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Abstract
Purpose Implants in orthopedic trauma and arthroplasty surgery establish a milieu conducive to biofilm formation. Anti-
microbial-loaded cements (ABCs) and beads have become popular in treating acute and chronic orthopedic surgery-related 
infections. The growing incidence of antimicrobial resistance has necessitated the exploration of alternative antibiotic 
medications. This review aims to demonstrate meaningful clinical decision-making guidance for orthopedic surgeons in 
approaching the management of these complex infections.
Methods This study protocol was conducted following the PRISMA checklist and guidelines of the Cochrane Handbook 
for Systematic Reviews of Interventions. PubMed, Ovid MEDLINE, Web of Science, and other databases were queried 
using applicable search terms. Relevant dosing, efficacy, and elution profiles were reviewed and compiled from 74 articles 
published between 1976 and 2019. First-line and targeted therapies were identified against rare and resistant bacteria. Drug 
therapies not recommended due to excessive cytotoxicity or poor delivery kinetics were also elucidated.
Results This compilation describes thirty-two antibiotics and three antifungals that have successfully managed orthopedic 
surgery-related infections, including infections with numerous recalcitrant and multidrug-resistant species. Optimized ratios 
of carrier to antimicrobial are provided for each delivery method. The elution and efficacy profiles of the various antibiotics 
are described when available.
Discussion/conclusion These recommendations offer the most up-to-date and comprehensive practice guidelines for using 
antimicrobials in cements and beads for treating orthopedic hardware-related infections. With the ever-evolving propensity 
of bacteria to develop antibiotic resistance, these recommendations are dynamic. Collaboration with medicine, infectious 
disease, and/or pharmacology teams is recommended to create institutional protocols for antibiotic-eluting implants and 
close comanagement to ensure efficacy and patient safety.

Keywords Biofilm · Biomaterials · Clinical outcomes research · Antimicrobial cement · Implant materials · Infection · 
Microbiome

Introduction

The utilization of implants within orthopedic trauma and 
arthroplasty surgery establishes a milieu conducive to bac-
terial adherence, biofilm formation, and subsequent infec-
tion development. [1] Treatment of these infections often 
requires stability augmentation and dead-space management 

with antimicrobial-loaded bone cements (ABCs). In this 
context, fracture-related infection (FRI) is defined as the 
clinical or subclinical infection of a fracture site follow-
ing surgical fixation with an internally placed implant. FRI 
poses a significant risk of severe disability after fracture care 
[2]. The incidence of FRI varies between 10 and 50%, con-
tingent upon the fracture type and surrounding soft tissue 
injury. In turn, this may lead to amputation of the affected 
limb in 3–5% of cases [3–5].

Arthroplasty data report infection rates lower than those 
seen in orthopedic trauma, with most national databases 
reporting rates of around 1–2% of primary hip and knee 
arthroplasties [6]. Despite this low rate, prosthetic joint 
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infection (PJI) in arthroplasty is a notable concern as the 
incidence of these procedures has risen vastly over recent 
decades, and the demand for arthroplasty is expected 
to increase by nearly 200% by 2040 and over 650% by 
2060[7]; furthermore, the rate of PJI is rising [8], and 
the risk of revision surgery secondary to PJI in total hip 
arthroplasty (THA) has increased in recent years [9]. The 
most common cause of hardware infection is Staphylococ-
cus aureus, which almost always necessitates hardware 
removal [10]. When this complication occurs, placing a 
cement spacer into the space previously occupied by the 
implant as a temporary measure to provide local thera-
peutic concentrations of antibiosis to help eradicate the 
infection is commonly practiced. [11]

Over the past several years, bone cement and beads 
impregnated with antibiotics have become popular in the 
treatment of infected orthopedic implants; however, the 
growing incidence of antimicrobial resistance has neces-
sitated the exploration of alternative antibiotic medica-
tions, both as targeted and as broad-spectrum ABCs. When 
selecting the optimal antibiotic to incorporate into the 
spacer, many surgeons focus on gram-positive organisms 
as they predominate in skin flora and are notoriously path-
ogenic, thus rendering them a logical target for preventing 
infection in orthopedic procedures [12]. However, some 
surgeons utilize a broad-spectrum treatment regimen to 
achieve theoretically superior treatment of infection with 
any combination of resident gram-positive, gram-negative, 
anaerobic, and fungal organisms that may have colonized 
a wound [13].

This systematic review aims to summarize antimicro-
bial choice and dosage for ABCs and beads in orthopedic 
trauma and arthroplasty. It will also include information, 
when available, regarding the elution kinetics of various 
drugs discussed when applied with dissolvable calcium sul-
fate (Stimulan™), dissolvable calcium sulfate plus calcium 
phosphate (Cerament G™), non-dissolvable Simplex™ High 
Viscosity (HV) (non-medicated polymethylmethacrylate 
(PMMA)), or non-dissolvable Simplex™ P (PMMA loaded 
with tobramycin 1 g).

This review has the following objectives concerning 
structure and content: (1) to provide practical instructions for 
the dosing administration of antimicrobials in the cement/
beads, (2) to give options for the combination of two or 
more antibiotics/antifungals, and (3) to demonstrate clini-
cal decision-making guidance for orthopedic surgeons in 
approaching the management of these complex infections. 
This review includes detailed antibiotic/antifungal elution 
and efficacy data from tobramycin-loaded Simplex™ P bone 
cement, non-medicated Simplex™ HV, Stimulan™ dissolv-
able calcium sulfate beads, and Cerament G™ dissolvable 
calcium sulfate + calcium phosphate beads, supported by a 
literature review.

The results of this review are organized by coverage, 
include a brief history and rationale for each drug, and pre-
sent the respective dosages for each delivery method.

Methods

Protocol

This study protocol was conducted following the PRISMA 
(Preferred Reporting Items for Systematic Review and Meta-
Analyses) checklist [11] and guidelines of the Cochrane 
Handbook for Systematic Reviews of Interventions [12] 
[Fig. 1].

Search methodology

A detailed, comprehensive literature search for all relevant 
studies was performed using several online databases: 
PubMed, MEDLINE via Ovid, Web of Science, Cochrane 
database, and Science-Direct. The search strategy was a 

Fig. 1  PRISMA flowchart of study search and inclusion
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combination of subject headings and free-text words in Ovid 
MEDLINE, topic searching in Web of Science, and free-
text words in the other databases using the following search 
terms: ((antibiotic bone cement) OR (antibiotic-loaded 
cement)) AND (fracture-related infection). The references 
of available studies were manually examined for any studies 
that met our inclusion criteria to ensure the inclusion of all 
available relevant evidence.

Study selection and eligibility criteria

Two independent reviewers assessed the eligibility of the 
study titles, abstracts, and full-text articles based on the eli-
gibility criteria.

Eligibility criteria

Criteria included randomized controlled trials, non-rand-
omized prospective trials, retrospective observational cohort 
studies, in vitro studies, in vivo studies, and case series/
reports published in the English language investigating the 
feasibility and efficacy of various antimicrobials for the man-
agement of FRI and PJI.

Data Extraction

The authors extracted the required data from all included 
studies. Data collection tables were designed to sort quan-
titative and qualitative data for our analysis. The following 
data variables were extracted: maximum dose for respec-
tive antimicrobials in Stimulan™ dissolvable calcium sulfate 
beads, Cerament G™ dissolvable calcium sulfate + calcium 
phosphate beads, Simplex HV™ polymethylmethacrylate, 
and Simplex P™ polymethylmethacrylate loaded with 1 g 
gentamycin. Specific notes regarding the duration of elution 
and the form of impregnated antimicrobial (i.e., liquid or 
powder) were included when applicable. Relevant dosing, 
efficacy, and elution profiles of antimicrobials obtained from 
74 articles published between 1976 and 2019 were reviewed 
and compiled. Then, first-line and targeted therapies against 
rare and resistant bacteria and drug therapies not recom-
mended due to excessive cytotoxicity or poor delivery kinet-
ics were described.

Results

Search result and study selection

Using the previously mentioned keywords, 224 relevant cita-
tions were obtained from online databases and manual cross-
reference retrieval. The selection process yielded 74 studies 

investigating elution and efficacy profiles for impregnable 
antimicrobials.

Characteristics of the included studies

Gram (+) coverage

Gram-positive bacteria predominate on the skin and are 
known to be the predominant cause of FRI and PJI. There-
fore, many surgeons opt to target these pathogens specifi-
cally. The quality of evidence in the 25 supporting studies is 
varied with one Level I evidence study, four Level IV stud-
ies, one Level V study, and 19 foundational evidence in vitro 
studies in accordance with the AAOS Levels of Evidence. 
See Table 1 for dosing recommendations based on carrier 
and Fig. 2 for supported antibiotic use and coverage.

Vancomycin

Vancomycin is widely used to prevent and treat gram-posi-
tive intrawound infections due to its activity against methi-
cillin-resistant S. aureus (MRSA) and coagulase-negative 
Staphylococcus spp. (CoNS), the most prevalent causes of 
FRI and PJI [39]. Despite its widespread use, the literature 
does not define best practices for administering vancomycin.

Vancomycin has been used for many years as the anti-
biotic of choice for implantation into PMMA spacers. In 
Simplex™ P, up to 2 g of vancomycin as therapeutic aug-
mentation is safe [40]. In Simplex™ HV, up to 10 g of van-
comycin has demonstrated safety by eliminating all bacteria 
in subsequent cultures [10]. More recent studies from 2014 
and 2015 showed that, using Stimulan™, up to 2 g of van-
comycin was safe and effective, with high bioactivity against 
MRSA and S. epidermidis and the ability to prevent biofilm 
formation [41, 42]. Additionally, calcium sulfate beads dem-
onstrated equal or greater performance than PMMA beads in 
inhibiting bacterial growth and elution of vancomycin [43]. 
A study from 2018 examined the addition of borate glass, 
which has been shown to aid in osteogenesis, to PMMA 
constructs and found that adding borate glass significantly 
increased the elution of vancomycin [44].

Cefazolin ± Vancomycin

Due to the familiarity with its activity as local antibiosis in 
standard carriers, vancomycin is often the subject of studies 
involving comparative or synergistic activities with other 
antibiotics. One such study examined vancomycin with cefa-
zolin to target gram-positive bacteria. Paz et al. reviewed this 
combination’s efficacy and any alteration of elution kinet-
ics when used together in an in vitro comparative study in 
PMMA. The investigators compared the activity of each 
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Table 1  List of supported antibiotics for use in the treatment of FRI and PJI and their respective doses in common carriers

Antibiotics in Bone 
Cement

Stimulan™ (dissolvable 
calcium sulfate) 
Amount per 20 gm 
10 ml = 20 gm
Dissolves over 3 weeks

Cerament G™ 
(dissolvable calcium sul-
fate & calcium phosphate)
Dissolves over 6 months

Simplex™ HV 
(PMMA) 
Amount per 40 gm
Non-dissolvable

Simplex™ P 
(PMMA with tobramycin 
1 gm) 
Amount per 40 gm
Non-dissolvable

Amikacin 1000 mg/4 ml
(do 5 gm powder in house)

4 ml liquid (1000 mg)
showed good elution only 

up to 7 days (11)
(5000 mg powder in house)

Amoxicillin 570 mg (72 h study) 1450 mg (72 h study)
Aztreonam Up to 4000 mg (up to 

21 days)
Cefazolin Up to 4500 mg Up to 1000 mg
Cefotaxime Up to 8000 mg
Ceftaroline fosamil Up to 1800 mg
Ceftazidime Up to 4000 mg Up to 4000 mg
Ceftriaxone 1000 mg Up to 4000 mg
Cefuroxime 1500 mg Up to 4000 mg Up to 4500 mg

(doses above 1500 mg had 
no structural strength)

Cephalexin Up to 4000 mg
Ciprofloxacin 1000 mg Up to 6000 mg (powder)
Clindamycin Does not set with liquid Up to 6000 mg powder
Colistin 400 mg 2.4% [(12,000,000 IU) 

(960 mg)] showed good 
elution only up to 7 days 
(11)

(3,000,000 IU) 240 mg 
elution for 72 h

[(24,000,000 IU) 
(1920 mg)] showed good 
elution to 30 days (70)

Daptomycin Up to 1000 mg (28 days) Up to 8000 mg Up to 2000 mg
Doxycyclin 100 mg
Gentamicin Up to 1000 mg

Or 240 mg (6 ml of 40 mg/
ml)

175 mg premix Cerament 
G

Up to 8000 mg

Ertapenem Up to 8000 mg Up to 4000 mg
Erythromycin 720 mg glucoheptonate 

(500 mg base)
Imipenem/Cilastatin 500 mg (elutes up to 48 h 

not for monotherapy)
4000 mg (elutes up to 

6 days not for mono-
therapy)

Isoniazid Up to 4000 mg
Fusidic acid Up to 1000 mg (14 days)
Linezolid Up to 4000 mg Up to 1200 mg
Meropenem 1000 mg Up to 8000 mg Up to 5000 mg
Moxifloxacin Up to 1000 mg (31 days) Up to 8000 mg
Nafcillin 1000 mg
Oxacillin Up to 2000 mg
Piperacillin Up to 8000 mg
Quinupristin-Dalfopristin 

(Synercid)
Up to 3000 mg

Rifampin Up to 600 mg 4000 mg minimum for 
detectable elution out to 
14–24 days

Up to 8000 mg studied
All doses delay cement 

hardening to 1 h
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antibiotic individually and the activity of the antibiotics 
together. Groups with cefazolin showed much higher elu-
tion than those containing the same vancomycin concen-
tration, and optimal elution occurred when the two were 
used concomitantly. The study supports safety and efficacy 
in concentrations of cefazolin up to 1 g in Simplex™ P bone 
cement [45].

Cephalexin

Cephalexin is a first-generation cephalosporin that is one of 
the most utilized treatments for superficial skin infections 
due to its activity against gram-positive bacteria. Cephalexin 
is safe and effective at doses of up to 4 g in non-medicated 
Simplex™ HV [28].

Table 1  (continued)

Antibiotics in Bone 
Cement

Stimulan™ (dissolvable 
calcium sulfate) 
Amount per 20 gm 
10 ml = 20 gm
Dissolves over 3 weeks

Cerament G™ 
(dissolvable calcium sul-
fate & calcium phosphate)
Dissolves over 6 months

Simplex™ HV 
(PMMA) 
Amount per 40 gm
Non-dissolvable

Simplex™ P 
(PMMA with tobramycin 
1 gm) 
Amount per 40 gm
Non-dissolvable

Streptomycin Up to 7000 mg
Sulfamethoxazole/Tri-

methoprim
(Done 5ml liquid in house) 400:80 mg liquid

Teicoplanin 400 mg Up to 4000 mg Up to 200 mg
Ticarcillin 12,000 mg
Tobramycin Up to 500 mg powder

or 6 ml (40mg/ml)
Up to 9800 mg

Vancomycin Up to 2000 mg Up to 10,000 mg Up to 2000 mg
Tobramycin/Vancomycin 1000 mg vancomycin with 

tobramycin (240 mg 
liquid (30)) or (600 mg 
powder (60))

4000 mg vancomycin with 
4800 mg tobramycin

1000 mg vancomycin with 
tobramycin (600 mg 
powder (60))

Fig. 2  Chart displaying the supported antibiotics based on the spectrum of coverage and antibiotics not supported for use upon review of avail-
able literature
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Oxacillin

Oxacillin is a second-generation, penicillinase-resistant pen-
icillin. It is effective against resistant strains of gram-positive 
bacteria, especially S. aureus. To tailor antibiotic therapy to 
the most likely pathogen, Ueng et al. compared in vivo the 
activity of two antibiotics with predominately gram-positive 
activity, oxacillin and vancomycin, against S. aureus with a 
particular interest in eradicating MRSA and found that van-
comycin provided superior anti-MRSA activity to oxacillin; 
however, oxacillin still demonstrated antibacterial activity 
and is safe at doses up to 2 g in Simplex™ HV [46].

Nafcillin

Nafcillin is another penicillinase-resistant penicillin, making 
it an attractive option in severe gram-positive infections. It is 
safe and effective at doses up to 1000 mg in Stimulan™ [29].

Amoxicillin

Amoxicillin is an aminopenicillin with a broader spectrum 
of coverage than many other penicillins, including cover-
age of several gram-negative species. The additional amino 
group also confers greater activity against resistant strains 
of bacteria. It is safe and effective in Stimulan™ at doses up 
to 570 mg and non-medicated Simplex™ HV up to 1450 mg 
[30].

Clindamycin

Clindamycin is a lincosamide antibiotic active against many 
gram-positive organisms, including MRSA. It is also effec-
tive against anaerobes. Clindamycin is safe and effective at 
doses of up to 6 g in non-medicated Simplex™ HV [31].

Linezolid

Linezolid is an oxazolidinone antibiotic with excellent gram-
positive coverage, including MRSA, CoNS, and vancomy-
cin-resistant enterococcus (VRE) [47], making it an essential 
antibiotic for use in complex cases with resistant gram-posi-
tive bacteria. Linezolid was found to be safe up to 4 g, repre-
senting 10% of standard 40 g PMMA mass in applications of 
Simplex™ HV. Linezolid also demonstrated safety at doses 
up to 1.2 g in Simplex™ P [48, 49]. Palacos™ Bone Cement 
as another viable medium through which Linezolid showed 
extended elution [45].

Fusidic acid

Fusidic acid is a bactericidal antibiotic with a spectrum of 
activity featuring mainly gram-positive coverage, including 

activity against MRSA, but also against anaerobes, Neisse-
ria spp., Mycobacterium leprae, and others [46]. In a 2008 
study, Panagopoulos et al. showed in vitro activity of fusidic 
acid up to 1 g in Stimulan™ [50].

Quinupristin/Dalfopristin (Synercid)

This combination of two streptogramin antibiotics has activ-
ity against severe gram-positive infections, including VRE. 
Synercid is effective in non-medicated Simplex™ HV at 
doses of up to 3 g [45].

Teicoplanin

Teicoplanin is a glycopeptide antibiotic effective against 
virulent and resistant strains of gram-positive bacteria. It is 
not currently approved by the FDA for use in the USA but 
remains widely used elsewhere [51]. Teicoplanin was found 
to have clinically significant antibacterial activity, especially 
against VRE at doses of 200 mg in Simplex™ P spacer [52]. 
Additionally, teicoplanin is safe at doses of up to 4 g in non-
medicated Simplex™ HV [53]. In Stimulan™, teicoplanin 
is safe and effective at doses up to 400 mg [29].

Daptomycin

Daptomycin is a lipopeptide with excellent gram-positive 
coverage, including virulent and resistant strains. Given the 
promise of utilizing this drug in recalcitrant cases of infec-
tion with gram-positive organisms, Cortes et al. described 
the safe and successful use of daptomycin-impregnated 
Simplex™ P (PMMA + aminoglycoside) bone cement in the 
treatment of a case of recurrent prosthetic joint infection in a 
patient with multiple antibiotic allergies and past coloniza-
tion with multiple antibiotic-resistant organisms. Daptomy-
cin exhibited safety and efficacy at 2 g in Simplex™ P [54]. 
In non-medicated Simplex™ HV, doses up to 8 g are safe 
and effective [45]. In Stimulan™, daptomycin demonstrated 
efficacy and safety at doses up to 1 g [29].

Broad‑spectrum coverage/empiric therapy

This section will address broad-spectrum and empiric thera-
pies for treating FRIs and PJIs. The quality of evidence in the 
41 supporting studies is varied with four Level I evidence 
studies, one Level III study, six Level IV studies, three Level 
V studies, and 27 foundational evidence in vitro studies in 
accordance with AAOS Levels of Evidence. Although gram-
positive staphylococci predominate on the skin, bacterial 
infection, including gram-negative organisms, may present 
when microorganisms colonize bone or orthopedic implants 
via hematogenous seeding, direct inoculation as with 
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unsterile surgical instrumentation, or airborne contamina-
tion [14]. See Table 1 for dosing recommendations based on 
carrier and Fig. 2 for supported antibiotic use and coverage.

Colistin

Colistin is a potent antibiotic often reserved as a last-line 
treatment for resistant gram-negative infections [55]. Lay-
cock et al. performed an in vitro experiment to examine the 
compatibility of colistin with calcium sulfate beads. They 
found colistin is a feasible option with safety at 400 mg and 
efficacy against 100% of Pseudomonas and A. bauman-
nii isolates [56].

Due to its remarkable activity against gram-negative 
organisms, colistin is also used with other empiric therapy 
antibiotics. Within the first years after Bucholz and Engel-
brecht introduced the idea of antibiotic-loaded PMMA 
spacers, Rosenthal et al. evaluated the in vitro efficacy of 
erythromycin and colistin in combination as empiric therapy. 
They noted effectiveness in inhibiting 98% of anaerobic and 
aerobic test isolates when applying 500 mg of erythromycin 
and 240 mg of colistin in Simplex™ P.

More recently, Krajewski et al. presented a case report 
of multidrug-resistant Pseudomonas osteomyelitis that was 
successfully treated with 1920 mg (24,000,000 IU) of colis-
tin in tobramycin-loaded PMMA (Simplex™ P) with elution 
present 30 days after implantation [57]. In non-medicated 
Simplex™ HV, colistin demonstrated efficacy and safety 
at 960 mg (12,000,000 IU) for seven days and at 240 mg 
(3,000,000 IU) for three days [53].

Meropenem

Meropenem is a carbapenem antibiotic with a broad spec-
trum of activity, including against anaerobes and multidrug-
resistant infections. Thus, it is a popular choice for empiric 
therapy [58]. It is stable, safe, and effective at doses of up 
to 5 g in Simplex™ P bone cement [59]. Andollina et al. 
showed total eradication in vitro of Pseudomonas with 1 g in 
Stimulan™. Notably, when combined with vancomycin, the 
elution kinetics of both drugs was unaffected [60]. Addition-
ally, meropenem elutes and is safe up to 8 g in Simplex™ 
HV [61].

Ertapenem

Ertapenem possesses a similar spectrum of coverage to 
meropenem, with notable differences being that ertapenem 
covers neither Enterococcus spp. nor Pseudomonas spp[62]. 
Ertapenem can be successfully used at doses of up to 4 g of 
Simplex™ P [63]. It is safe and retains antimicrobial activity 
in Simplex™ HV up to 8 g [64].

Imipenem/Cilastatin

Imipenem is another carbapenem antibiotic with a similar 
spectrum of activity to meropenem but slightly inferior 
gram-negative and superior gram-positive coverage. Since 
the kidney quickly inactivates it, imipenem is given with 
cilastatin, a dihydropetidase-1 inhibitor. Imipenem is safe 
and effective at doses up to 500 mg in Stimulan™ [29] and 
4 g in non-medicated Simplex™ HV [65].

Rifampin/Rifamycin Derivatives

Rifamycin derivatives are a family of bactericidal antibiotics 
that possess activity against a broad spectrum of bacteria, 
including some gram positives, including S. aureus, some 
gram negatives, anaerobes, and most famously, mycobac-
teria. When applied to calcium sulfate beads, 600 mg of 
rifampin demonstrated suitable elution for the 42-day study, 
supporting its use in eradicating infections with select micro-
organisms [66]. Rifampin is also effective in Simplex™ HV 
bone cement at doses up to 8 g, with at least 4 g required 
for suitable elution beyond 14 days [53]. Rifampin is a fea-
sible option for treating S. aureus infection; however, other 
rifamycin derivatives are not recommended due to poor or 
absent elution from PMMA bone cement. In a 2015 study, 
rifabutin and rifapentine eluted much lower in vitro over 
14 days than rifampin, while rifaximin did not elute at 
detectable limits past the first 24 h [67].

Tigecycline

Tigecycline is an antibiotic structurally related to tetracy-
clines; however, it has alterations that allow for a greater 
spectrum of activity and increased activity against resistant 
organisms, including VRE and MRSA, making it an intrigu-
ing option for consideration in empiric therapy [68]. In the 
literature, tigecycline eluted and retained activity when 
placed in a PMMA spacer; however, it was grossly cytotoxic 
and caused damage to the surrounding bone and construct. 
Thus, the available literature does not support tigecycline 
when loading hip spacers [48].

Piperacillin

Piperacillin is a carboxypenicillin with a broad spectrum of 
activity, including against Pseudomonas. Piperacillin is safe 
and effective at doses up to 8 g in non-medicated Simplex™ 
HV [10].

Ticarcillin

Ticarcillin is a carboxypenicillin with a broad spectrum of 
activity, including against Pseudomonas. Ticarcillin is safe 
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and effective at doses up to 12 g in non-medicated Sim-
plex™ HV [31].

Cefuroxime

Cefuroxime is a second-generation cephalosporin with a 
broad spectrum of activity and a greater ability to cover 
gram negatives than with first-generation cephalosporins 
and anaerobic coverage. Cefuroxime has greater resistance 
to beta-lactamase-producing strains of bacteria than many 
of its fellow cephalosporins [69].

Cefuroxime is safe and effective in Stimulan™ at doses 
up to 1500 mg [29]. It is safe and effective at doses of up to 
4 g in non-medicated Simplex™ HV [28]. In Simplex™ P, 
4.5 g of antibiotic was found to be safe, though the flexural 
and structural strength of the construct were compromised 
with higher doses; therefore, the maximum dose applicable 
to Simplex™ P is 1.5 g [70].

Ceftriaxone

Ceftriaxone is a third-generation cephalosporin with a broad 
spectrum of activity, though it does not cover Pseudomonas. 
It is safe and effective at doses up to 1000 mg in Stimulan™ 
[29] and 4 g in non-medicated Simplex™ HV [53].

Ceftazidime

Ceftazidime is a third-generation cephalosporin with a broad 
spectrum of activity, including against Pseudomonas. It is 
safe and effective at doses up to 4 g in non-medicated Sim-
plex™ HV and Simplex™ P [71, 72].

Ceftaroline

Ceftaroline is a fifth-generation cephalosporin with a broad 
spectrum of activity that is a vital piece of the infectious dis-
ease armamentarium as it is effective in treating MRSA and 
other extensively resistant strains, such as vancomycin-inter-
mediate S. aureus (VISA), heteroresistant VISA (hVISA), 
and vancomycin-resistant S. aureus (VRSA) [73]. A recent 
in vitro study demonstrated superior bioactivity and elution 
characteristics of ceftaroline compared with vancomycin and 
recommended using up to 1.8 g in Simplex™ HV against 
MRSA [74].

Gentamicin

Gentamicin is an aminoglycoside antibiotic characteristi-
cally associated with ototoxicity and nephrotoxicity when 
administered systemically at high doses. It possesses activity 
primarily against gram-negative bacteria, including Pseu-
domonas, yet notably also covers S. aureus, making it a good 

option for empiric treatment of orthopedic infections. Gen-
tamicin is safe to use at doses up to 1 g of powder or 240 mg 
of liquid (6 ml of 40 mg/milliliter) in Stimulan™ [29, 66]. 
In the novel product Cerament G (dissolvable calcium sul-
fate + calcium phosphate), gentamicin demonstrated good 
elution kinetics and bioactivity up to 175 mg/10 ml [75]. In 
non-medicated Simplex™ HV, gentamicin is safe at doses 
up to 8 g.

Vancomycin + Tobramycin

As previously mentioned, vancomycin is a commonly uti-
lized antibiotic for application to implants, and its familiarity 
lends it to combination applications. Much research sup-
ports combined vancomycin and tobramycin, owing to their 
complementary activity spectra and general effectiveness. 
Vancomycin is a potent antibiotic employed against gram-
positive organisms, while tobramycin demonstrates excel-
lent gram-negative coverage, including resistant strains and 
Pseudomonas.

In combination, vancomycin and tobramycin are effec-
tive and safe in Stimulan™ at 1 g of vancomycin to either 
240 mg liquid tobramycin [76] or 600 mg powder tobramy-
cin [43]. In non-medicated Simplex™ HV, vancomycin and 
tobramycin are safe at doses up to 4 g and 4.8 g, respectively 
[77]. In Simplex™ P, vancomycin and tobramycin are the 
same at 1 g and 600 mg [43].

Aztreonam

Aztreonam is a narrow-spectrum antibiotic that is only effec-
tive against gram-negative bacteria, including Pseudomonas. 
In a study where aztreonam was combined with vancomycin 
for empiric coverage, aztreonam exhibited safety and effi-
cacy at 4 g in non-medicated Simplex™ HV [78].

Doxycycline

Doxycycline is a tetracycline antibiotic with a broad spec-
trum of coverage, including several atypicals. It is safe and 
effective at doses up to 100 mg in non-medicated Simplex™ 
HV [79].

Sulfamethoxazole/Trimethoprim (SMX/TMP)

SMX/TMP is a combination antibiotic that inhibits multiple 
enzymes in the genesis of tetrahydrofolate. It possesses a 
broad spectrum of activity. It exhibits good bioactivity and 
safety in its liquid form in non-medicated Simplex™ HV at 
400 mg SMX to 80 mg TMP [79].
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Moxifloxacin

Moxifloxacin is a fluoroquinolone antibiotic with a broad 
spectrum of activity, including MRSA and M. tuberculo-
sis, making it suitable for exploration as empiric therapy. 
It demonstrated safety and efficacy up to 1 g in Stimulan™ 
[50]. It is effective in non-medicated Simplex™ HV at 
doses of up to 8 g [64].

Ciprofloxacin

Ciprofloxacin is a fluoroquinolone antibiotic with a similar 
spectrum of activity to moxifloxacin but with better pseu-
domonas coverage [80]. Ciprofloxacin is safe in Stimu-
lan™ up to 1 g [81]. It is safe in non-medicated Simplex™ 
HV up to 6 g [31].

Amikacin

Amikacin is an aminoglycoside antibiotic with a broad 
spectrum of activity, including resistant strains of Pseu-
domonas, Klebsiella, and Staphylococcus, making it a wor-
thy choice for empiric antibiotic prophylaxis [82]. Ami-
kacin is safe and effective in Stimulan™ at 1000 mg/4 ml 
[29]. In non-medicated Simplex™ HV, 1 g of amikacin 
dissolved in 4 ml of liquid showed suitable elution but 
only sustained suitable elution for seven days [83]. At this 
institution, 5 g powder is utilized for both applications.

Targeted Antibiotic Therapies

In the literature, select case reports outlined therapies for 
targeted and rare fracture-related, implant-associated, and 
periprosthetic infections with either Candida or Mycobac-
terium tuberculosis. Fungal infection accounts for 1–2% 
of periprosthetic joint infections [84], which occur in 
about 1–2% of joint surgeries [8], or between 1 in every 
2,500–10,000 cases. Musculoskeletal Mycobacterium 
tuberculosis is one of the more common extrapulmonary 
manifestations of tuberculosis (TB) in the USA but is still 
rare. M. tuberculosis infection of an orthopedic implant is 
exceptionally infrequent. The quality of evidence in the 
two supporting studies is poor, with two Level V evidence 
studies in accordance with AAOS Levels of Evidence.

Isoniazid

Isoniazid is a staple in the treatment of TB. In a 2013 
study, Han et al. demonstrated good elution kinetics and 

antimycobacterial activity of isoniazid, safe up to 4 g in 
non-medicated Simplex™ HV [85].

Streptomycin

Streptomycin was the first aminoglycoside antibiotic, discov-
ered in 1943. Today, it is used primarily with other antibiot-
ics for treating pulmonary TB. A 1995 case report details its 
applicability to tuberculosis osteomyelitis and found it safe 
and effective at doses up to 7 g in non-medicated Simplex™ 
HV [86].

Additional antibiotics not recommended 
for effective use

Ampicillin, amoxicillin/clavulanate, cefepime, oritavancin, 
and piperacillin/tazobactam [87] are antibiotics with poor 
elution characteristics that are not recommended for treating 
bacterial FRI or PJI (see Table 2) [64, 88]. The quality of 
evidence in the 5 supporting studies is poor, with one Level 
V evidence study and four foundational evidence in vitro 
studies in accordance with AAOS Levels of Evidence.

Antifungals

Fungal infection is another rare yet devastating complication 
of FRIs and PJIs. Treating these infections is often protracted 
and significantly burdens the patient and health care system. 
Recommendations for the evidence-based treatment of fun-
gal infection of an implant or fracture site are made based 
on the available data in this review. The quality of evidence 
in the 17 supporting studies is poor, with two Level IV evi-
dence studies, seven Level V studies, and eight foundational 
evidence in vitro studies in accordance with AAOS Levels 

Table 2  List of antibiotics not supported for use in the treatment of 
FRI and PJI and the reason for their exclusion

NOT RECOMMENDED PMMA

Ampicillin Does not elute
Amoxicillin/clavulanate Does not elute
Cefepime Does not elute
Oritavancin Does not elute after 24 h
Rifabutin Does not elute
Rifaximin Does not elute
Rifapentine Does not elute
Tigecycline Does not elute after 24 h
Zosyn (piperacillin/tazobactam) Case report of use resulted in 

drug fever verified in pt with IV 
rechallenge positive
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of Evidence. See Table 3 for dosing recommendations based 
on carrier.

Amphotericin B

Amphotericin B is a polyene antifungal used to treat severe 
fungal and protozoal infections, including mucormycosis, 
coccidioidomycosis, cryptococcosis, severe candida, and 
life-threatening leishmaniasis. It has a well-documented 
history of severe side effects when utilized systemically. In 
several case studies [10, 89–91], Amphotericin B deoxycho-
late eliminated severe recalcitrant fungal infections of the 
implant while causing no severe side effects seen with its 
systemic use. It is safe and effective at doses up to 100 mg 
in vivo [89] and 500 in vitro [92] when added to Stimulan™ 
and at doses up to 1.2 g when applied to non-medicated 
Simplex™ HV [10]. Amphotericin in its liposomal form was 
safe and effective at doses up to 800 mg, with greater elution 
kinetics than the amphotericin deoxycholate; however, the 
drug compromised the compressive ability of the cement 
[93]. Some studies did not support the utility of ampho-
tericin B deoxycholate due to poor or short elution duration 
[90, 94, 95].

Voriconazole

Voriconazole is a triazole antifungal with a broad spectrum 
of activity, including Aspergillus spp., and more robust 
activity against Candida species than other triazoles [96].

It is safe and effective when added to Stimulan™ in vivo 
up to 200 mg and in vitro up to 1000 mg [92, 97]. Voricona-
zole demonstrated safety and efficacy at doses up to 1000 mg 
in vivo [98] and 3000 mg in vitro [99] when applied to Sim-
plex™ P and up to 1000 mg when applied to non-medicated 
Simplex™ HV.

Fluconazole

Fluconazole is a triazole antifungal widely used for treating 
candida infections, both local and systemic. Fluconazole is 
safe and effective, up to 4 g in non-medicated Simplex™ 
HV [100].

Additional antifungals not recommended 
for effective use

Anidulafungin, flucytosine, itraconazole, micafungin, and 
terbinafine are antifungals with poor elution characteristics 
that are not recommended for use in treating fungal FRIs or 
PJIs (see Table 4). The quality of evidence in the six sup-
porting studies is poor, with two Level V studies and four 
foundational evidence in vitro studies in accordance with 
AAOS Levels of Evidence [89, 99, 101, 102].

Discussion

Since local antibiotic concentrations must reach up to 1000 
times the usual bactericidal concentration to effectively 
eliminate bacteria in a biofilm, systemic antibiotic treatment 
of implant-related infections, such as FRI and PJI, is often 
ineffective [15–18]. Antibiotic-loaded acrylic bone cement 
has a storied history, beginning with Bucholz and Engel-
brecht in 1970 [25]. It is considered by many to be the gold 
standard for treating infections with associated orthopedic 
implants [26, 27]. The application of antibiotics directly to 
the site of infection allows for high local concentrations of 
the given drug relative to oral or intravenous applications 
while minimizing serum drug levels, which may lower sys-
temic side effects and the incidence of antimicrobial resist-
ance [28–30]. Polymethylmethacrylate (PMMA) is a cement 
utilized in temporizing implant-related infections, allowing 

Table 3  List of antifungals 
supported for use in the 
treatment of FRI and PJI 
and their respective doses in 
common carriers

Antifungals in Bone Cement Stimulan (dissolvable 
calcium sulfate) 
Amount per 20 gm 
10 ml = 20 gm
Dissolves over 
3 weeks

Simplex HV 
(PMMA) 
(Cobalt HV in outpatient) 
Amount per 40 gm
Non-dissolvable

Simplex P 
(PMMA with 
Tobramycin 
1gm) 
Amount per 
40 gm
Non-dissolvable

Amphotericin B (fungizone) Up to 100 mg In Vivo
500 mg In vitro

Up to 1200 mg In Vivo
See notes below

Amphotericin B LIPOSO-
MAL (ambisome)

Up to 200–800 mg
In vitro
Elutes well but not compressive

Fluconazole Up to 4000 mg
Voriconazole Up to 200 mg

1000 mg In Vitro
Up to 1000 mg Up to 1000 mg

3000 mg In Vitro
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for steady elution of an impregnated drug for several weeks 
[31].

One major drawback of using bone cement is the con-
ventional necessity to remove it when used in orthopedic 
trauma and fracture surgery, as the cement is not absorbable. 
Due to this limitation, resorbable carriers of antimicrobials 
became available, obviating the need for a second surgery 
for removal. Calcium sulfate beads are a resorbable option 
that has shown efficacy in decreasing infection rates, and 
they have been demonstrated to elute antibiotics for a longer 
duration than PMMA [33, 34]. There have been concerns 
regarding prolonged wound drainage in the setting of the use 
of calcium sulfate beads [35] that has caused some surgeons 
to be wary of their use due to increased length of hospital 
stay and concern that persistent drainage may augment the 
risk of infection [36]. However, a 2014 study showed no 
increased risk of infection in these patients [37]. In a 2021 
study, resorbable constructs comprised of both calcium sul-
fate and calcium phosphate were found to have the potential 
to stimulate osteogenesis by acting as a scaffold while simul-
taneously protecting against biofilm infection [38].

This evidence-based systematic review offers the most 
up-to-date and comprehensive practice guidelines for using 
antimicrobial-loaded cements and beads as prophylaxis or 
treatment of FRI and PJI. While first-line treatment modali-
ties for use in targeted therapy against gram positives and 
broad-spectrum empiric therapy are described, this review 
also supports the necessity for a regimen tailored to the 
specific pathogens and sensitivities and provides a single 
compiled source for dosages of most available antimicrobi-
als. Lastly, the delivery methods compatible with each drug 
were outlined.

This review has some notable limitations. As with any 
systematic review, it is only as strong as its constituent stud-
ies. All included studies were published in English, leading 
to a potential language bias. A majority of included studies 
were conducted in vitro. While these studies are valuable, 

they cannot perfectly emulate real clinical scenarios. Many 
clinical studies cited here are case studies or case series, 
which provide low-level evidence to support claims; how-
ever, they offer valuable information when approaching 
unique or resistant pathogens. Due to the quality of the 
included studies, the authors elected not to conduct a meta-
analysis. The authors acknowledge the value that a meta-
analysis brings yet assert that a meta-analysis may in and 
of itself be misleading when analyzing studies at high risk 
of bias. Additionally, there is no standardized method for 
applying the antimicrobials described in this review, which 
is an inherent limitation. Finally, available antibiotics and 
bacterial resistance profiles are dynamic, which could affect 
this review's accuracy and comprehensiveness. As such, it 
is advisable to communicate with institutional infectious 
disease specialists and reference sensitivity panels for each 
infection when deciding on the optimal agent choice.

Conclusion

These results encapsulate valuable clinical practice guide-
lines for antibiotic- and antifungal-loaded bone cements 
and beads to treat musculoskeletal infections. These recom-
mendations are based on literature support through in vitro, 
in vivo, or case studies. With the ever-evolving propensity 
of bacteria to develop antibiotic resistance, these recom-
mendations are dynamic; the state of the antibiotic profile 
limits some at the time of elucidation. Collaboration with 
medicine, infectious disease, and/or pharmacology teams is 
recommended to create institutional protocols for antibiotic-
eluting implants and close comanagement to ensure efficacy 
and patient safety.

Funding  Funding sources did not play a role in the investigation.

Table 4  List of antifungals 
not supported for use in the 
treatment of FRI and PJI and the 
reason for their exclusion

NOT RECOMMENDED PMMA

Amphotericin B (fungizone) Up to 200 mg in PMMA with tobramycin (not detectable at 168 h) 
forms bonds with PMMA

750 mg mixed in 4 batches of PMMA
[200 mg × 2, 250 mg × 1, 100 mg × 1]
(implanted dose estimated at 675–725 mg or 9 mg/kg) had detectable 

levels for up to 50 h, then rapid decline over the next 24 h (0.51 mg/L 
to day 5)

1500 mg mixed in PMMA had decent elution for 22 h in vitro
Anidulafungin Does not elute (up to 3600 mg)
Flucytosine Does not elute
Itraconazole Does not elute
Micafungin Does not elute
Terbinafine Does not elute
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