SECTION 3

3.1. TREATMENT: ANTIMICROBIALS
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QUESTION 1: What is the optimal choice and duration of antibiotic therapy in polymicrobial surgical site
infection/periprosthetic joint infection (SSI/PJI)?

RECOMMENDATION: The optimal choice and duration of antimicrobial therapy in polymicrobial PJIs remain unknown. Antimicrobial therapy for polymicrobial PJI should
be targeted at the organisms that are present. There is limited literature on the antibiotic treatment as polymicrobial PJls are very heterogenous. We recommend four
to six weeks of intravenous or highly-available oral antimicrobial therapy, that is based on the in vitro susceptibilities of the individual microorganisms, patient allergies
and intolerances.

LEVEL OF EVIDENCE: Limited

DELEGATE VOTE: Agree: 92%, Disagree: 5%, Abstain: 3% (Super Majority, Strong Consensus)

RATIONALE

Polymicrobial PJI, as identified by isolation of multiple organisms by culture, constitutes between 6% and 37% of reported PJI [1-4]. Patients with
polymicrobial PJI have worse outcomes when compared to monomicrobial PJI and culture-negative PJI, regardless of the surgical treatment [5,6].
Studies have shown a lower success rates of polymicrobial PJIs (37 to 67%) compared to that of monomicrobial PJIs (69% to 87%) [5—9]. The treatment
often requires broad-spectrum antibiotics or multiple antibiotics given that multiple organisms need to be targeted. Unfortunately, there is minimal
literature regarding the optimal choice and duration of antibiotic therapy in patients with polymicrobial PJI. This is largely due to the fact that
polymicrobial PJIs are very heterogenous and may represent many combinations of infecting organisms including fungi. However, there are many
studies that have demonstrated that polymicrobial PJls are associated with certain bacteria. Marculescu et al. found that methicillin-resistant
Staphylococcus aureus (26.4% versus 7.1%) and anaerobes (11.7% versus 2.8%) were more common in polymicrobial Plls. In addition, Tan et al.
reported that the isolation of gram-negative organisms (p < 0.01), enterococci (p < 0.01), Escherichia coli (p < 0.01), and atypical organisms (p < 0.01)
was associated with polymicrobial periprosthetic joint infection. Furthermore, many of these organisms are associated with high failure rates and
the optimal antimicrobial for these organisms are still being defined [10,11].

While there are no randomized studies to compare the duration of treatment for polymicrobial PJIs compared to monomicrobial PJIs, patients treated
for polymicrobial PJIs received four to six weeks of antimicrobial therapy [6—8], with the choice of an initial two weeks of parenteral antimicrobial therapy
followed by four weeks of oral and highly-bioavailable antibiotic therapy [7,8]. Current Infectious Disease Society of America (IDSA) guidelines, while not
specifically addressing polymicrobial Plls, suggest four to six weeks of pathogen specific intravenous or highly-bioavailable oral antimicrobial therapy,
which does not differ from the treatment of monomicrobial PJIs [12].

A study done by Moran et al. on 112 patients showed that polymicrobial organisms were present in 46.7% in the early postoperative period (within
3 months after prosthesis implantation) [3]. While in this study gram-negative organisms were seen only in 8% of the polymicrobial isolates, among these
isolates were organisms classically associated with chromosomal Amp C-inducible beta-lactamases (E cloacae, Serratia spp, Morganella morganii), and
resistant Acinetobacter spp. These findings, along with a high rate of beta-lactam resistance among coagulase-negative staphylococci (CoNS) have led the
authors to recommend a broad-spectrum empirical antimicrobial coverage with a glycopeptide and a carbapenem [3]. In contrast, a study by Sousa et al.
found no increased prevalence of polymicrobial infection in the early postoperative period, but they too recommend a carbapenem and vancomycin as
empirical antimicrobial therapy for chronic and hematogenous infections when polymicrobial infection was present [13].

When selecting empirical antimicrobial therapy for polymicrobial Plls, it is therefore important to be aware of the local and institutional gram-
negative and gram-positive resistance pattern. Broad-spectrum antimicrobials should be stopped as soon as susceptibility results are available and
effective antimicrobials with the narrowest spectrum of activity should be selected for completing the therapy.

Given that outcomes are poor with polymicrobial PJls, chronic suppression may be warranted as multiple studies have demonstrated increased
survivorship with the addition of oral antibiotics [14,15]. Frank et al. demonstrated that patients treated with oral antibiotics failed secondary to infection
less frequently than those not treated with antibiotics (5% versus 19%, p = 0.016) in a prospective randomized controlled trial [14].

Search Methodology: A PubMed Search for the MeSH Terms ((“Infection”[ MeSH]) AND (“Prostheses and Implants”[ MeSH] OR “Prosthesis
Implantation”[ MeSH] OR “Prosthesis-Related Infections”[ MeSH] OR “Prosthesis Failure”[ MeSH] )) AND “Coinfection”[ MeSH] as well as for the terms
polymicrobial[All Fields] AND (“joints”[MeSH Terms] OR “joints”[All Fields] OR “joint”[All Fields]) AND (“infection”[MeSH Terms] OR “infection”[All Fields])
on February 12, 2018 revealed a total of n = 161 results. All publications were screened and evaluated for relevance regarding the research question and
duplicates.
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QUESTION 2: What systemic antibiotic therapies should be used in patients with surgical site
infection/periprosthetic joint infection (SSI/PJI) caused by resistant organisms?

RECOMMENDATION: The choice of antibiotic therapy in patients with SSI/PJI caused by resistant organisms is not fully answered by literature. There are a number of
antibiotic choices available for patients with SSI/PJI caused by resistant organisms. The antibiotic selection process should consider patient comorbidities, mode of
administration, risk of Clostridium difficile, need for monitoring, allergy profile of the patient, intolerance, regional resistance patterns, cost and availability. Ideally,
apart from having activity against the resistant organisms, antibiotic choice should have good bone and soft tissue penetration and activity against biofilm. Consultation
with infectious diseases specialists and clinical microbiologists is warranted in these cases.

LEVEL OF EVIDENCE: Limited

DELEGATE VOTE: Agree: 96%, Disagree: 2%, Abstain: 2% (Unanimous, Strongest Consensus)

RATIONALE

Success rates in the treatment of PJI produced by resistant bacteria are lower than those from sensitive organisms, resulting in an increase in morbidity
and cost. Successful treatment requires a multidisciplinary approach, including orthopaedic surgeons, infectious diseases specialists and microbiologists
with an interest and experience in treating these complex infections.

Relative resistance is conferred by biofilms even when treated with susceptible antimicrobials, particularly in debridement and implant retention
(DAIR). Antimicrobial decision-making needs to consider not only the minimum inhibitory concentration (MIC) but also the minimum biofilm-inhibitory
concentration (MBIC) and minimum biofilm bactericidal concentration (MBBC), if performed.

Staphylococcus, streptococci, enterococci, enterobacteriae such as Escherichia coli or Klebsiella pneumoniae, Pseudomonas, and Candida are
common microorganisms that form biofilms and are implicated in PJI [1]. The biofilm results in physiological, physical and adaptive resistance mechanisms
to commonly-used antibiotics in PJI including aminoglycosides, p-lactams, quinolones and glycopeptides [2].

The transcriptional inhibitor rifampin has demonstrated consistent antibiofilm activity in gram-positives and is recommended by the Infectious
Diseases Society of America (IDSA). Fluoroquinolones are the first choice as antibiofilm agent in gram-negative infections. Colistin and fosfomycin could
be alternatives [1].

Gram-positive PJI/SSI

The main gram-positive PJI are Staphylococcus aureus and Staphylococcus epidermidis. Methicillin resistance is more common in Staphylococcus
epidermidis (MRSE) compared to Staphylococcus aureus (MRSA). The majority of clinical studies include both MRSA and MRSE sharing treatment options.
Enterococcus spp. is a rare cause of gram-positive PJI including vancomycin resistant enterococcus (VRE).



The initial therapy for MRSA or MRSE PJI infections after debridement should be directed against planktonic cells and is currently based in
glycopeptides [3]. However, at high inocula vancomycin’s efficacy is often suboptimal and in monotherapy poor clinical data have been published [4].
Interestingly the combination of daptomycin plus oxacillin has shown synergy in in vitro MRSA models, also against biofilm-embedded bacteria [5-7].
Although clinical experience is lacking, this combination could be used in the first days of MRSA PJI infection.

After the initial acute period (one to two weeks), targeted anti-biofilm therapy is warranted. As stated previously, rifampin has excellent activity
against staphylococci in biofilm [8]. There is some indication that rifampin in combination with other anti-staphylococcal agents may improve the
outcome of treatment. This was highlighted by one of the few clinical randomized controlled trials on antibiotic use in PJI. In patients with staphylococcal
infection surgically managed by DAIR, the addition of rifampin to flucloxacillin or vancomycin for two weeks and three to six months of ciprofloxacin
improved cure rate from 58% to 100% compared to antibiotics with a rifampin placebo [9]. The latter study has been criticized for consisting of a very
small number of patients and its findings have not been embraced by the entire orthopaedic community. It is important to note that rifampin
monotherapy is associated with a high likelihood of resistance and is not recommended by IDSA guidelines. Many methicillin-resistant staphylococcal PJI
are also resistant to fluoroquinolones. However, if susceptible, it combines well with rifampin with good outcomes [9—12]. This combination has a good
bioavailability, activity and safety, as has been shown in several clinical studies and it is considered the first choice if the Staphylococcus is susceptible to
both agents [9,11-14]

There are numerous combinations with rifampin suggested in the literature for resistant staphylococci and alternatives if rifampin cannot be used.
The majority of clinical studies are non-comparative retrospective reviews. The animal studies and in vitro studies provide comparative results, but there
is little consensus and different methodologies used limit meta-analysis to make conclusions. A number of studies compare the following agents in
combination with rifampin: vancomycin, daptomycin, linezolid, cephalosporins, carbapenems, fosfomycin, tigecycline, minocycline, fusidic acid, co-
trimoxazole. Vancomycin is often the first line in MRSA/MRSE PJI [15]. A number of studies have concluded that year-on-year MRSA strains have a higher
vancomycin MIC [16,17]. Some studies have demonstrated improved efficacy with vancomycin and rifampin in vitro [18], but this combination also results
in rifampin resistance [19]. In comparison to levofloxacin, daptomycin has favorable results when combined with rifampin in vitro. Monotherapy use
produced rifampin and daptomycin resistance and should be avoided [20,21]. Compared with linezolid and vancomycin, animal studies similarly favored
daptomycin and rifampin [21-23]. A similar animal study comparing linezolid, vancomycin and daptomycin as a monotherapy and in combination
concluded superiority of the daptomycin rifampin combination [24]. Clinically, non-comparative series using daptomycin achieved good outcomes if the
implant is removed with 91% (10/11) [25] and 100% (22/22) [26] success with two-stage revision, respectively. Poorer results occurred after debridement
and implant retention using daptomycin and rifampin, with success rates ranging from 50 to 80% (4/5, [25], (6/12, [27]) (9/18, [28]).

The fifth-generation cephalosporin, ceftaroline, is an option with similar activity to vancomycin and improved side effect profile. It is more effective
in combination with rifampin in MRSA animal models [29]. An in vitro biofilm study, in contrast, concluded that the addition of rifampin to ceftaroline
was not beneficial and antagonistic with some MRSA strains. They found that ceftaroline and daptomycin combination was the most effective but
accepted that in vivo studies were required before its clinical applicability is known [30].

Tigecycline has been investigated as an alternative in MRSA PJI. Animal models comparing it to vancomycin as monotherapy or combined with
rifampin concluded it was as effective as vancomycin with rifampin, but tigecycline alone was least effective [31]. Tigecycline combined with other
antimicrobials produces an indifferent response, but has been shown to be effective against multi-resistant gram-positive and gram-negative organisms
and could be considered as part of a combination regimen when first- and second-line options are contraindicated [32,33].

Thompson et al. compared 10 antibiotic groups in a MRSA animal model. The study did not confirm superiority, but that linezolid, vancomycin,
daptomycin, ceftaroline in combination with rifampin were successful at eradicating bacteria. No antibiotic monotherapy cleared the bacteria [34].

In comparison to the oral antimicrobials fusidic acid, linezolid, rifampin and minocycline, linezolid was the only monotherapy effective against biofilm-
embedded MRSA [35]. In an animal methicillin-susceptible S. aureus (MSSA) model, linezolid with rifampin prevented rifampin resistance and
demonstrated superior activity compared to linezolid alone or cloxacillin with or without rifampin [36].

The retrospective clinical results of linezolid with rifampin following DAIR achieved successful remission in 69% (34/49). Linezolid was used as second
line where previous treatment failed or therapy intolerance [37].

Another retrospective review of 39 gram-positive cocci PJI, remission of infection was achieved in 72% using linezolid following DAIR. Some patients
also received rifampin which in this series was associated with a higher failure rate of 36% vs.18% which the authors commented that the rifampin group
had a higher proportion of MRSA, diabetes and longer symptom duration before DAIR [38].

Combinations of rifampin plus linezolid have shown an increase in the antibacterial effect of linezolid in biofilm and a synergic activity against MRSA
isolates [19,35,36]. Clinical series have demonstrated acceptable clinical outcome, although the studies are heterogeneous [37-39]. It is not well
established the possible effect of rifampin in metabolism of linezolid. In vivo studies such as that by Gandelman et al. [40] showed that the combination
is safe and well-tolerated, with only a small effect on the clearance of linezolid.

Results of co-trimoxazole and fusidic acid highlight that they still have a role in resistant staphylococcal PJI. Lower cost and oral administration are
advantageous if the microorganisms are susceptible. A study of 56 bone and joint infections, including 36 with infected implants, received either linezolid
or co-trimoxazole in combination with rifampin. There was no significant difference in cure rates with 89.3% success with linezolid and 78.6% with co-
trimoxazole [41]. Co-trimoxazole has historically been an oral agent active against resistant staphylococcal infections, achieving success in 67% in a
prospective study of 39 PJI. Treatment was between six and nine months. Device removal improved outcomes, but 60% were successful with implant
retention [42].

A large retrospective review of 345 Staphylococcus aureus PJI managed with DAIR concluded that there was no difference in success between p-
lactams or quinolones for MSSA or glycopeptides, co-trimoxazole, linezolid or clindamycin for MRSA in a series where 88% were used in combination
with rifampin. Overall success was 55%, of which 80% had received rifampin for over 4 weeks [11].

Options in Rifampin Resistance

Rifampin resistance in association with resistant organisms is associated with inadequate surgical debridement or inadequate combination antibiotic
treatment [43]. The IDSA recommends a four-to-six-week intravenous course of antibiofilm-guided therapy in rifampin resistance [44].

Fosfomycin has been investigated as an alternative to rifampin in gram-positive resistant PJI. Vancomycin with fosfomycin or rifampin were superior
to tigecycline for planktonic bacteria and vancomycin combinations with fosfomycin or minocycline was superior for antibiofilm activity [18]. Fosfomycin
with daptomycin was as effective as daptomycin-rifampin. Fosfomycin-imipenem was ineffective and resulted in resistance [23]. An in vitro biofilm
comparison model found higher rifampin resistance with vancomycin, teicoplanin, daptomycin and tigecycline [19] A similar model used the same



antibiotics, except daptomycin, but combined them with fosfomycin. They concluded that fosfomycin enhanced activities of linezolid, minocycline,
vancomycin and teicoplanin and was superior to rifampin combinations [45].

Interestingly an animal model study suggested that rifampin resistance can be transient and that rifampin-based combination therapy can be
effective even if rifampin-resistant bacteria was previously selected by rifampin exposure [46].

Some studies have even demonstrated that using resistant antibiotics in combination with a non-resistant antibiotic may be effective. Combining
cloxacillin with daptomycin was active in an MRSA animal model [5] and was as effective as cloxacillin with rifampin in an MSSA model in rifampin
resistance [6]. In vitro and in vivo lab studies have demonstrated synergy between daptomycin and f-lactams or carbapenems including nafcillin,
cefotaxime, amoxicillin-clavulanic and imipenem. Combination therapy prevented daptomycin resistance [7]. An in vitro MRSA biofilm study concluded
that neither daptomycin nor linezolid were active against biofilm embedded bacteria however in combination they were successful [47]. In other studies,
linezolid monotherapy exhibited excellent inhibitory effects against biofilm-embedded MRSA [19,45]. There is considerable literature on the use of
linezolid in monotherapy, showing high success rates [38,48-50]. Its excellent bone and tissue penetration is one of the main reasons for this. So, it could
be an alternative in rifampin resistant staphylococcal infections.

Drug Interaction and Concentration Levels

Although the majority of studies demonstrate a benefit from combination therapy, drug interactions and pharmacokinetics must be considered. A
randomized control trial comparing fusidic acid with rifampin versus vancomycin was stopped. The authors identified that the fusidic acid concentrations
were lower than expected and at low levels rifampin resistance occurred [51]. In contrast, a study of 62 patients taking rifampin and fusidic acid
demonstrated pharmacokinetics resulting in high drug exposure [52]. Decreased trough clindamycin concentrations were associated with concomitant
rifampin use in an observational study of 61 patients infected with gram-positive organisms [53]. A crossover study into the pharmacokinetics of linezolid
in combination with rifampin in 16 healthy adults demonstrated an interaction resulting in increased linezolid metabolism resulting in a lower
concentration for the dosing interval [40].

Enterococcus

Enterococcal PJI is rare (3 to 10%) and associated with high failure rates [54]. Unlike rifampin in staphylococcal PJI there is no antibiofilm agents
active against Enterococcus. Strains can be penicillin-susceptible, penicillin-resistant or vancomycin-resistant. IDSA guidelines recommend combination
therapy with aminoglycosides. Typical combinations of gentamicin with ampicillin for penicillin susceptible, vancomycin for penicillin resistant and
linezolid or daptomycin for vancomycin resistant are recommended. In vitro and animal studies of E. faecalis had cure rates of 17% with vancomycin,
25% with daptomycin, 33% with vancomycin and gentamycin and 55% with daptomycin and gentamycin [55]. Fosfomycin with gentamicin was shown to
be superior to vancomycin and daptomycin with eradication of E. faecalis in 42%. Combinations of cephalosporins, ampicillin, aminoglycosides,
daptomycin and linezolid are options for VRE PJI but there is no consensus across the literature and clinical series are too small and heterogenous to
make firm conclusions on antibiotic therapy. Due to the low success treating these resistant organisms that lack antibiofilm therapy DAIR is unlikely to
work and aggressive surgical management is required.

Gram-negative PJI/SSI

Ten to 30% of PJls are caused by gram-negative bacteria. These include Escherichia coli, Pseudomonas aeruginosa, Klebsiella species, Proteus species,
Pasteurella species and Serratia spp. [56,57]. Appropriate antibiotics include cephalosporins, carbapenems and fluoroquinolones often in combination,
directed by antibiofilm including fluoroquinolones in the combination when susceptible. Colistin and fosfomycin have good biofilm activity and can be
used in combination, particularly against fluoroquinolone resistant organisms. Extended spectrum p-lactamase (ESBL) producing enterobacteriaceae,
Klebsiella pneumoniae carbapenemase producing (KPC) enterobacteriaceae and Pseudomonas strains are resistant to a variety of antibiotics and are
difficult to eradicate.

Like the biofilm in gram-positive organisms, many gram-negative organisms demonstrate resistance to phagocytosis when adherent to the surface
of implants even when treated with susceptible antibiotics. Clinical outcomes of gram-negative PJI in the literature vary between high rates of success,
even following DAIR or small series of very difficult to treat infections where despite combination antibiotics and aggressive surgical management with
staged revision they have low rates of success. Fluoroquinolone sensitivity or resistance explains the dichotomy. Fluoroquinolones have good activity
against E. coli due to efficacy against non-growing and adherent bacteria [58]. A retrospective series of 17 gram-negative infections managed with
debridement and implant retention achieved successful remission in 15. Antibiotic use included intravenous cephalosporins or carbapenams initially
followed by medium term oral ciprofloxacin. The authors concluded that the ciprofloxacin provided good antibiofilm activity [59]. A retrospective review
of 24 gram-negative bone infections successfully eradicated infection in 79% using a combination of cefepime and fluorquinolone. Approximately half
were treated with device retention and half with removal but there was no difference in success [60]. Ceftazidime and ciprofloxacin combination therapy
was effective with implant retention in 24 pseudomonas infected implants [61]. A large retrospective series of 242 gram-negative PJI infections also
demonstrated that including fluorquinolones in the combination therapy had higher successful rates [62].

Carbapenam-resistant Klebsiella pneumoniae has advanced mechanisms to rapidly generate resistance on therapy, including colistin and
aminoglycosides. A failure to respond to treatment warrants not only a change of antibiotics but repeated debridement and new samples for sensitivity
testing [63]. An animal model of KPC-producing Enterobacteriaceae demonstrated that synergistic combinations of tigecycline with rifampin or
gentamicin were effective whereas there was antagonism using a combination of tigecycline with meropenem or colistin [64].

An in vitro and animal study of fluoroquinolone resistant Escherichia coli comparing fosfomycin, colistin, tigecycline, gentamycin, alone and in
combination concluded the highest cure rate was with fosfomycin and colistin. Fosfomycin was the only monotherapy able to eradicate ESBL-producing
E. coli biofilms [65].

IDSA guidelines recommend combination therapy for Pseudomonas PJI due to the limited antibiotic options [44]. In vitro studies combining
fluoroquinolones with B-lactams or aminoglycosides reduces the risk of resistance to Pseudomonas and Acinetobacter spp. [66,67]. Multidrug resistant
Pseudomonas was more effectively treated by combination therapy of colistin with p-lactams (cure rate 11/15) compared to monotherapy (cure rate
6/19) [68].



Interestingly, combining drugs even if one of them is resistant can be associated with antimicrobial activity. An in vitro study of biofilm and planktonic
multidrug resistant Pseudomonas aeruginosa concluded that colistin in combination with doripenem was effective against both carbapenem susceptible
and resistant strains and reduced colistin resistance. The role of the carbapenem is to prevent colistin resistance, not treat the resistant organism [69].

Some newly-approved antibiotics for resistant gram-negative infections utilize the synergy of antibiotic combinations. Ceftazidime/avibactam and
ceftolozane/tazobactam combine second generation f-lactamase inhibitors with cephalosporins. In vitro activity is demonstrated against multiple drug-
resistant gram-negative organisms including Pseudomonas and KPC producing Enterobacteriaceae. Clinically they are licensed for ventilator associated
pneumonia, compliated intra-abdominal infections and complicated urinary tract infections [70] Currently, there are no studies specifically using these
novel drugs in PJI.

Fungal PJI

Less than 1% of PJI are due to fungal infections. They are often associated with multiple revisions for infection, immunosuppression and prolonged
antibiotic therapy [71,72]. Candida is the most common species and is known to produce a complex biofilm conferring rapid resistance. IDSA guidelines
recommend fluconazole initially but ultimately based on antifungal susceptibility testing. Antibiofilm activity can require high antifungal doses associated
with systemic toxicity, therefore staged arthroplasty and use of antifungal bone cement is routinely advocated. Amphotericin B [73] or voriconazole [74]
is heat-stable and achieve high local concentrations.

REFERENCES

[1] Tzeng A, Tzeng TH, Vasdev S, Korth K, Healey T, Parvizi J, et al. Treating periprosthetic joint infections as biofilms: key diagnosis and management strategies. Diagn Microbiol
Infect Dis. 2015;81:192-200. doi:10.1016/j.diagmicrobio.2014.08.018.

[2]  Bjarnsholt T, Alhede M, Alhede M, Eickhardt—Sgrensen SR, Moser C, Kiihl M, et al. The in vivo biofilm. Trends Microbiol. 2013;21:466—474. doi:10.1016/j.tim.2013.06.002.

[3] SendiP, Zimmerli W. Antimicrobial treatment concepts for orthopaedic device—related infection. Clin Microbiol Infect. 2012;18:1176-1184. do0i:10.1111/1469-0691.12003.

[4] Bradbury T, Fehring TK, Taunton M, Hanssen A, Azzam K, Parvizi J, et al. The fate of acute methicillin—resistant staphylococcus aureus periprosthetic knee infections treated by
open debridement and retention of components. J Arthroplasty. 2009;24:101-104. doi:10.1016/j.arth.2009.04.028.

[5]  Garrigds C, Murillo O, Lora—Tamayo J, Verdaguer R, Tubau F, Cabellos C, et al. Efficacy of daptomycin—cloxacillin combination in experimental foreign—body infection due to
methicillin—resistant Staphylococcus aureus. Antimicrob Agents Chemother. 2012;56:3806-3811. doi:10.1128/AAC.00127-12.

[6] ElHajC, Murillo O, Ribera A, Vivas M, Garcia—Somoza D, Tubau F, et al. Comparative efficacies of cloxacillin—daptomycin and the standard cloxacillin—rifampin therapies against
an experimental foreign—body infection by methicillin—susceptible Staphylococcus aureus. Antimicrob Agents Chemother. 2014;58:5576-5580. doi:10.1128/AAC.02681-14.

[7]1 Mehta S, Singh C, Plata KB, Chanda PK, Paul A, Riosa S, et al. P—Lactams increase the antibacterial activity of daptomycin against clinical methicillin—resistant staphylococcus
aureus strains and prevent selection of daptomycin—resistant derivatives. Antimicrob Agents Chemother. 2012;56:6192-6200. doi:10.1128/AAC.01525-12.

[8] Schwank S, Rajacic Z, Zimmerli W, Blaser J. Impact of bacterial biofilm formation on in vitro and in vivo activities of antibiotics. Antimicrob Agents Chemother. 1998;42:895—
898.

[9] Zimmerli W, Widmer AF, Blatter M, Frei R, Ochsner PE. Role of rifampin for treatment of orthopedic implant-related staphylococcal infections: a randomized controlled trial.
foreign—body infection (FBI) study group. JAMA. 1998;279:1537-1541.

[10] Chuard C, Herrmann M, Vaudaux P, Waldvogel FA, Lew DP. Successful therapy of experimental chronic foreign—body infection due to methicillin—resistant staphylococcus
aureus by antimicrobial combinations. Antimicrob Agents Chemother. 1991;35:2611-2616.

[11] Lora-Tamayo J, Murillo O, Iribarren JA, Soriano A, Sdnchez—-Somolinos M, Baraia—Etxaburu JM, et al. A large multicenter study of methicillin—susceptible and methicillin—
resistant staphylococcus aureus prosthetic joint infections managed with implant retention. Clin Infect Dis. 2013;56:182—-194. doi:10.1093/cid/cis746.

[12] Senneville E, Joulie D, Legout L, Valette M, Dezéque H, Beltrand E, et al. Outcome and predictors of treatment failure in total hip/knee prosthetic joint infections due to
staphylococcus aureus. Clin Infect Dis. 2011;53:334-340. doi:10.1093/cid/cir402.

[13] El Helou OC, Berbari EF, Lahr BD, Eckel-Passow JE, Razonable RR, Sia IG, et al. Efficacy and safety of rifampin containing regimen for staphylococcal prosthetic joint infections
treated with debridement and retention. Eur J Clin Microbiol Infect Dis. 2010;29:961-967. doi:10.1007/s10096—010—-0952-9.

[14] Drancourt M, Stein A, Argenson JN, Zannier A, Curvale G, Raoult D. Oral rifampin plus ofloxacin for treatment of Staphylococcus—infected orthopedic implants. Antimicrob
Agents Chemother. 1993;37:1214-1218.

[15] Marschall J, Lane MA, Beekmann SE, Polgreen PM, Babcock HM. Current management of prosthetic joint infections in adults: results of an emerging infections network survey.
Int J Antimicrob Agents. 2013;41:272-277. doi:10.1016/j.ijantimicag.2012.10.023.

[16] Steinkraus G, White R, Friedrich L. Vancomycin MIC creep in non-vancomycin—intermediate Staphylococcus aureus (VISA), vancomycin—susceptible clinical methicillin—resistant
S. aureus (MRSA) blood isolates from 2001-05. J Antimicrob Chemother. 2007;60:788-794. doi:10.1093/jac/dkm258.

[17] Wang G, Hindler JF, Ward KW, Bruckner DA. Increased vancomycin MICs for Staphylococcus aureus clinical isolates from a university hospital during a 5—year period. J Clin
Microbiol. 2006;44:3883-3886. doi:10.1128/JCM.01388-06.

[18] TangHJ, Chen CC, Ko WC, Yu WL, Chiang SR, Chuang YC. In vitro efficacy of antimicrobial agents against high—inoculum or biofilm—embedded meticillin—resistant Staphylococcus
aureus with vancomycin minimal inhibitory concentrations equal to 2 pug/mL (VA2—MRSA). Int J Antimicrob Agents. 2011;38:46-51. doi:10.1016/j.ijantimicag.2011.02.013.

[19] Tang HJ, Chen CC, Cheng KC, Wu KY, Lin YC, Zhang C-C, et al. In vitro efficacies and resistance profiles of rifampin—based combination regimens for biofilm—embedded
methicillin—resistant Staphylococcus aureus. Antimicrob Agents Chemother. 2013;57:5717-5720. doi:10.1128/AAC.01236-13.

[20] El Haj C, Murillo O, Ribera A, Vivas M, Garcia—Somoza D, Tubau F, et al. Daptomycin combinations as alternative therapies in experimental foreign—body infection caused by
meticillin—susceptible staphylococcus aureus. Int J Antimicrob Agents. 2015;46:189-195. doi:10.1016/j.ijantimicag.2015.04.004.

[21] Saleh—Mghir A, Muller—Serieys C, Dinh A, Massias L, Crémieux AC. Adjunctive rifampin is crucial to optimizing daptomycin efficacy against rabbit prosthetic joint infection due
to methicillin—resistant staphylococcus aureus. Antimicrob Agents Chemother. 2011;55:4589-4593. doi:10.1128/AAC.00675-11.

[22] Garrigds C, Murillo O, Euba G, Verdaguer R, Tubau F, Cabellos C, et al. Efficacy of usual and high doses of daptomycin in combination with rifampin versus alternative therapies
in experimental foreign—body infection by methicillin—resistant staphylococcus aureus. Antimicrob Agents Chemother. 2010;54:5251-5256. doi:10.1128/AAC.00226-10.

[23] Garrigés C, Murillo O, Lora—Tamayo J, Verdaguer R, Tubau F, Cabellos C, et al. Fosfomycin—daptomycin and other fosfomycin combinations as alternative therapies in
experimental foreign—body infection by methicillin—resistant staphylococcus aureus. Antimicrob Agents Chemother. 2013;57:606—610. doi:10.1128/AAC.01570-12.

[24] John AK, Baldoni D, Haschke M, Rentsch K, Schaerli P, Zimmerli W, et al. Efficacy of daptomycin in implant—associated infection due to methicillin—resistant Staphylococcus
aureus: importance of combination with rifampin. Antimicrob Agents Chemother. 2009;53:2719-2724. doi:10.1128/AAC.00047-09.

[25] Chang YJ, Lee MS, Lee CH, Lin PC, Kuo FC. Daptomycin treatment in patients with resistant staphylococcal periprosthetic joint infection. BMC Infect Dis. 2017;17:736.
doi:10.1186/s12879-017-2842—6.

[26] Kuo FC, Yen S—H, Peng KT, Wang JW, Lee MS. Methicillin—resistant staphylococcal periprosthetic joint infections can be effectively controlled by systemic and local daptomycin.
BMC Infect Dis. 2016;16:48. doi:10.1186/512879-016—-1366-9.

[27] Rao N, Regalla DM. Uncertain efficacy of daptomycin for prosthetic joint infections: a prospective case series. Clin Orthop Relat Res. 2006;451:34-37.
doi:10.1097/01.bl0.0000224021.73163.61.

[28] Lora—Tamayo J, Parra—RuizJ, Rodriguez—Pardo D, Barberan J, Ribera A, Tornero E, et al. High doses of daptomycin (10 mg/kg/d) plus rifampin for the treatment of staphylococcal
prosthetic joint infection managed with implant retention: a comparative study. Diagn Microbiol Infect Dis. 2014;80:66—71. doi:10.1016/j.diagmicrobio.2014.05.022.

[29] Gatin L, Saleh—Mghir A, Tasse J, Ghout |, Laurent F, Crémieux AC. Ceftaroline—Fosamil efficacy against methicillin—resistant staphylococcus aureus in a rabbit prosthetic joint
infection model. Antimicrob Agents Chemother. 2014;58:6496—6500. doi:10.1128/AAC.03600-14.



(30]

(31]
132]
(33]
[34]
[35]
(36]
(37]
(38]
(39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
(48]
[49]
(50]
(51]
(52]
(53]

(54]
[55]

[56]

(57]
(58]

[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]

(68]

Barber KE, Smith JR, Ireland CE, Boles BR, Rose WE, Rybak MJ. Evaluation of ceftaroline alone and in combination against biofilm—producing methicillin—resistant staphylococcus
aureus with reduced susceptibility to daptomycin and vancomycin in an in vitro pharmacokinetic/pharmacodynamic model. Antimicrob Agents Chemother. 2015;59:4497—
4503. doi:10.1128/AAC.00386-15.

Garrigés C, Murillo O, Euba G, Verdaguer R, Tubau F, Cabellos C, et al. Efficacy of tigecycline alone and with rifampin in foreign—body infection by methicillin—resistant
staphylococcus aureus. J Infect. 2011;63:229-235. doi:10.1016/}.jinf.2011.07.001.

Entenza JM, Moreillon P. Tigecycline in combination with other antimicrobials: a review of in vitro, animal and case report studies. Int J Antimicrob Agents. 2009;34:8.e1—e9.
doi:10.1016/j.ijantimicag.2008.11.006.

Vouillamoz J, Moreillon P, Giddey M, Entenza JM. In vitro activities of tigecycline combined with other antimicrobials against multiresistant gram—positive and gram—negative
pathogens. J Antimicrob Chemother. 2008;61:371-374. doi:10.1093/jac/dkm459.

Thompson JM, Saini V, Ashbaugh AG, Miller RJ, Ordonez AA, Ortines RV, et al. Oral-only linezolid—rifampin is highly effective compared with other antibiotics for periprosthetic
joint infection: study of a mouse model. J Bone Joint Surg Am. 2017;99:656—665. doi:10.2106/JBJS.16.01002.

Wu WS, Chen CC, Chuang YC, Su BA, Chiu YH, Hsu HJ, et al. Efficacy of combination oral antimicrobial agents against biofilm—embedded methicillin—resistant staphylococcus
aureus. J Microbiol Immunol Infect. 2013;46:89-95. d0i:10.1016/j.jmii.2012.03.009.

Murillo O, Domenech A, Euba G, Verdaguer R, Tubau F, Cabo J, et al. Efficacy of linezolid alone and in combination with rifampin in staphylococcal experimental foreign—body
infection. J Infect. 2008;57:229-235. doi:10.1016/j.jinf.2008.07.003.

Gomez J, Canovas E, Bafios V, Martinez L, Garcia E, Herndndez—Torres A, et al. Linezolid plus rifampin as a salvage therapy in prosthetic joint infections treated without removing
the implant. Antimicrob Agents Chemother. 2011;55:4308-4310. doi:10.1128/AAC.00352-11.

Morata L, Senneville E, Bernard L, Nguyen S, Buzelé R, Druon J, et al. A retrospective review of the clinical experience of linezolid with or without rifampicin in prosthetic joint
infections treated with debridement and implant retention. Infect Dis Ther. 2014;3:235-243. doi:10.1007/s40121-014-0032-z.

Legout L, Valette M, Dezeque H, Nguyen S, Lemaire X, Loiez C, et al. Tolerability of prolonged linezolid therapy in bone and joint infection: protective effect of rifampicin on the
occurrence of anaemia? J Antimicrob Chemother. 2010;65:2224-2230. doi:10.1093/jac/dkq281.

Gandelman K, Zhu T, Fahmi OA, Glue P, Lian K, Obach RS, et al. Unexpected effect of rifampin on the pharmacokinetics of linezolid: in silico and in vitro approaches to explain
its mechanism. J Clin Pharmacol. 2011;51:229-236. doi:10.1177/0091270010366445.

Nguyen S, Pasquet A, Legout L, Beltrand E, Dubreuil L, Migaud H, et al. Efficacy and tolerance of rifampicin—linezolid compared with rifampicin—cotrimoxazole combinations in
prolonged oral therapy for bone and joint infections. Clin Microbiol Infect. 2009;15:1163-1169. doi:10.1111/j.1469-0691.2009.02761.x.

Stein A, Bataille JF, Drancourt M, Curvale G, Argenson JN, Groulier P, et al. Ambulatory treatment of multidrug—resistant Staphylococcus—infected orthopedic implants with
high—dose oral co-trimoxazole (trimethoprim—sulfamethoxazole). Antimicrob Agents Chemother. 1998;42:3086—-3091.

Achermann Y, Eigenmann K, Ledergerber B, Derksen L, Rafeiner P, Clauss M, et al. Factors associated with rifampin resistance in staphylococcal periprosthetic joint infections
(PJI): a matched case—control study. Infection. 2013;41:431-437. doi:10.1007/s15010-012—0325-7.

Osmon DR, Berbari EF, Berendt AR, Lew D, Zimmerli W, Steckelberg JM, et al. Diagnosis and management of prosthetic joint infection: clinical practice guidelines by the
Infectious Diseases Society of America. Clin Infect Dis. 2013;56:e1-e25. doi:10.1093/cid/cis803.

Tang HJ, Chen CC, Cheng KC, Toh HS, Su BA, Chiang SR, et al. In vitro efficacy of fosfomycin—containing regimens against methicillin—resistant Staphylococcus aureus in biofilms.
J Antimicrob Chemother. 2012;67:944-950. doi:10.1093/jac/dkr535.

Brinkman CL, Schmidt—Malan SM, Mandrekar JN, Patel R. Rifampin—based combination therapy is active in foreign—body osteomyelitis after prior rifampin monotherapy.
Antimicrob Agents Chemother. 2017;61. doi:10.1128/AAC.01822-16.

Parra—Ruiz J, Bravo—Molina A, Pefia—Monje A, Herndndez—Quero J. Activity of linezolid and high—dose daptomycin, alone or in combination, in an in vitro model of
Staphylococcus aureus biofilm. J Antimicrob Chemother. 2012;67:2682-2685. doi:10.1093/jac/dks272.

Soriano A, Gdmez J, Gomez L, Azanza JR, Pérez R, Romero F, et al. Efficacy and tolerability of prolonged linezolid therapy in the treatment of orthopedic implant infections. Eur
J Clin Microbiol Infect Dis. 2007;26:353—-356. doi:10.1007/s10096—-007-0289-1.

Rao N, Hamilton CW. Efficacy and safety of linezolid for gram—positive orthopedic infections: a prospective case series. Diagn Microbiol Infect Dis. 2007;59:173-179.
doi:10.1016/j.diagmicrobio.2007.04.006.

Razonable RR, Osmon DR, Steckelberg JM. Linezolid therapy for orthopedic infections. Mayo Clin Proc. 2004;79:1137-1144. doi:10.4065/79.9.1137.

Pushkin R, Iglesias—Ussel MD, Keedy K, MacLauchlin C, Mould DR, Berkowitz R, et al. A randomized study evaluating oral fusidic acid (CEM-102) in combination with oral
rifampin compared with standard—of—care antibiotics for treatment of prosthetic joint infections: a newly identified drug—drug interaction. Clin Infect Dis. 2016;63:1599-1604.
doi:10.1093/cid/ciw665.

Marsot A, Ménard A, Dupouey J, Muziotti C, Guilhaumou R, Blin O. Population pharmacokinetics of rifampicin in adult patients with osteoarticular infections: interaction with
fusidic acid. Br J Clin Pharmacol. 2017;83:1039-1047. doi:10.1111/bcp.13178.

Curis E, Pestre V, Jullien V, Eyrolle L, Archambeau D, Morand P, et al. Pharmacokinetic variability of clindamycin and influence of rifampicin on clindamycin concentration in
patients with bone and joint infections. Infection. 2015;43:473-481. d0i:10.1007/s15010-015-0773-y.

Zimmerli W, Trampuz A, Ochsner PE. Prosthetic—joint infections. N Engl J Med. 2004;351:1645-1654. doi:10.1056/NEJMra040181.

Furustrand Tafin U, Majic I, Zalila Belkhodja C, Betrisey B, Corvec S, Zimmerli W, et al. Gentamicin improves the activities of daptomycin and vancomycin against Enterococcus
faecalis in vitro and in an experimental foreign—body infection model. Antimicrob Agents Chemother. 2011;55:4821-4827. doi:10.1128/AAC.00141-11.

Hsieh PH, Lee MS, Hsu KY, Chang Y, Shih HN, Ueng SW. Gram—negative prosthetic joint infections: risk factors and outcome of treatment. Clin Infect Dis. 2009;49:1036—1043.
doi:10.1086/605593.

Tande AJ, Patel R. Prosthetic joint infection. Clin Microbiol Rev. 2014;27:302-345. doi:10.1128/CMR.00111-13.

Widmer AF, Wiestner A, Frei R, Zimmerli W. Killing of nongrowing and adherent Escherichia coli determines drug efficacy in device—related infections. Antimicrob Agents
Chemother. 1991;35:741-746.

Aboltins CA, Dowsey MM, Buising KL, Peel TN, Daffy JR, Choong PF, et al. Gram—negative prosthetic joint infection treated with debridement, prosthesis retention and antibiotic
regimens including a fluoroquinolone. Clin Microbiol Infect. 2011;17:862-867. doi:10.1111/j.1469-0691.2010.03361.x.

Legout L, Senneville E, Stern R, Yazdanpanah Y, Savage C, Roussel-Delvalez M, et al. Treatment of bone and joint infections caused by gram—negative bacilli with a cefepime—
fluoroquinolone combination. Clin Microbiol Infect. 2006;12:1030-1033. doi:10.1111/j.1469-0691.2006.01523 x.

Brouqui P, Rousseau MC, Stein A, Drancourt M, Raoult D. Treatment of Pseudomonas aeruginosa—infected orthopedic prostheses with ceftazidime—ciprofloxacin antibiotic
combination. Antimicrob Agents Chemother. 1995;39:2423-2425.

Rodriguez—Pardo D, Pigrau C, Lora—Tamayo J, Soriano A, del Toro MD, Cobo J, et al. Gram—negative prosthetic joint infection: outcome of a debridement, antibiotics and implant
retention approach. A large multicentre study. Clin Microbiol Infect. 2014;20:0911-0919. doi:10.1111/1469-0691.12649.

de Sanctis J, Teixeira L, van Duin D, Odio C, Hall G, Tomford JW, et al. Complex prosthetic joint infections due to carbapenemase—producing Klebsiella pneumoniae: a unique
challenge in the era of untreatable infections. Int J Infect Dis. 2014;25:73-78. doi:10.1016/j.ijid.2014.01.028.

Michail G, Labrou M, Pitiriga V, Manousaka S, Sakellaridis N, Tsakris A, et al. Activity of Tigecycline in combination with Colistin, Meropenem, Rifampin, or Gentamicin against
KPC—producing enterobacteriaceae in a murine thigh infection model. Antimicrob Agents Chemother. 2013;57:6028-6033. doi:10.1128/AAC.00891-13.

Corvec S, Furustrand Tafin U, Betrisey B, Borens O, Trampuz A. Activities of fosfomycin, tigecycline, colistin, and gentamicin against extended—spectrum—p-lactamase—
producing escherichia coli in a foreign—body infection model. Antimicrob Agents Chemother. 2013;57:1421-1427. doi:10.1128/AAC.01718-12.

Drago L, De Vecchi E, Nicola L, Tocalli L, Gismondo MR. In vitro selection of resistance in Pseudomonas aeruginosa and Acinetobacter spp. by levofloxacin and ciprofloxacin
alone and in combination with beta—lactams and amikacin. J Antimicrob Chemother. 2005;56:353-359. doi:10.1093/jac/dki204.

Burgess DS. Use of pharmacokinetics and pharmacodynamics to optimize antimicrobial treatment of Pseudomonas aeruginosa infections. Clin Infect Dis. 2005;40 Suppl 2:599—
104. doi:10.1086/426189.

Ribera A, Benavent E, Lora—Tamayo J, Tubau F, Pedrero S, Cabo X, et al. Osteoarticular infection caused by MDR Pseudomonas aeruginosa: the benefits of combination therapy
with colistin plus p—lactams. J Antimicrob Chemother. 2015;70:3357-3365. doi:10.1093/jac/dkv281.



[69] Lora—Tamayo J, Murillo O, Bergen PJ, Nation RL, Poudyal A, Luo X, et al. Activity of colistin combined with doripenem at clinically relevant concentrations against multidrug—
resistant Pseudomonas aeruginosa in an in vitro dynamic biofilm model. J Antimicrob Chemother. 2014;69:2434-2442. doi:10.1093/jac/dku151.

[70] Liscio JL, Mahoney MV, Hirsch EB. Ceftolozane/tazobactam and ceftazidime/avibactam: two novel p—lactam/p-lactamase inhibitor combination agents for the treatment of
resistant Gram—negative bacterial infections. Int J Antimicrob Agents. 2015;46:266-271. doi:10.1016/j.ijantimicag.2015.05.003.

[71] Brown TS, Petis SM, Osmon DR, Mabry TM, Berry DJ, Hanssen AD, et al. Periprosthetic joint infection with fungal pathogens. J Arthroplasty. 2018;33:2605-12.
doi:10.1016/j.arth.2018.03.003.

[72] Azzam K, Parvizi J, Jungkind D, Hanssen A, Fehring T, Springer B, et al. Microbiological, clinical, and surgical features of fungal prosthetic joint infections: a multi-institutional
experience. J Bone Joint Surg Am. 2009;91 Suppl 6:142-149. doi:10.2106/JBJS.1.00574.

[73] Cunningham B, McLaren AC, Pauken C, McLemore R. Liposomal formulation increases local delivery of amphotericin from bone cement: a pilot study. Clin Orthop Relat Res.
2012;470:2671-2676. doi:10.1007/s11999-012-2317-4.

[74] Miller RB, McLaren AC, Pauken C, Clarke HD, McLemore R. Voriconazole is delivered from antifungal-loaded bone cement. Clin Orthop Relat Res. 2013;471:195-200.
doi:10.1007/5s11999-012-2463-8.

Authors: Scott R. Nodzo, Randi Silibovsky, K. Keely Boyle

QUESTION 3: Should periprothetic joint infection (PJI) caused by C. acnes be treated the same as other
bacterial causes of PJI?

RECOMMENDATION: Yes. PJls caused by C. acnes should be treated in the same fashion as other causes of PJI.
LEVEL OF EVIDENCE: Moderate

DELEGATE VOTE: Agree: 94%, Disagree: 4%, Abstain: 2% (Super Majority, Strong Consensus)

RATIONALE

C. acnes is a non-spore-forming, gram-positive, facultative bacillus classified as an anaerobe with aerotolerant properties [1-3]. C. acnes has previously
been categorized as a laboratory handling contaminant and is considered nonpathogenic, largely due to the presumed commensal nature of the
bacterium, as well as identification on normal skin flora and maintenance of the microbiome [2,4]. Despite previous thinking, C. acnes is becoming
increasingly recognized as an opportunistic and pathogenic organism in orthopaedic surgery. C. acnes often presents in a subacute or delayed manner
due to an indolent clinical presentation and unreliable utility of classically used markers of infection, however this organism may represent 6 to 10% of
orthopaedic infections [2,5-9]. It is speculated that C. acnes colonizes the surgical site at time of prosthesis implantation and grows unrecognized by the
body through biofilm formation [10-12]. In the shoulder, the clinical and traditional inflammatory laboratory indicators of infection with C. acnes are
often within normal limits, however its presentation during hip and knee arthroplasty infection may be more overt with classical signs and symptoms of
infection [8,13]. Accurate identification of C. acnes requires long hold cultures up to 14 days, which is likely why this organism has previously been under-
appreciated as the cause of orthopaedic infections [2,3].

In the orthopaedic literature, C. acnes has been identified as both a possible commensal organism observed at the time of surgery and as a definite
pathological bacterium implicated in orthopaedic implant related infections. One prospective study evaluating intraoperative cultures showed C. acnes
to be present in 8.5% of skin cultures, 7.6% of superficial cultures and 13.6% of deep cultures at the time of primary shoulder surgery [14]. The prevalence
of C. acnes in patients undergoing revision shoulder arthroplasty has been shown to exceed that of other common offending organisms, with a recent
study showing 38% of patients having a positive C. acnes culture [15]. A recent study utilizing next-generation sequencing in patients presumed to be
undergoing aseptic revision hip and knee arthroplasty isolated microbial DNA in 27% of patients with C. acnes being the most prevalent organism [16].

Previous work has attempted to distinguish between these commensal and pathogenic strains through phylotype associations and phenotypic
markers of the bacteria such as hemolysis [17,18]. A distinct pathogenic phenotype has yet to be clearly associated with true clinical infections, however
phylotypes IB and Il have most commonly been implicated in orthopaedic infection [17]. These phylotypes have varying adaptive virulence properties
that may influence pathogenic potential, including the ability to degrade and invade host cells, produce an enhanced host inflammatory response, form
biofilms and demonstrate antibiotic resistance [19-21]. Beta-hemolytic activity has been noted in certain strains of C. acnes and may be directly correlated
with the bacteria’s pathogenicity [18]. The hemolytic Christie-Atkins-Munch-Peterson (CAMP) factor is found in the C. acnes genome and functions as a
toxin to host cells, which may be responsible for this observed beta-hemolytic activity [20,22]. A C. acnes hemolytic phenotype observed on brucella
blood agar media has been shown to be a marker of definite infection with 100% specificity and 80% sensitivity along with an increased pattern of
antibiotic resistance [18,23]. Suggestions of enhanced virulence of C. acnes have been implicated when it serves as a co-infectant with other bacterial
species, which may be why at times it is found in polymicrobial cultures and erroneously characterized as a contaminant in some clinical situations [24,25].

Pathogenic C. acnes strains are well-known to form a robust biofilm on implant surfaces resistant to antibiotic penetration, similar to more commonly
recognized bacterial pathogens [20,26,27]. Implant biofilm is difficult to treat without implant removal and reported treatment success of a C. acnes PJI
has been variable with treatments involving implant or polyethylene retention having the poorest results [13,28,29].

Currently, there are no prospective studies evaluating varying treatment strategies of C. acnes orthopaedic infection, with most studies being
retrospective in nature. Retrospective studies evaluating various treatments for shoulder, hip, knee and spine C. acnes infection have reported variable
success [13,28-30]. Studies evaluating total shoulder arthroplasty (TSA) and upper extremity infection have shown good outcomes with treatments
involving one or two-stage revision procedures with success rates ranging from 74 to 95% [5,13,31,32]. One retrospective analysis found nonsurgical
treatment with four to six weeks of intravenous antibiotics led to 67% of patients not requiring subsequent surgical management as compared to 71% of
patients not requiring further surgery after initial surgical management [33]. Two studies evaluating all orthopaedic infections caused by C. acnes reported
a 100% failure rate when partial or no implant removal was performed with success rates ranging from 62 to 75% when one and two-stage exchanges
were performed [28,29]. A similar retrospective study evaluating hip, knee and shoulder arthroplasty PJI with C. acnes showed a 95% success rate in TSA



PJI treated with a two-stage procedure while those treated with an irrigation and debridement (I&D) with component retention had a 37% success rate
[13]. Hip and knee success rates in the same study were lower when a two-stage procedure was utilized at 67% and 64% respectively. However, other
studies have reported success rates as high as 94% to 100% with a two-stage exchange for hip and knee PJI with C. acnes [13,30]. One retrospective study
specifically evaluated C. acnes total knee arthroplasty (TKA) PJI treated primarily with two-stage exchange and I1&D with liner exchange as compared to
metbhicillin-sensitive staphylococcal TKA PJI. This study showed similar success rates between treatment groups and suggested a PJI treatment strategy
similar to methicillin-susceptible S. aureus (MSSA) TKA PJI be performed for C. acnes TKA PJI [8].

C. acnes has also been noted as a common pathogen in spine surgery with one large study showing C. acnes representing 9.7% of positive cultures
[9]. Similar treatment strategies with partial and complete hardware exchange have been evaluated in the literature with patients having partial implant
removal resulting in inferior infection eradication rates as compared to those patients who had complete exchange of spinal components [9,34].

C. acnes is usually susceptible to beta lactams, quinolones, clindamycin and rifampin, but resistance is emerging and antibiotic susceptibility testing
should be considered for PJI [23]. There is no general consensus on how to treat these infections. Many recommend three to six months of antibiotic
treatment, including two to six weeks of intravenous (IV) treatment with a beta lactam, but no randomized controlled trials have been performed and
some studies favor shorter treatment durations [20]. Given the lack of randomized controlled trials, following the Infectious Disease Society of America
(IDSA) guidelines of four to six weeks’ duration is recommended [35].

The role of rifampin is also unclear. An in vitro study showed activity against C. acnes biofilms [36]. One low-quality retrospective cohort study in
patients with a primary or revision joint arthroplasty of the shoulder, hip or knee evaluated the role of rifampin in combination therapy and showed no
difference in treatment success [37]. There are currently no randomized controlled human studies on the efficacy of rifampin in combination anti-
microbial treatment for C. acnes PJI. Given the limited data, the addition of rifampin to the treatment regimen is not recommended at this time.

Although no prospective studies are currently available regarding the optimal treatment strategy for C. acnes, careful review and synthesis of the
available literature suggest C. acnes be considered a true pathogen when the appropriate constellation of findings are present. When C. acnes PJl is
identified, treatment algorithms should model after those of other invasive offending organisms. Caution should be taken when treating C. acnes PJI
without explantation of exchangeable components or efforts to eliminate biofilm on retained implants due to the low success rates of simple irrigation
and debridement with component retention.
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QUESTION 4: What is the most effective antibiotic in the treatment of C. acnes periprosthetic joint infection
(PJI)?

RECOMMENDATION: Unknown. High rates of susceptibility to narrow spectrum beta-lactams make these a good initial intravenous (IV) option, though the optimum
oral switch is not known. The role of rifampin is controversial. Prospective clinical studies are required to determine the optimal antimicrobial therapy for C. acnes PJI.

LEVEL OF EVIDENCE: No evidence

DELEGATE VOTE: Agree: 93%, Disagree: 2%, Abstain: 5% (Super Majority, Strong Consensus)

RATIONALE

C. acnes is an anaerobic gram-positive bacillus and a common skin commensal found deep in sebaceous glands and hair follicles. As well as being
commonly implicated in acne vulgaris, it is a well-recognized pathogen of device related infection including prosthetic joints [1-4].

The ability of C. acnes to form biofilm is a major virulence factor in the development of these infections, including PJI, and is an important
consideration for optimizing treatment strategies. Management should follow well recognized guidelines of a combination of surgery and targeted
antibiotic therapy [5-7], though this has been challenged by at least one retrospective analysis [8]. Pragmatically, however, without doing prospective
studies and controlling for the surgery performed, the duration of therapy and individual host factors, comparisons of different antibiotic regimens in the
real world are very difficult.

This problem is compounded by the difficult issue of determining the significance of cultured C. acnes from orthopaedic specimens, as it isa common
and well-recognized contaminant. It has been shown to be present in fluid washed across the skin incision [9], has been found on surgeons’ gloves after
handling the subdermal layer [10] and is not reliably removed from the skin by surgical skin antisepsis [11]. The multiple sampling method of Atkins et al.
[12] is commonly used to aid interpretation of the significance of C. acnes isolates, with one specimen positive out of three to five usually being deemed
a contaminant [12]. The recommended duration of incubation of enrichment broths has been extended in recent years to 10 to 14 days to improve the
pick-up rate of relatively slow-growing C. acnes in these samples. By increasing the isolation of significant isolates, however, the rate of contaminants
also increases and requires careful interpretation [13]. It has been suggested that those isolated from true infections flag earlier than those that represent
contamination. Sonication is recommended by some to improve pick-up rates of C. acnes associated with biofilm [14]. Some authors have gone further,
by creating scoring systems to aid identification of true C. acnes infections [3,4].

For these reasons, accurate identification of C. acnes Plls retrospectively is fraught with difficulties and thus interpretation of the outcome data
comparing treatment strategies is very limited. The clinical details are imperative to aid interpretation. As well as varying in the clinical information
available, retrospective studies also often span many years or decades, and straddle changes to sampling methods, culture methods and recommended
duration of enrichment cultures. These differences further limit the ability to draw detailed comparisons between different interventions.

In vitro susceptibilities of C. acnes are reported widely. Surveillance studies show it remains susceptible to many antibiotics commonly used
in treatment of bone and joint infection, but with increased and variable resistance to macrolides, clindamycin, tetracyclines and trimethoprim-
sulfamethoxazole. A European surveillance study showed wide variations in rates of resistance across Europe, confirming the need to undertake
susceptibility testing for individual isolates [15] and this has been replicated in other smaller series [15,16]. Looking at isolates from clinical
specimens taken at shoulder surgery, Crane et al. showed that rates of resistance to beta-lactams (e.g., penicillin, amoxicillin, cefalozin and
ceftriaxone) remained very low [17,18]. However, they found slightly higher minimum inhibitory concentrations (MICs) to vancomycin and taking
that information with the minimum biofilm eradication concentration (MBEC) from other studies [19,20], vancomycin may be less favorable than
alternatives in the context of biofilm. This study also looked at quinolones (ciprofloxacin and moxifloxacin) but not levoflo xacin and showed high
rates of susceptibility.



It is well-recognized that the susceptibility of microorganisms is dramatically reduced in biofilms. For infections with staphylococci, there is good
evidence for the use of rifampin in combination therapy for its biofilm effect. The use of dual therapy with rifampin for C. acnes infections is theoretically
attractive, though there is controversy in the literature. Bayston et al. found that linezolid plus rifampin led to relapse-free eradication after 14 days
compared to linezolid alone [5]. Interestingly, in this study, penicillin alone was as effective as linezolid and rifamcin, but the effect of rifampin and
penicillin was not examined. Tafin et al. in 2012 used an experimental foreign-body infection model to determine MIC and MBEC with and without
rifampin for C. acnes from cage fluid and from explanted cages [19]. There was good activity of all antimicrobials tested for the planktonic forms, but
rifampin was needed for activity in the biofilm. They used an in vivo animal model to evaluate susceptibility to levofloxacin, vancomycin, daptomycin and
rifampin. The highest cure rate was found with daptomycin and rifampin (63%) followed by 46% for vancomycin and rifampin combination. Emergence
of rifampin resistance associated with the presence of the rpoB gene has, however, been shown to occur in vitro [21].

Combination therapy for C. acnes has been further examined in vitro by Khassebaf et al. [15] who took C. acnes isolated from orthopaedic implant
infections and carried out susceptibility testing in addition to looking for synergistic, additive and antagonistic effects of combinations. None of the
antimicrobials examined were synergistic with each other and antagonistic effects were rare. Interestingly, the combination of rifampin and benzyl
penicillin showed an additive effect on almost 50% of isolates tested. However, a retrospective cohort study by Jacobs et al. [22] showed no significant
difference in success after two years between groups treated with combination antimicrobial treatment including rifampin (88%) or not including rifampin
(82%). The most used antimicrobial in combination with rifampin was clindamycin.

The performance of these antimicrobials in clinical studies is not easy to assess and there are very few published good quality studies with no
prospective studies identified and limited utility of retrospective studies. Over a decade ago, Zeller et al. conducted a retrospective cohort study of 50
patients with C. acnes PJI [23]. Treatment involved surgery with antibiotics for the majority of patients. Intravenous therapy with cefazolin and rifampin
was administered to 24/50 patients and clindamycin with rifampin to 11 cases for a duration of 5 +/- 2 weeks followed by oral step down for a further 16
+/- 8 weeks. Oral regimens were similar to the IV regimes: cephalexin and rifampin or clindamycin and rifampin [23,24].

Reinmuller’s retrospective review of a tertiary infection center database included 24 cases of C. acnes PJI over 14 years [25]. A strength in this study,
despite it being retrospective, was the use of contemporaneous clinical diagnosis of infection alongside the microbiological diagnosis. All patients
underwent surgery and were treated with antibiotics but the specifics of antimicrobial treatment are not given, other than stating that they followed
recommendations by Zimmerli [7] and were guided by the specific antibiogram. Lutz reports 52 cases over 7 years but differences in outcome between
antimicrobial regimes were not given [3].

In summary, there are no randomized control trials (RCTs) or formally conducted comparative studies of specific antibiotic combinations for the
treatment of C. acnes PJI. Publications are confounded by difficulties and variations in definitions of infection, likely mixing true infections with
contaminated cases. Surveillance studies suggest C. acnes remains highly susceptible to beta-lactams which are attractive from an antimicrobial
stewardship point of view and are commonly used and recommended in Infectious Disease Society of America (IDSA) guidelines [4-7,22,26,27]. Increasing
rates of resistance for clindamycin and doxycycline are seen and antimicrobial therapy must therefore be based on the susceptibility testing of infecting
pathogens determined using accredited methods. Additive or synergistic testing might be helpful, but the utility of this needs corroboration in clinical
studies. Determining an appropriate targeted regimen at this stage can only be based on in vitro susceptibilities, on knowledge of oral bioavailability and
bone penetration and on an individual risk/benefit assessment for the use of rifampin and other agents. Both the best oral antimicrobial and the role of
rifampin as part of combination therapy remain unclear and well conducted prospective RCT studies are needed to help answer these questions.
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QUESTION 5: What antibiotic therapy and duration should be used in surgical site infection/periprosthetic
joint infection (SSI/PJ1) caused by Mycobacterium tuberculosis (TB)?

RECOMMENDATION: TB PJI must be treated in collaboration with an infectious diseases specialist noting that the duration of treatment (minimum six months and up
to two years) and the type of antimicrobials (usually a combination of four drugs) is determined based on the resistance profile of the pathogen.

LEVEL OF EVIDENCE: Limited

DELEGATE VOTE: Agree: 96%, Disagree: 1%, Abstain: 3% (Unanimous, Strongest Consensus)

RATIONALE

The review of the available literature on PJI caused by TB is mainly based on retrospective cohort studies and case reports. Our exhaustive search of the
literature revealed a total of 44 publications reporting on 62 patients with PJI caused by TB, over a period of 40 years [1-44].

Eight of the studies did not report on the type of antibiotic treatment utilized [1-8]. In other studies, reporting on the antimicrobial treatment, 3
patients were treated by a two-drug combination regimen [9] and 23 patients received a three- or four-drug therapy [10-32]. Four patients were treated
with more than four drugs [33—36]. Regarding the length of treatment [37], it was 6 to 9 months in 10 patients [38], 9 to 18 months in 21 patients and
more than 18 months in 19 patients [39]. Based on the literature, only three patients had less than six months of antimicrobial therapy [40], but this may
relate to the fact that two patients died during treatment.

The date related to surgical treatment was also evaluated. Eleven patients underwent debridement and retention of the prosthesis (DAIR) [41], 38
had resection arthroplasty and reimplantation [42], while 13 patients had no surgical treatment [43].

Due to the scarcity of the data related to PJI caused by TB, we are unable to draw definitive recommendation for the antimicrobial treatment of
surgical treatment for that matter. However, based on the recommendations of the World Health Organization (WHO) [44] for the treatment of
osteomyelitis caused by drug-susceptible TB, we feel that the four drugs regimen (isoniazid (H) with pyridoxine, rifampin (R), pirazinamide (P) and
ethambutol (E)) for two months followed by a two-drug regimen (rifampin (R) and isoniazid (H) with pyridoxine) for a total treatment duration of six to
nine months (i.e., four to seven months two drugs) may be the most optimal management of PJI caused by drug-susceptible TB.

REFERENCES

[1]  McCullough CJ. Tuberculosis as a late complication of total hip replacement. Acta Orthop Scand. 1977;48:508-510.

[2]  Hecht RH, Meyers MH, Thornhill-Joynes M, Montgomerie JZ. Reactivation of tuberculous infection following total joint replacement. A case report. J Bone Joint Surg Am.
1983;65:1015-1016.

[3] Zeiger LS, Watters W, Sherk H. Scintigraphic detection of prosthetic joint and soft tissue sepsis secondary to tuberculosis. Clin Nucl Med. 1984;9:638-639.

[4]  Levin ML. Miliary tuberculosis masquerading as late infection in total hip replacement. Md Med J. 1985;34:153-155.

[5]  Wolfgang GL. Tuberculosis joint infection following total knee arthroplasty. Clin Orthop Relat Res. 1985:162-166.

[6] Wray CC, Roy S. Arthroplasty in tuberculosis of the knee. Two cases of missed diagnosis. Acta Orthop Scand. 1987;58:296-298.

[7]  Lusk RH, Wienke EC, Milligan TW, Albus TE. Tuberculous and foreign—body granulomatous reactions involving a total knee prosthesis. Arthritis Rheum. 1995;38:1325-1327.

[8]  Ueng WN, Shih CH, Hseuh S. Pulmonary tuberculosis as a source of infection after total hip arthroplasty. A report of two cases. Int Orthop. 1995;19:55-59.

[9] Tokumoto JI, Follansbee SE, Jacobs RA. Prosthetic joint infection due to Mycobacterium tuberculosis: report of three cases. Clin Infect Dis. 1995;21:134-136.

[10] Kreder HJ, Davey JR. Total hip arthroplasty complicated by tuberculous infection. J Arthroplasty. 1996;11:111-114.

[11] Spinner RJ, Sexton DJ, Goldner RD, Levin LS. Periprosthetic infections due to Mycobacterium tuberculosis in patients with no prior history of tuberculosis. J Arthroplasty.
1996;11:217-222.

[12] Baldini N, Toni A, Greggi T, Giunti A. Deep sepsis from Mycobacterium tuberculosis after total hip replacement. Case report. Arch Orthop Trauma Surg. 1988;107:186-188.

[13] Hermans PW, Schuitema AR, Van Soolingen D, Verstynen CP, Bik EM, Thole JE, et al. Specific detection of mycobacterium tuberculosis complex strains by polymerase chain
reaction. J Clin Microbiol. 1990;28:1204-1213.



[14] Berbari EF, Hanssen AD, Duffy MC, Steckelberg JM, Osmon DR. Prosthetic joint infection due to Mycobacterium tuberculosis: a case series and review of the literature. Am J
Orthop. 1998;27:219-227.

[15] Krappel FA, Harland U. Failure of osteosynthesis and prosthetic joint infection due to Mycobacterium tuberculosis following a subtrochanteric fracture: a case report and review
of the literature. Arch Orthop Trauma Surg. 2000;120:470-472.

[16] Hugate R, Pellegrini VD. Reactivation of ancient tuberculous arthritis of the hip following total hip arthroplasty: a case report. J Bone Joint Surg Am. 2002;84—A:101-105.

[17] Al-Shaikh R, Goodman SB. Delayed—onset Mycobacterium tuberculosis infection with staphylococcal superinfection after total knee replacement. Am J Orthop. 2003;32:302—
305.

[18] Fernandez—Valencia JA, Garcia S, Riba J. Presumptive infection of a total hip prosthesis by Mycobacterium tuberculosis: a case report. Acta Orthop Belg. 2003;69:193-196.

[19] Marmor M, Parnes N, Dekel S. Tuberculosis infection complicating total knee arthroplasty: report of 3 cases and review of the literature. J Arthroplasty. 2004;19:397-400.

[20] Kaya M, Nagoya S, Yamashita T, Niiro N, Fujita M. Peri—prosthetic tuberculous infection of the hip in a patient with no previous history of tuberculosis. J Bone Joint Surg Br.
2006;88:394—395. doi:10.1302/0301-620X.88B3.17006.

[21] Khater FJ, Samnani IQ, Mehta JB, Moorman JP, Myers JW. Prosthetic joint infection by Mycobacterium tuberculosis: an unusual case report with literature review. South Med
J.2007;100:66—-69. doi:10.1097/01.smj.0000232972.50186.4c.

[22] Kadakia AP, Williams R, Langkamer VG. Tuberculous infection in a total knee replacement performed for medial tibial plateau fracture: a case report. Acta Orthop Belg.
2007;73:661-664.

[23] Wang PH, Shih KS, Tsai CC, Wang HC. Pulmonary tuberculosis with delayed tuberculosis infection of total knee arthroplasty. J Formos Med Assoc. 2007;106:82-85.
doi:10.1016/50929-6646(09)60221-7.

[24] Shanbhag V, Kotwal R, Gaitonde A, Singhal K. Total hip replacement infected with Mycobacterium tuberculosis. A case report with review of literature. Acta Orthop Belg.
2007;73:268-274.

[25] Marschall J, Evison JM, Droz S, Studer UC, Zimmerli S. Disseminated tuberculosis following total knee arthroplasty in an HIV patient. Infection. 2008;36:274-278.
doi:10.1007/s15010-007-7011-1.

[26] de Haan J, Vreeling AWJ, van Hellemondt GG. Reactivation of ancient joint tuberculosis of the knee following total knee arthroplasty after 61 years: a case report. Knee.
2008;15:336-338. doi:10.1016/j.knee.2008.03.004.

[27] Maricevic A, Dogas Z, Goic—Barisic |, Barisi¢ |. Reactivation of tuberculosis after total hip replacement — 58 years after primary infection. Wien Klin Wochenschr. 2008;120:642—
643. doi:10.1007/s00508-008-1006-5.

[28] Lee HJ, Kim KW, Kim KS, Ryu SH, Ha YC. Primary musculoskeletal mycobacterium infection with large cystic masses after total hip arthroplasty. J Arthroplasty. 2013;28:374.e1—
e3. doi:10.1016/j.arth.2012.05.009.

[29] Neogi DS, Kumar A, Yadav CS, Singh S. Delayed periprosthetic tuberculosis after total knee replacement: is conservative treatment possible? Acta Orthop Belg. 2009;75:136—
140.

[30] Upton A, Woodhouse A, Vaughan R, Newton S, Ellis—Pegler R. Evolution of central nervous system multidrug—resistant Mycobacterium tuberculosis and late relapse of cryptic
prosthetic hip joint tuberculosis: complications during treatment of disseminated isoniazid—resistant tuberculosis in an immunocompromised host. J Clin Microbiol.
2009;47:507-510. doi:10.1128/JCM.01473-08.

[31] UppalS, Garg R. Tubercular infection presenting as sinus over ankle joint after knee replacement surgery. J Glob Infect Dis. 2010;2:71-72. doi:10.4103/0974-777X.59257.

[32] Cansil E, Erdogan F, Ulusam AO. Incision infection with Mycobacterium tuberculosis after total hip arthroplasty without any primary tuberculosis focus. J Arthroplasty.
2011;26:505.e1—-e3. doi:10.1016/j.arth.2009.11.025.

[33] Lee CL, WeiYS, Ho YJ, Lee CH. Postoperative mycobacterium tuberculosis infection after total knee arthroplasty. Knee. 2009;16:87-89. doi:10.1016/j.knee.2008.09.006.

[34] De Nardo P, Corpolongo A, Conte A, Gentilotti E, Narciso P. Total hip replacement infected with Mycobacterium tuberculosis complicated by Addison disease and psoas muscle
abscess: a case report. ) Med Case Rep. 2012;6:3. doi:10.1186/1752-1947-6-3.

[35] Walczak P, Rapata K, Nowak—Misiak M, Pykato R, Truszczyriska A. Recurrence of tuberculosis after hip replacement 58 years after primary infection. Ortop Traumatol Rehabil.
2012;14:189-196. doi:10.5604/15093492.992304.

[36] Klein GR, Jacquette GM. Prosthetic knee infection in the young immigrant patient—do not forget tuberculosis! J Arthroplasty. 2012;27:1414.el-e4.
doi:10.1016/j.arth.2011.09.020.

[37] Tekin Koruk S, Sipahioglu S, Calisir C. Periprosthetic tuberculosis of the knee joint treated with antituberculosis drugs: a case report. Acta Orthop Traumatol Turc. 2013;47:440-
443.

[38] Harwin SF, Banerjee S, Issa K, Kapadia BH, Pivec R, Khanuja HS, et al. Tubercular prosthetic knee joint infection. Orthopedics. 2013;36:e1464—e1469. doi:10.3928/01477447—
20131021-35.

[39] Pérez—Jorge C, Valdazo—Rojo M, Blanco—Garcia A, Esteban—Moreno J. Mycobacterium tuberculosis as cause of therapeutic failure in prosthetic joint infections. Enferm Infecc
Microbiol Clin. 2014;32:204-205. doi:10.1016/j.eimc.2013.04.022.

[40] Carrega G, Bartolacci V, Burastero G, Finocchio GC, Ronca A, Riccio G. Prosthetic joint infections due to Mycobacterium tuberculosis: a report of 5 cases. Int J Surg Case Rep.
2013;4:178-181. d0i:10.1016/j.ijscr.2012.11.011.

[41] Egles Dubuc C, Uriarte Ecenarro M, Errazquin Aguirre N, Belzunegui Otano J. Prosthesis infection by Mycobacterium tuberculosis in a patient with rheumatoid arthritis: a case
report and literature review. Reumatol Clin. 2014;10:347-349. doi:10.1016/j.reuma.2014.02.003.

[42] Mahale YJ, Aga N. Implant—associated mycobacterium tuberculosis infection following surgical management of fractures: a retrospective observational study. Bone Joint J.
2015;97-B:1279-1283. doi:10.1302/0301-620X.97B9.35227.

[43] VelociS, Mencarini J, Lagi F, Beltrami G, Campanacci DA, Bartoloni A, et al. Tubercular prosthetic joint infection: two case reports and literature review. Infection. 2018;46:55—
68. d0i:10.1007/s15010-017-1085-1.

[44] World Health Organization. Antimicrobial Resistance: Global Report on Surveillance.
2014.ttp://apps.who.int/iris/bitstream/handle/10665/112642/9789241564748_eng.pdf?sequence=1

Authors: Feng-Chih Kuo, Alex McLaren

QUESTION 6: Which antifungal agents are heat-stable and what dose of these agents should be used in
cement spacers for fungal periprosthetic joint infection (PJI)?

RECOMMENDATION: Amphotericin B, preferably the liposomal formulation, and voriconazole are heat-stable antifungal agents that are available in powder form and
can be added to polymethyl methacrylate (PMMA) cement for spacers during treatment of patients with fungal PJI. The optimal dose of the antifungals that need to be
added to a spacer is not known. However, in the literature, the dose of amphotericin B ranges from 150 to 1,500 mg per 40 gm cement and the dose of voriconazole
ranges from 200 to 1,000 mg per 40 gm cement. Antibiotics combined with antifungals should be considered for treatment/prevention of coexisting fungal and bacterial
infection.



LEVEL OF EVIDENCE: Consensus

DELEGATE VOTE: Agree: 92%, Disagree: 2%, Abstain: 6% (Super Majority, Strong Consensus)

RATIONALE

Fungi are known to form biofilms on implant and tissue surfaces with associated tolerance to antifungal agents. Data on the antifungal
concentrations needed to achieve the minimum biofilm eradication concentration (MBEC) is limited. Parenteral/systemic administration of
antifungals can achieve minimum inhibitory concentration (MIC) but not MBEC, which is tens to hundreds of times higher than the MIC for most
antifungal-pathogen pairs. Local delivery is therefore required for most cases, because it is expected that at a minimum, some biofilm fragments
remain in the wound following debridement. The local delivery vehicle that is most commonly used is PMMA formed into a spacer. To incorporate
sufficient antimicrobials for the required local release, the antimicrobial must be in powder form because sufficiently high concentrations are not
currently available in solution form. Echinocandin antifungals (e.g., caspofungin and micafungin) are available in powder form and are water-soluble
[1], but their heat stability is not established and there is limited data on release from PMMA [2]. 5-flucytosine is also available in powder form,
but 5-flucytosine does not retain its bioactivity when incorporated into PMMA [3]. Amphotericin B and voriconazole are available in powder form
[4-6]. Amphotericin B is heat-stable and voriconazole has limited heat degradation over the polymerization time for PMMA [7-9]. Both have release
data available and are active when eluted from antifungal loaded bone cement [6,10,11]. However, neither amphotericin B nor voriconazole are
water-soluble [12,13].

TABLE 1. Summary of literature pertaining to the use of antifungal-loaded bone cement spacers

Dose Follow-up # Infection
Year Author Antifungal mg/40 gm Study Design ) Organism
9 (mg/40 g y g (months)  Free (%) g
cement)
2018 | Burgo [17] Voriconazole and | Not reported | Case report 24 1(100%) Trichosporon inkin
vancomycin
2017 | Daniele [18] Voriconazole V-200 Case report 0 0 (0%) Scedosporium inflatum
2016 | Geng[15] Amphotericin B A-200 8 patients 35-78 7 (87.5%) 6 Candida species, 1
+/- vancomycin retrospective review Aspergillus 1 mold
+/- meropenem
2015 | Wang[19] Amphotericin B A-100 5 patients 46 5 (100%) Candida species in 4
retrospective review cases and Pichia anomala
in 1 case
2015 | Ong[20] Amphotericin B A-150 Case report 24 1 (100%) Arthrographis kalrae
2015 | MacLean [21] | Amphotericin B A-1500 Case report 24 1 (100%) Blastomycoses
2014 | Skedros [22] Amphotericin B A-500 Case report 12 0 (0%) Candida glabrata and
S marcescens
2013 | Reddy [23] Amphotericin B Not reported | Case report 24 1(100%) Candida tropicalis
2013 | Deelstra [24] Amphotericin B A-250 Case report 72 1 (100%) Candida albicans
voriconazole




V-1,000

2013 | Ueng [25] Amphotericin B Not reported 16 patients 41 8 (50%) 9 C. albicans, 6 C.
+/- vancomycin retrospective review parapsilosis, 1 C.
tropicalis
2012 | Hwang [16] **None** Systemic 30 patients 52 28 (93%) 24 were Candida species
Spacers had 2 gm retrospective review

vancomycin/batc
h No antifungal

2012 | Hall [26] Amphotericin B A-150 Case report 24 1(100%) Aspergillus

2012 | Denes [27] Voriconazole V-300 Case report Not Not Candida glabrata
reported reported

2011 | Wu [28] Amphotericin B A-1,200 Case report 12 1(100%) Candida albicans
2011 | Gottesman- Itraconazole I-250 Case report 24 1(100%) P. boydii
Yekutieli [29]
2009 | Wilkins [30] Amphotericin B Not reported | Case report 36 1(100%) Rhizopus
2009 | Azzam [14] Amphotericin Bin | Not reported | 29 patients 45 9/19 (47%) | 20 C. albicans, 4 C.
5 of 29 spacers retrospective review parapsilosis, 3 C. albicans
reimplants

+ C. parapsilosis, 3 non-
Candida speies

2004 | Gaston [31] Amphotericin B+ | Not reported | Case report 9 0 (0%) Candida glabrata
vancomycin amputation
2002 | Phelan [32] Fluconazole F-200 4 patients 60.5 1(25%) Candida

retrospective review

2001 | Marra [33] Amphotericin B A-187.5 Case report not 0 (0%) Candida albicans
reported

Amphotericin B is formulated with deoxycholate as a solubilizing agent. Liposomal formulations are also available in powder form and act to
increase the release of amphotericin B from PMMA by an order of magnitude greater than amphotericin B deoxycholate. Eight hundred milligrams
of liposomal amphotericin B (Ambisome®) per 40 gm of cement has been found to maximize amphotericin B release and not cause excessive
mechanical weakness [10]. Toxicity studies are reported with cell injury in vitro, but no tissue injury in vivo at concentrations as high as 1,000 pug/mL
[14]. Voriconazole is formulated with cyclodextrin as a solubilizing agent [15]. The cyclodextrin powder is 16 times the mass of voriconazole, resulting
in a large enough powder volume to cause weakening of the cement [11]. Three hundred milligrams of voriconazole per 40 gm of cement leads to
high levels of release, but also weakens compressive strength below the 70MPa ISO 5833 standard for normal implant fixation. When the dose is
increased to 600 mg per 40 gm of cement, there is further weakening of compressive strength to about 20MPa after elution [11]. For spacer



fabrication, some level of attention needs to be paid to structural integrity, and the use of metal reinforcement within the cement may help to
minimize the risk of spacer fracture.

Currently, there is limited data on the local tissue levels needed, the duration of MBEC exposure required and the elution characteristics necessary
to eradicate fungi from biofilm fragments. Clinical judgment must be used when choosing and dosing antifungal agents. The culture sensitivity in addition
to the potential for antifungal toxicity must be weighed with the patient’s medical history. Case reports and retrospective case series are valuable to
consider in conjunction with the elution and mechanical data and the clinical factors specific to individual cases when dosing decisions are being made.
Thorough debridement remains the foundation of PJI management, including fungal PJI. High-quality prospective clinical trials will be needed to
determine clinical outcomes when local tissue level targets and thorough debridement are achieved.

Studies and case reports on the use of antifungal-loaded bone cement spacers are provided in Table 1. In these reports, amphotericin B and
voriconazole were the dominant antifungals used in spacers with the dose of amphotericin B ranging from 150 to 1,500 mg per 40 gm cement and the
dose of voriconazole ranging from 200 to 1,000 mg per 40 gm cement. Most report clinical success when used in conjunction with thorough debridement
and systemic antifungals, however there are reports of acceptable outcomes even when antifungals were not used in any or all of the spacers [16-18].
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