actual
PJI rate and the potential benefit of ALBC in the preven-
tion of early infections, as many of these patients do not
undergo a revision procedure but a debridement with
implant retention, and national registries do not encode
debridement as revision surgery, neither they collect
conservative treatments with antibiotic suppressive ther-
apy. Habitual concerns about the use of ALBC, such as
emerging of antibiotic-resistant microorganisms, do not
represent a limitation as discussed later in this document.
In conclusion, there is an important lack of high-quality
evidence about the efficacy of ALBC in primary prophy-
laxis of PJI. However, while expecting results of ongoing
prospective studies, such as ALBA trial [55], we believe
that 2 g of antibiotic (gentamicin) or a combination of 1
g of 2 antibiotics per 40 g of PMMA in patients with risk
factors for infection is a reasonable strategy. Further ran-
domized controlled studies should be carried on.

Clinical evidence in prosthetic joint infection treatment
using antibiotic-loaded spacers

In 2012, Iarikov et al. [7] reviewed the experience with
antibacterial cement spacers in 2-stage hip or knee
arthroplasty for the treatment of PJI. Their conclusion
was that data published do not allow a decision to be
made on the best antibiotic and the adequate dose.
Therefore, we have reviewed the new literature from

2012 to explore potential advances that help to clarify
the role of antibiotic-loaded spacers.

We searched for those articles that describe the rein-
fection rate in more than 10 PJI treated with 2-stage
revision surgery using antibiotic-loaded cement spac-
ers and they provide information about the total dose
of the antibiotic in the cement. High dose of local anti-
biotic was considered when > 2 g was used or when >
2 antibiotics were mixed disregarding the individual
dose. A total of 7 articles were retrieved, with 6 hav-
ing the outcome of re-infection after the second stage
[56-61], and 1 giving the culture result at the second
stage [62]. The main characteristics of the articles are
depicted in the Table 2. The eradication rate using low
antibiotic dose ranged from 57 to 81%, although con-
sidering only those studies that evaluated infection
eradication it was from 80-81%. The rate for those
cases receiving high antibiotic dose ranged from 60 to
98%. The 60% eradication rate was observed in 10 cases
infected with methicillin-resistant S. aureus, but upon
removal of this group, the rate varied between 79 and
98%. From these results, it was difficult to reach any
firm conclusions, although it seems that higher eradi-
cation rates were associated with high doses. On the
other hand, the study from Carvalho et al. showed that
combination of 2 antibiotics in the cement spacer was
associated with significantly lower rate of positive cul-
tures during the second stage. These results are in line
with the findings reported by Wouthuyzen-Bakker et
al. [63] in 344 cases and specifically showed that adding
vancomycin to gentamicin cement spacers significantly
reduced the isolation of coagulase-negative Staphylo-
cocci in the second stage. Therefore, these studies sup-
port the need to select an active local antibiotic and use
high doses. However, we need more studies to evaluate
the efficacy of local antibiotics and whether their use
modifies the application and duration of systemic ones.
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Table 2 Articles describing the infection eradication rate using antibiotic-loaded spacers
First Author, year, N° of joints  Joint Type of spacer (N) Antibiotic, total dose Rate (%) of Infection
(country) (N patients) (amount?) reimplantation eradication
rate (%)
Radoicic et al. 2016 [56] 18 Knee Handmade VAN 2 g (high) 67 89
(Serbia) ERT 4 g (high)
CZA 2-4 g (high)
Dias Carvalho et al. 2021 58 Hip and Knee  Commercial G (14) GEN (low) 100 57°
[62] (Portugal) Commercial G-V (24) GEN + VAN (high)
Handmade (20) VAN 3 g+ MER2 g+ GEN 89bc
0.5 g (high)
Ortolaetal. 2017 [57] (ltaly) 112 Knee Handmade CLI'T g 4+ GEN 1 g (high) 75 96
ClITg+GENTg+VAN 92 98
4 g (high)
Vasarhelyi et al. 2022 [58] 176 Knee Handmade VAN 2 g and TOB or GEN NA 87
(Canada) 2.4 g (high)
Corona etal. 2013 [59] 46 (41) Hip and Knee  Commercial G (20) GEN 0.8 gto0 3.2 g (low) 100 80
(Spain) Commercial G +V (26) VAN +GEN (1:1)08gto 88 85
3.2g (high)
Uchiyama et al. 2013 [60] 37 (36) Hip Handmade GEN 1.2 g (low) 86 81
(Japan) GEN + VAN 2 g if MRSA 60
(high)
Nodzo etal. 2017 [61] (USA) 140 Knee Commercial (58) VAN 1g+AG38g (high)d 140 (100%) 83
Molds (43) VAN 2.7 g + AG 44 g (high) 88
Tibial mold femoral auto- VAN 2 g 4+ AG 2 g (high)® 79

claved (39)

VAN Vancomycin, ERT Ertapenem, CZA Ceftazidime, GEN Gentamicin, CLI Clindamycin, MER Meropenem, TOB Tobramycin, AG Aminoglycoside

2 For definition see the text

b Eradication evaluated as culture negative at second stage

¢ Eradication rate of both groups GEN+VAN or VAN+MER+GEN
9 Median dose of each antibiotic

Selection of resistant mutants after exposure

to PMMA loaded with antibiotics

There is an ongoing debate regarding the risk of selection
of resistant microorganisms because of the use of PMMA
loaded with antibiotics. Before discussing the evidence
from the literature, it is helpful to understand the basic
concepts of antimicrobial resistance.

The acquisition of resistant microorganisms could be
the consequence of (1) transmission of resistant patho-
gens from patient to patient via the hands of healthcare
workers or directly inoculating the pathogen during
invasive procedures (surgeries), or (2) the selection of
the pre-existent resistant mutants in the infection foci or
in the microbiota of patients after being exposed to anti-
biotics. The second mechanism of acquisition is the one
potentially associated with the use of antibiotic-loaded
bone cement. To know whether this risk exists, we sum-
marize the pharmacodynamic principles that govern this
selection process. First, it is important to remember that

resistant bacteria spontaneously emerge because of DNA
replication errors that are not repaired during bacterial
cell division. Resistant bacteria remain in low numbers
because they are not able to compete with their sus-
ceptible counterparts for nutrients. The specific num-
ber of resistant cells varies for each bacteria-antibiotic
combination, and it can be as frequent as one mutant
per million bacteria (e.g., Staphylococci-rifampin). The
opportunity for resistant mutants to overgrow arrives
when the bacterial population is exposed to antibiotics
that, by killing the susceptible ones, reduce the compe-
tence. However, not all antibiotic exposures are selecting
for resistant sub-population. When a bacterial popula-
tion is exposed to sub-MIC concentrations, no selec-
tion of resistant bacteria occurs (Fig. 2). If the exposure
is over the MIC but below the mutant-preventing con-
centration (MPC), the selection of resistance takes place,
while concentrations over the MPC will avoid the selec-
tion (see Fig. 2 for definitions).
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high likelihood of therapeutic success
without risk of resistance selection

high likelihood of therapeutic success
with risk of resistance selection

high likelihood of therapeutic failure
without risk of resistance selection

Fig. 2 Descriptive definition of the mutant preventing concentration and mutagenic window

MIC is the minimal inhibitory concentration that is
a measure used in all the microbiology laboratories to
define the susceptibility pattern of the clinically isolated
pathogenic bacteria. Mutant preventing concentration
(MPC) is the MIC of the first pre-exposed resistant sub-
population (light grey color). The concentrations ranging
from the MIC to MPC are those significantly associated
with resistance selection and are designated as mutagenic
window.

According to the pharmacodynamic principles of
resistance selection, it is reasonable to use antibiotic-
loaded bone cement that delivers a high antibiotic dose
and theoretically achieves antibiotic concentrations >
10xMIC in the surrounding tissues, which is clearly
higher than the MPC that, in general, is 8—10xMIC.
However, recent data from the National Joint Regis-
try for England, Wales and Northern Ireland showed
a higher proportion of gentamicin-resistant strains in
PJI from primary arthroplasties performed with gen-
tamicin-loaded cement [64]. The authors evaluated 166
PJI cases in whom the primary arthroplasty was per-
formed with gentamicin-loaded cement and 49 unce-
mented cases. All were infected with staphylococci and
the susceptibility pattern was available for review. In
the first group, 59 out of 166 PJIs were caused by a gen-
tamicin-resistant isolate (36%) and in the second group
only 6 out of 49 (12%) had PJIs caused by the isolate.
This difference was statistically significant (P = 0.001)
and the multivariable analysis, after adjusting for patient
and surgical factors, showed that gentamicin-loaded
cement was associated with an eight-fold increase in the

risk of gentamicin resistance (OR 8.3; CI95% 2.2-30.2,
P = 0.001). Similar results were observed by Tyas et al.
[51] in an analysis of the data obtained from a clinical
trial comparing the prophylactic efficacy of cements
loaded with gentamicin or with gentamicin plus clin-
damycin. As expected, the rate of gentamicin-resistant
strains among infected patients was similar between
both groups. However, this trial presented an oppor-
tunity to compare the impact of using or not using
clindamycin. The rate of clindamycin resistance was
significantly higher in those receiving local clindamycin
(96%) than in those not receiving it (36%). Stefansdot-
tir et al. [65] evaluated the PJI related to the Swedish
knee arthroplasty registry where cement loaded with
gentamicin is mandatory, and they also identified a sig-
nificant increase in the gentamicin-resistant staphylo-
cocci, but no control was available. In contrast, similar
analysis of a large database in the US did not find an
increased risk of resistant pathogens when tobramycin
was loaded into the cement of primary arthroplasties
[66]. However, these authors evaluated the resistance
to methicillin, tetracycline, and erythromycin but not
to tobramycin. As a result, they could not confirm the
risk of being infected with tobramycin-resistant iso-
lates. This is an important concept because surgeons
should be aware that when a revision surgery for a PJI
is performed in a patient with a primary arthroplasty
cemented with antibiotic, the same antibiotic should
not be used in the spacer, when a 2-stage revision is the
surgical option, or in the cement of the revision arthro-
plasty in the case of one-stage revision.
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There are few studies about the increase in resistant
strains using spacers loaded with antibiotics. The best
analysis was performed by George et al. [67] because
they retrospectively selected patients with the S. aureus
isolated in the first and second stages of patients who
underwent a 2-stage revision surgery using vancomy-
cin-loaded spacers. The MIC increased (1-2 mg/L vs. <
0.5 mg/L) in 9 out of 25 cases (36%). Interestingly, the
authors evaluated 5 additional cases that received spac-
ers without vancomycin and no one had an increase in
the vancomycin MIC. Corona et al. [68] compared the
resistant rate in cultures at the moment of removal of
52 gentamicin-loaded spacers and in cultures from 61
PJI without antibiotic-loaded spacer. The rate was sig-
nificantly higher in the first group (49.2%) than in the
second group (19.3%, P = 0.0001). However, this analy-
sis should be interpreted cautiously since the resistant
rate of the primary pathogens was not provided and
so it is not possible to ensure that local antibiotic use
was responsible for the increased resistance rate. In
the future we need more quality data on resistance rate
related to the use of spacers.

As clinical evidence supports the increase of resist-
ance when using antibiotic-loaded cement, does this
mean that clinical evidence is opposed to pharmaco-
dynamic principles discussed above? There are two
potential explanations to illustrate that there is no con-
tradiction. The first one is that, as we described previ-
ously, the release of antibiotic from the PMMA is not
homogeneous [69] and different ways to mix it result in
different antibiotic release [70]. The consequence is that
some bacteria are exposed to concentrations within the
mutagenic window, and this could explain the increase
in vancomycin MIC in the George et al. study [67]. A
second explanation could be that patients are primarily
infected during surgery by a pathogen highly resistant
to the local antibiotic used (MIC higher than the local
concentration achieved) and consequently the infec-
tion is not prevented [71]. Whatever scenario occurs,
the local antibiotic fails to avoid the infection (prophy-
laxis) or to cure the infection (treatment) and now the
cement becomes an excellent inert surface to facilitate
the biofilm formation responsible for the bad evolution
[72, 73]. This means that the selection of local antibiotic
should be made in agreement with the local epidemi-
ology for prophylaxis or the susceptibility pattern for
infection.

Given these explanations, the interpretation of increas-
ing resistance using local antibiotics should be ade-
quately addressed. The total number of infections when
local antibiotics are not used is higher and only a small
percentage of them (e.g.< 10%) are resistant. In contrast,
if we assume a high effectiveness of local antibiotics in
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reducing the number of infections caused by susceptible
pathogens, the number of infected cases will be lower,
but these infections will be caused by resistant pathogens
and the relative rate of resistance will be much higher,
leading to a misinterpretation of a significant increase of
resistance (Fig. 3). This concept was well illustrated by
Thornes B et al. [74] using an animal model with gen-
tamicin pellets infected with Staphylococcus epidermidis
as well as in the previously discussed experience from a
clinical trial using or not using local clindamycin [51]. In
the future, when the authors report the risk associated
with the use of local antibiotic bone cement as prophy-
laxis, they should clearly state the absolute numbers and
rate of resistance with and without the exposure.

On the other hand, one of the major concerns on
antibiotic-loaded cement and resistance is the potential
risk of concentrations below the MIC for several days
or weeks. Many systemic antibiotics are partially elimi-
nated through the biliary tract, and they achieve enough
concentrations in feces to reduce the total amount of
healthy microbiota. The consequence is dual: It creates
an ecological void that permits the overgrowth of resist-
ant minor sub-populations present in the microbiota,

Total number of infections

= ALBConly
= reduces the
= infection by
Number of . .
= susceptible
susceptible .
* pathogens
infections .
v
Number of 15% 40%
resistant resistant resistant
infections strains strains
No ALBC ALBC

Fig. 3 lllustration of the impact of antibiotic-loaded bone cement
(ALBC) on the total number of infections and the consequent final
percentages of susceptible and resistant pathogens (considering
100% prophylactic efficacy of local antibiotics)
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and it makes the host more susceptible to colonization
by environmental resistant bacteria. The low systemic
concentrations of gentamicin or vancomycin from
bone cement, and the renal elimination of both drugs
support the idea that they have a minor impact on gut
microbiota. This reinforces the opinion of the authors
that, with the current knowledge, antibiotic-loaded
cement is useful for prophylaxis and the risk of select-
ing resistance is low, but it fails when microorganisms
contaminating the wound during surgery are resistant to
the local antibiotic. In the future, and according to the
local epidemiology, it will be necessary to re-evaluate
whether aminoglycosides should still be the best option
for prophylaxis.
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Break-points for defining antimicrobial susceptibility

to locally-delivered antibiotics

An open question is whether the break-points to define
susceptibility should be the same for local and systemic
antibiotics. The break-points established by interna-
tional agencies (CLSI or EUCAST) are based on the
serum concentrations potentially achieved with systemic
administration (e.g. gentamicin MIC for susceptible
staphylococci < 2 mg/L). However, the concentrations
locally obtained from antibiotic-loaded bone cement
are significantly higher and in vitro data showed that
coagulase-negative strains with a gentamicin MIC < 32
mg/L were effectively eliminated by gentamicin-loaded
cements. This was not the case for strains with an MIC >
256 mg/L [71] so the point to differentiate between sus-
ceptible and resistant strains to local gentamicin should
be somewhere between 32 and 256 mg/L. This explains

Gentamicin / Staphylococcus epidermidis
International MIC distribution - Reference database 2022-08-07
Based on aggregated distributions

MIC distributions include collated data from multiple sources, geographical areas and time periods and can never be used to infer rates of resistance
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Fig. 4 Gentamicin MIC distribution for S. epidermidis from 506 observations. The break-point for susceptible staphylococci for systemic
administration of gentamicin is < 2 mg/L. A potential break-point for local gentamicin delivery, based on the data about the elution from ALBC and
in vitro data (see text), could be > 32 mg/L (source of the figure: https://mic.eucast.org, data August 6th, 2022).
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why although the resistant rate of staphylococci to ami-
noglycosides is high, they remain potentially useful local
antibiotics for prophylaxis. Considering that the range of
gentamicin MIC is from 0.03 to 256 mg/L (mic. EUCAST.
org webpage), in the future it will be helpful to precisely
monitor the MIC for aminoglycosides and to adapt the
breakpoints for local antibiotics (proposal in Fig. 4). In
contrast to aminoglycosides, vancomycin MIC range
is significantly narrower, and it remains < 32 mg/L for
staphylococci (mic. EUCAST.org webpage). Therefore,
this antibiotic seems more appropriate for prophylaxis
and treatment than aminoglycosides, particularly, now
that many effective alternatives to glycopeptides are
available (e.g. daptomycin, linezolid, dalbavancin, ceftaro-
line) and thus the concern about vancomycin resistance
is significantly lower. Future randomized controlled trials
should be proposed to answer this question.

Conclusion

While waiting for better evidence from well-designed
clinical trials, ALBC shows a beneficial effect as prophy-
laxis in arthroplasty, and to avoid the colonization on
spacers used for two-stage revision in patients with PJIL
Experimental models and clinical evidence suggest the
need to achieve high local antimicrobial concentrations
to obtain the highest prophylactic and therapeutic effect.
In the future, it is necessary to evaluate new carriers and
different antimicrobials to improve the clinical outcomes.

Abbreviations

ALBC Antibiotic-loaded bone cement
Pl Prosthetic joint infection

Sev Small colony variant

MIC Minimum inhibitory concentration
PMMA Polymethyl methacrylate

CFU Colony-forming unit

PBC Plain bone cement

THA Total hip arthroplasty

TKA Total knee arthroplasty

RCT Randomized control trial

MPC Mutant preventing concentration
OR Odds ratio

Acknowledgements
Not applicable.

Authors’ contributions

M.S.-M,, EM.-M,, EG-F. and J.CM.-P. equally contributed to the clinical evi-
dence in prosthetic joint infection treatment using antibiotic-loaded spacers.
M.AV. and LM. prepared the clinical evidence in infection prophylaxis using
ALBC and new antimicrobial therapies. A.S. contributed to all parts of the
article. M.S.-M. and M.A\V. prepared the final manuscript for submission. All
authors read and approved the final manuscript.

Funding
None

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Page 11 of 13

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

AS has received honoraria for lectures and advisory boards from Pfizer, MSD,
Angelini, Menarini, Gilead and Shionogi. AS has also received a grant from
Pfizer and Gilead. The other authors declare that they have no competing
interests.

Received: 22 September 2022 Accepted: 16 January 2023
Published online: 02 March 2023

References

1. Kadri SS, Lai YL, Warner S, Strich JR, Babiker A, Ricotta EE, et al. Inap-
propriate empirical antibiotic therapy for bloodstream infections based
on discordant in-vitro susceptibilities: a retrospective cohort analysis of
prevalence, predictors, and mortality risk in US hospitals. Lancet Infect
Dis. 2021;21:241-51.

2. Kuehl R, Morata L, Meylan S, Mensa J, Soriano A. When antibiotics fail: a
clinical and microbiological perspective on antibiotic tolerance and per-
sistence of Staphylococcus aureus. J Antimicrob Chemother. 2020;5:751.

3. Bernard L, Arvieux C, Brunschweiler B, Touchais S, Ansart S, Bru J-P, et al.
Antibiotic therapy for 6 or 12 weeks for prosthetic joint infection. New
EnglJ Med. 2021;384:1991-2001.

4. Craig A, King SW, van Duren BH, Veysi VT, Jain S, Palan J. Articular spacers
in two-stage revision arthroplasty for prosthetic joint infection of the hip
and the knee. EFORT Open Rev. 2022;7:137-52.

5. Samelis PV, Papagrigorakis E, Sameli E, Mavrogenis A, Savvidou O, Kou-
louvaris P. Current concepts on the application, pharmacokinetics and
complications of antibiotic-loaded cement spacers in the treatment of
prosthetic joint infections. Cureus. 2022;14:220968.

6. Schwarz EM, McLaren AC, Sculco TP, Brause B, Bostrom M, Kates SL, et al.
Adjuvant antibiotic-loaded bone cement: concerns with current use and
research to make it work. J Orthop Res. 2021,39:227-39.

7. larikov D, Demian H, Rubin D, Alexander J, Nambiar S. Choice and
doses of antibacterial agents for cement spacers in treatment of
prosthetic joint infections: review of published studies. Clin Infect Dis.
2012;55:1474-80.

8. MahT-FC, O'Toole GA. Mechanisms of biofilm resistance to antimicrobial
agents. Trends Microbiol. 2001;9:34-9.

9. Munoz-Mahamud E, Ferndndez-Valencia JA, Combalia A, Morata L, Sori-
ano A. Fluorescent tetracycline bone labeling as an intraoperative tool
to debride necrotic bone during septic hip revision: a preliminary case
series. J Bone Jt Infect. 2021,;6:85-90.

10. Balaban NQ, Helaine S, Lewis K, Ackermann M, Aldridge B, Andersson D,
et al. Definitions and guidelines for research on antibiotic persistence. Nat
Rev Microbiol. 2019;17:441-8.

11. Dastgheyb SS, Hammoud S, Ketonis C, Liu AY, Fitzgerald K, Parvizi J,
et al. Staphylococcal persistence due to biofilm formation in synovial
fluid containing prophylactic cefazolin. Antimicrob Agents Chemother.
2015;59:2122-8.

12. Marro FC, Abad L, Blocker AJ, Laurent F, Josse J, Valour F. In vitro antibiotic
activity against intraosteoblastic Staphylococcus aureus: a narrative
review of the literature. J Antimicrob Chemother. 2021;76:3091-102.

13. Jensen LK, Koch J, Dich-Jorgensen K, Aalbzek B, Petersen A, Fuursted K,
et al. Novel porcine model of implant-associated osteomyelitis: a compre-
hensive analysis of local, regional, and systemic response. J Orthop Res.
2017;35:2211-21.

14. Hofstee MI, Riool M, Terjajevs |, Thompson K, Stoddart MJ, Richards RG,
et al. Three-Dimensional in vitro Staphylococcus aureus abscess com-
munities display antibiotic tolerance and protection from neutrophil
clearance. Infect Immun. 2020;88(11):200293-20.



Sabater-Martos et al. Arthroplasty

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

(2023) 5:12

de Mesy Bentley KL, Trombetta R, Nishitani K, Bello-Irizarry SN, Ninomiya
M, Zhang L, et al. Evidence of Staphylococcus aureus deformation, prolif-
eration, and migration in canaliculi of live cortical bone in murine models
of osteomyelitis. J Bone Miner Res. 2017;32:985-90.

Masters EA, Trombetta RP, de Mesy Bentley KL, Boyce BF, Gill AL, Gill SR,
et al. Evolving concepts in bone infection: redefining “biofilm’, “acute

vs. chronic osteomyelitis’, “the immune proteome”and “local antibiotic
therapy”. Bone Res. 2019;7:20.

Masters EA, Ricciardi BF, de Mesy Bentley KL, Moriarty TF, Schwarz EM,
Muthukrishnan G. Skeletal infections: microbial pathogenesis, immunity
and clinical management. Nat Rev Microbiol. 2022;20:385-400.
Muthukrishnan G, Masters EA, Daiss JL, Schwarz EM. Mechanisms of
immune evasion and bone tissue colonization that make Staphylococ-
cus aureus the primary pathogen in osteomyelitis. Curr Osteoporos Rep.
2019;17:395-404.

McLaren RL, McLaren AC, Vernon BL. Generic tobramycin elutes from
bone cement faster than proprietary tobramycin. Clin Orthop Relat Res.
2008;466:1372-6.

McLaren AC, Nugent M, Economopoulos K, Kaul H, Vernon BL, McLemore
R. Hand-mixed and premixed antibiotic-loaded bone cement have similar
homogeneity. Clin Orthop Relat Res. 2009;467:1693-8.

Miller R, McLaren A, Leon C, McLemore R. Mixing method affects elution
and strength of high-dose ALBC: a pilot study. Clin Orthop Relat Res.
2012;470:2677-83.

Hsieh P-H, Chen L-H, Chen C-H, Lee MS, Yang W-E, Shih C-H. Two-stage
revision hip arthroplasty for infection with a custom-made, antibiotic-
loaded, cement prosthesis as an interim spacer. J Trauma Inj Infect Crit
Care. 2004;56:1247-52.

Rogers BA, Middleton FR, Shearwood-Porter N, Kinch S, Roques A, Bradley
NW, et al. Does cyclical loading affect the elution of antibiotics from artic-
ulating cement knee spacers? J Bone Jt Surg Br Vol. 2011,93-B:914-20.
Espehaug B, Engesaeter LB, Vollset SE, Havelin LI, Langeland N. Antibiotic
prophylaxis in total hip arthroplasty. J Bone Jt Surg. 1997;79:590-5.

Hsieh P, Chang Y, Chen S, Ueng SWN, Shih C. High concentration and
bioactivity of vancomycin and aztreonam eluted from Simplex™
cement spacers in two-stage revision of infected hip implants: a study
of 46 patients at an average follow-up of 107 days. J Orthop Res.
2006;24:1615-21.

Kelm J, Regitz T, Schmitt E, Jung W, Anagnostakos K. In vivo and in vitro
studies of antibiotic release from and bacterial growth inhibition by
antibiotic-impregnated polymethylmethacrylate hip spacers. Antimicrob
Agents Chemother. 2005;50:332-5.

Masri BA, Duncan CP, Beauchamp CP. Long-term elution of antibi-

otics from bone-cement: an in vivo study using the prosthesis of
antibiotic-loaded acrylic cement (PROSTALAC) system. J Arthroplasty.
1998;13:331-8.

Giers MB, McLaren AC, Plasencia JD, Frakes D, McLemore R, Caplan MR.
Spatiotemporal quantification of local drug delivery using MRI. Comput
Math Methods Med. 2013;2013:149608.

Odgers R, Jarbo K, McLaren A, McLemore R. Distribution of locally deliv-
ered antimicrobials is limited by cortical bone: a pilot study. Clin Orthop
Relat Res. 2013;471:3141-6.

Carli AV, Ross FP, Bhimani SJ, Nodzo SR, Bostrom MPG. Developing a clini-
cally representative model of periprosthetic joint infection. J Bone Jt Surg.
2016;98:1666-76.

Carli AV, Bhimani S, Yang X, de Mesy Bentley KL, Ross FP, Bostrom MPG.
Vancomycin-loaded polymethylmethacrylate spacers fail to eradicate
periprosthetic joint infection in a clinically representative mouse model. J
Bone Jt Surg. 2018;100:e76.

Blirup-Plum SA, Bjarnsholt T, Jensen HE, Kragh KN, Aalbaek B, Gottlieb H,
et al. Pathological and microbiological impact of a gentamicin-loaded
biocomposite following limited or extensive debridement in a porcine
model of osteomyelitis. Bone Joint Res. 2020;9:394-401.

Jensen LK, Koch J, Henriksen NL, Bue M, Tattrup M, Hanberg P, et al.
Suppurative inflammation and local tissue destruction reduce the pen-
etration of cefuroxime to infected bone implant cavities. J Comp Pathol.
2017;157:308-16.

Sultan AA, Samuel LT, Umpierrez E, Swiergosz A, Rabin J, Mahmood

B, et al. Routine use of commercial antibiotic-loaded bone cement in
primary total joint arthroplasty: a critical analysis of the current evidence.
Ann Transl Med. 2019;7:73.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 12 of 13

Sebastian S, Liu Y, Christensen R, Raina DB, Tdgil M, Lidgren L. Antibiotic
containing bone cement in prevention of hip and knee prosthetic

joint infections: a systematic review and meta-analysis. J Orthop Transl.
2020;23:53-60.

Ekhtiari S, Wood T, Mundi R, Axelrod D, Khanna V, Adili A, et al. Antibiotic
cement in arthroplasty: a meta-analysis of randomized controlled trials.
Cureus J Med Sci. 2020;12:27893.

Farhan-Alanie MM, Burnand HG, Whitehouse MR. The effect of
antibiotic-loaded bone cement on risk of revision following hip and
knee arthroplasty: a systematic review and meta-analysis. Bone Jt J.
2021;103-B:7-15.

Xu T, Wu K-L, Jie K. Comprehensive meta-analysis of antibiotic-
impregnated bone cement versus plain bone cement in primary total
knee arthroplasty for preventing periprosthetic joint infection. Chin J
Traumatol. 2022. https://doi.org/10.1016/j.cjtee.2022.06.001.

Leong JW, Cook MJ, O'Neill TW, Board TN. Is the use of antibiotic-
loaded bone cement associated with a lower risk of revision after
primary total hip arthroplasty?: a study of 418,857 total hip arthroplas-
ties in the National Joint Registry for England, Wales, Northern Ireland
and the Isle of Man. Bone Jt J. 2020;102-B:997-1002.

Colas S, Collin C, Piriou P, Zureik M. Association between total hip
replacement characteristics and 3-Year prosthetic survivorship: a
population-based study. JAMA Surg. 2015;150(10):979-88. https://doi.
org/10.1001/jamasurg.2015.1325.

Jameson SS, Asaad A, Diament M, Kasim A, Bigirumurame T, Baker P,
et al. Antibiotic-loaded bone cement is associated with a lower risk

of revision following primary cemented total knee arthroplasty: an
analysis of 731 214 cases using National Joint Registry data. Bone Jt J.
2019;101-B:1331-47.

Bohm E, Zhu N, Gu J, de Guia N, Linton C, Anderson T, et al. Does add-
ing antibiotics to cement reduce the need for early revision in total
knee arthroplasty? Clin Orthop Relat Res. 2013;472:162-8.

Josefsson G, Lindberg L, Wiklander B. Systemic antibiotics and
gentamicin-containing bone cement in the prophylaxis of post-
operative infections in total hip arthroplasty. Clin Orthop Relat Res.
1981;159(NA):194-200.

McQueen MM, Hughes SPF, May P, Verity L. Cefuroxime in total

joint arthroplasty Intravenous or in bone cement. J Arthroplast.
1990;5:169-72.

Chiu F-Y, Lin C-FJ, Chen C-M, Lo W-H, Chaung T-Y. Cefuroxime-impreg-
nated cement at primary total knee arthroplasty in diabetes mellitus.
Bone Joint J. 2001;83-B:691-5.

Hinarejos P, Guirro P, Leal J, Montserrat F, Pelfort X, Sorli ML, et al. The use of
erythromycin and colistin-loaded cement in total knee arthroplasty does
not reduce the incidence of infection. J Bone Jt Surg. 2013;95:769-74.
Wannske M, Tscherne H. Ergebnisse prophylaktischer Anwendung von
Refobacin-Palacos bei der Implantation von Endoprothesen des Huftge-
lenkes in Hannover [Results of prophylactic use of Refobacin-Palacos in
implantation of endoprostheses of the hip joint in Hannover]. Aktuelle
Probl Chir Orthop. 1979;(12):201-5.

Pfarr B, Burri C. Prospektive Studie Uber den Effekt von Gentamycin-
Palacos bei 200 Totalprothesen der Hufte [Prospective study on the effect
of gentamycin-Palacos in 200 total hip prostheses]. Aktuelle Probl Chir
Orthop. 1979;(12):207-10.

Chiu F-Y, Chen C-M, Lin C-FJ, Lo W-H. Cefuroxime-impregnated cement in
primary total knee arthroplasty: a prospective, randomized study of three
hundred and forty knees. J Bone Joint Surg Am Vol. 2002;84-A:759-62.
Sprowson AP, Jensen C, Chambers S, Parsons NR, Aradhyula NM, Carluke
I, et al. The use of high-dose dual-impregnated antibiotic-laden cement
with hemiarthroplasty for the treatment of a fracture of the hip. Bone Jt J.
2016;98-B:1534-41.

Tyas B, Marsh M, Oswald T, Refaie R, Molyneux C, Reed M. Antibiotic
resistance profiles of deep surgical site infections in hip hemiarthroplasty;
comparing low dose single antibiotic versus high dose dual antibiotic
impregnated cement. J Bone Jt Infect. 2018;3:123-9.

Namba RS, Chen Y, Paxton EW, Slipchenko T, Fithian DC. Outcomes of rou-
tine use of antibiotic-loaded cement in primary total knee arthroplasty. J
Arthroplasty. 2009,24:44-7.

Wang H, Qiu G-X, Lin J, Jin J, Qian W-W, Weng X-S. Antibiotic bone
cement cannot reduce deep infection after primary total knee arthro-
plasty. Orthopedics. 2015;38:462-6.


https://doi.org/10.1016/j.cjtee.2022.06.001
https://doi.org/10.1001/jamasurg.2015.1325
https://doi.org/10.1001/jamasurg.2015.1325

Sabater-Martos et al. Arthroplasty

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

(2023) 5:12

Bendich |, Zhang N, Barry JJ, Ward DT, Whooley MA, Kuo AC. Antibiotic-
laden bone cement use and revision risk after primary total knee arthro-
plasty in U.S. veterans. J Bone Joint Surg. 2020;102:1939-47.

Leta TH, Gjertsen J-E, Dale H, Hallan G, Lygre SHL, Fenstad AM, et al.
Antibiotic-loaded bone cement in prevention of periprosthetic joint
infections in primary total knee arthroplasty: a register-based multicen-
tre randomised controlled non-inferiority trial (ALBA trial). BMJ Open.
2021;11:e041096.

Radoicic D, Milanovic M, Marinkovic J, Radoicic D. Ertapenem articulating
spacer for the treatment of polymicrobial total knee arthroplasty infec-
tion. Can J Infect Dis Med Microbiol. 2016,2016:5753489.

Ortola DJ, Fenga D, Marcellino S, Rosi M, Centofanti F, Rosa MA. Peri-
prosthetic knee infection management: spacers loaded with two or three
antibiotic agents. Surg Infect. 2017;18:619-24.

Vasarhelyi E, Sidhu SP, Somerville L, Lanting B, Naudie D, Howard J. Static
vs articulating spacers for two-stage revision total knee arthroplasty:
minimum five-year review. Arthroplast Today. 2022;13:171-5.

Corona PS, Barro V, Mendez M, Caceres E, Flores X. Industrially prefabri-
cated cement spacers: do vancomycin- and gentamicin-impregnated
spacers offer any advantage? Clin Orthop Relat Res. 2013. https://doi.org/
10.1007/511999-013-3342-7.

Uchiyama K, Takahira N, Fukushima K, Moriya M, Yamamoto T, Minegishi
Y, et al. Two-stage revision total hip arthroplasty for periprosthetic infec-
tions using antibiotic-impregnated cement spacers of various types and
materials. Sci World J. 2013;2013:147248.

Nodzo SR, Boyle KK, Spiro S, Nocon AA, Miller AO, Westrich GH. Success
rates, characteristics, and costs of articulating antibiotic spacers for total
knee periprosthetic joint infection. Knee. 2017;24:1175-81.

Carvalho AD, Ribau A, Soares D, Santos AC, Abreu M, Sousa R. Combined
antibiotic therapy spacers either commercial or handmade are superior
to monotherapy - a microbiological analysis at the second stage of revi-
sion. J Bone Jt Infect. 2021,6:305-12.

Wouthuyzen-Bakker M, Kheir MM, Moya |, Rondon AJ, Kheir M, Lozano

L, et al. Failure after 2-stage exchange arthroplasty for treatment of
periprosthetic joint infection: the role of antibiotics in the cement spacer.
Clin Infect Dis. 2018;68:2087-93.

Holleyman RJ, Deehan DJ, Walker L, Charlett A, Samuel J, Shirley MDF,

et al. Staphylococcal resistance profiles in deep infection following
primary hip and knee arthroplasty: a study using the NJR dataset. Arch
Orthop Trauma Surg. 2019;139:1209-15.

Stefdnsdottir A, Johansson D, Knutson K, Lidgren L, Robertsson O. Micro-
biology of the infected knee arthroplasty: report from the Swedish Knee
Arthroplasty Register on 426 surgically revised cases. Scand J Infect Dis.
2009;41:831-40.

Hansen EN, Adeli B, Kenyon R, Parvizi J. Routine use of antibiotic laden
bone cement for primary total knee arthroplasty: impact on infecting
microbial patterns and resistance profiles. J Arthroplasty. 2014;29:1123-7.
George J, Newman JM, Klika AK, Miller EM, Tan TL, Parvizi J, et al. Changes
in antibiotic susceptibility of Staphylococcus aureus between the stages
of 2-stage revision arthroplasty. J Arthroplasty. 2018;33:1844-9.

Corona PS, Espinal L, Rodriguez-Pardo D, Pigrau C, Larrosa N, Flores

X. Antibiotic susceptibility in gram-positive chronic joint arthroplasty
infections: increased aminoglycoside resistance rate in patients with
prior aminoglycoside-impregnated cement spacer use. J Arthroplasty.
2014,29:1617-21.

Giers MB, McLaren AC, Schmidt KJ, Caplan MR, McLemore R. Distribution
of molecules locally delivered from bone cement. J Biomed Mater Res
Part B Appl Biomater. 2014;102:806-14.

Belt HVD, Neut D, Schenk W, van Horn JR, Mei HCVD, Busscher HJ. Gen-
tamicin release from polymethylmethacrylate bone cements and Staphy-
lococcus aureus biofilm formation. Acta Orthop Scand. 2000;71:625-9.
Hendriks JGE, Neut D, van Horn JR, van der Mei HC, Busscher HJ. Bacterial
survival in the interfacial gap in gentamicin-loaded acrylic bone cements.
J Bone Jt Surg Br Vol. 2005,87-B:272-6.

Arizono T, Oga M, Sugioka Y. Increased resistance of bacteria after adher-
ence to polymethyl methacrylate. Acta Orthop Scand. 2009;63:661-4.
Kendall RW, Duncan CP, Smith JA, Ngui-Yen JH. Persistence of bac-

teria on antibiotic loaded acrylic depots. Clin Orthop Relat Res.
1996;329(NA):273-80.

Page 13 of 13

74. Thornes B, Murray P, Bouchier-Hayes D. Development of resistant strains
of Staphylococcus epidermidis on gentamicin-loaded bone cement
in vivo. Bone Joint J. 2002;84-B:758-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/s11999-013-3342-7
https://doi.org/10.1007/s11999-013-3342-7

	Antimicrobials in polymethylmethacrylate: from prevention to prosthetic joint infection treatment: basic principles and risk of resistance
	Abstract 
	Background 
	Main body 
	Conclusion 

	Introduction
	Are local antimicrobials necessary for the treatment of PJI?
	Pharmacokinetics of polymethyl methacrylate (PMMA) antibiotic elution
	Efficacy of antibiotic-loaded PMMA for the treatment of PJI in experimental models
	What happens in the periprosthetic tissue of an infected implant that even high local antibiotic concentrations are not enough to eradicate the infection from the peri-implant tissue?
	Clinical evidence in infection prophylaxis using ALBC
	Clinical evidence in prosthetic joint infection treatment using antibiotic-loaded spacers

	Selection of resistant mutants after exposure to PMMA loaded with antibiotics
	Break-points for defining antimicrobial susceptibility to locally-delivered antibiotics

	Conclusion
	Acknowledgements
	References


