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The pathogenesis of implant-associated infection involves interaction betweenAbstract
the microorganisms (biofilm formation), the implant and the host. Despite
improvement of perioperative prophylaxis, orthopaedic implants still remain
highly susceptible to bacterial or fungal contamination, generally resulting in
persistent implant-associated infection. Therefore, perioperative and life-long
prevention of infection is important. For perioperative prophylaxis, a first- or
second-generation cephalosporin is recommended, which should be administered
between 60 and 30 minutes before incision. The duration of prophylaxis should
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not exceed 1 day. In centres with a low incidence of infection, a single dose is
sufficient. Treatment of infections associated with orthopaedic devices usually
requires appropriate surgical intervention combined with prolonged antimicrobial
therapy. The choice of the antimicrobial regimen depends on the duration and
pathogenesis of infection, stability of the implant, antimicrobial susceptibility of
the pathogen and condition of the surrounding soft tissue. The role of rifampicin
(rifampin), which has excellent activity on adherent staphylococci, in combination
with β-lactams, glycopeptides, fluoroquinolones, minocycline, cotrimoxazole or
fusidic acid, in the treatment of staphylococcal infections is outlined. Increasing
antimicrobial resistance requires the use of alternative agents, such as quinupris-
tin/dalfopristin, linezolid and daptomycin, but results of clinical trials with these
agents are limited. Also reviewed are potential new antimicrobial agents currently
undergoing investigation, such as the novel oxazolidinone RWJ-416457, the new
glycopeptide dalbavancin, the glycylcycline compound tigecycline, the new
carbacephem BP-102 and novel rifamycin derivatives. Vaccination against Staph-
ylococcus aureus with StaphVAX induced specific antibodies potentially
preventing bacteraemia; however, there are no studies on efficacy in the prophy-
laxis of device-associated infections with this vaccine.

The number of trauma and aged patients requir- Well designed studies comparing different surgi-
cal and antibacterial treatment options are lacking.ing internal fixation devices or joint replacement is
Therefore, treatment of implant-associated infec-steadily increasing. In the US, about 2 million frac-
tions is mainly based on tradition, personal experi-ture-fixation devices are inserted annually.[1] De-
ence and liability aspects, resulting in substantialspite considerable progress in prevention and treat-
difference of treatment concepts between institu-ment of prosthetic joint-associated infection, the
tions and countries. In this review, the pathogenesis,absolute number of patients with such infections has
prophylaxis and treatment of orthopaedic device-increased, as a result of the lifelong risk for bacterial
associated infection is discussed.seeding on the implant.[2] In patients with primary

hip replacement, the infection rate during the first 2
1. Pathogenesisyears is usually <1%, and in those with knee re-

placement <2%. On average, about 5% of initially
1.1 Interaction between Microorganisms,inserted internal fixation devices become infected,
Implant and Hostand the average cost of combined medical and surgi-

cal treatment is estimated to be $US15 000.[1] The Orthopaedic device-associated infections are tra-
incidence of infection after internal fixation of ditionally difficult to treat. Foreign bodies remain
closed fractures is generally lower (0.5–2%), where- devoid of a microcirculation, which is crucial for
as the incidence may exceed 30% after fixation of host defence and the delivery of antibacterials.
open fractures.[3-6] The use of antimicrobial prophy- Classically, all hardware has been removed in order
laxis or pre-emptive therapy in patients with grade to completely eliminate infection.[8] New data from
III open fractures has substantially decreased the in vitro studies, animal experiments and clinical
frequency of implant-associated orthopaedic infec- trials has challenged this dogma.[2] In order to under-
tions.[7] Since haematogenous infections occur at stand the novel concepts in antimicrobial therapy,
any time after surgery, the actual incidence per the pathogenesis, which defines the treatment re-
device-life is unknown. The reported infection rate quirements, must be known.
is underestimated, since the follow-up in most pub- The pathogenesis of implant-associated infection
lished series is limited, and since many cases of involves interaction between the microorganisms,
presumed aseptic failure may be due to infection. the implant and the host. Adherence of Staphylococ-
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cus epidermidis to the surface of the device involves implant-associated infections according to the onset
rapid attachment to the surface of the implant medi- of symptoms after implantation.
ated by nonspecific factors (such as surface tension,

1.2.1 Prosthetic Joint Infectionshydrophobicity and electrostatic forces), or by spe-
‘Early infection’ is defined as appearance of thecific adhesions. This initial phase of adherence is

first signs and symptoms of infection during the firstfollowed by an accumulative phase during which S.
3 months after surgery at the implant site. This typeepidermidis bacterial cells adhere to each other and
of infection occurs by the exogenous route and isform a biofilm, a process that is mediated by the
generally caused by highly virulent microorganismspolysaccharide intercellular adhesin encoded by the
(e.g. S. aureus). ‘Delayed (low-grade) infection’ isica operon.[9] Adherence of S. aureus is more depen-
defined as appearance of the first manifestation ofdent on the presence of host-tissue ligands, such as
infection 3–24 months after surgery. In most offibronectin, fibrinogen and collagen.
these cases, microorganisms of low virulence (e.g.Implant-associated infections are typically
coagulase-negative staphylococci, Propionibacteri-caused by microorganisms growing in biofilms.[10]

um acnes) are inoculated during surgery. ‘Late in-These microorganisms live clustered together in a
fection’ is defined as the appearance of the firsthighly hydrated extracellular matrix attached to a
signs and symptoms of infection >2 years aftersurface.[11] Depletion of metabolic substances and/or
surgery. At this time, most infections result fromwaste product accumulation in biofilms causes mi-
haematogenous seeding.crobes to enter into a slow- or non-growing (station-

ary) state, rendering them up to 1000 times more
1.2.2 Infections Associated with Internalresistant to most antimicrobial agents than their
Fixation Devicesplanktonic (free-living) counterparts.[12,13] The pres-
These infections are classified as ‘early’ (<2ence of a foreign body significantly increases the

weeks), ‘delayed’ (2–10 weeks) and ‘late’ (>10susceptibility for infection.[14]

weeks).[15] Infections with delayed and late manifes-
tations are usually referred to together, since their1.2 Routes of Infection
clinical presentation, treatment and prognosis are

Implant-associated infections occur either by di- similar.[16] These infections generally occur exoge-
rect inoculation into the surgical wound during sur- nously, either by the penetrating trauma itself, dur-
gery or immediately thereafter during the first post- ing insertion of the fixation device or during dis-
operative days (perioperative infection), by microbi- turbed wound healing.[17-19] Haematogenous infec-
al spread through blood from a distant focus of tion is less frequent and is mainly caused by
infection (haematogenous infection), by direct or bacteraemia originating from skin, respiratory, den-
lymphogenic spreading from an adjacent infectious tal and urinary tract infections.[20,21] Similar to pros-
focus, or as a result of penetrating trauma (contigu- thetic joint infections, early infections are caused
ous infection). Table I shows the classification of mainly by highly virulent organisms such as S.

Table I. Classification of implant-associated infections according to the onset of symptoms after implantation

Classification Onset of infection after implantation Pathogenesis Typical microorganisms

prosthetic joint infections associated
infections with fracture fixation

devices
Early infection <3mo <2wk During implant surgery or Highly virulent organisms such as

the following 2–4d Staphylococcus aureus or Gram-negative
bacilli

Delayed infection 3–24mo 2–10wk During implant surgery with Less virulent organisms such as coagulase-
delayed manifestation negative staphylococci or Propionibacterium

acnes

Late infection >24mo >10wk Predominantly caused by Typically caused by virulent microorganisms
haematogenous seeding such as S. aureus, β-haemolytic
from remote infections streptococci or Gram-negative bacilli
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aureus or Gram-negative bacilli, whereas delayed 2. Prophylaxis
and late infections are caused mainly by microorga-
nisms of low virulence (e.g. coagulase-negative 2.1 Nasal Decolonisation of Staphylococcus
staphylococci). aureus Carriers

S. aureus is the most important microorganism
1.3 Diagnosis of Infection causing prosthetic joint-associated infection.[21,24] In

a recent prospective study, 14 of 1278 S. aureus
No single routinely used test achieves sufficient nasal carriers (1.1%) had a bacteraemia with the

identical strain at a later timepoint.[27] Thus, nasalaccuracy for the diagnosis of infection. Therefore, a
decolonisation with mupirocin may be a rationalcombination of clinical, laboratory, histopathology,
strategy to reduce the risk of haematogenous im-microbiology and imaging studies is usually re-
plant-associated infection. However, the benefit of

quired. Preoperative aspirate of fluid accumulation decolonisation with mupirocin prior to orthopaedic
and intraoperative tissue cultures provide the most surgery has never been proven. In a double-blind,
accurate specimens for detecting the infecting mi- randomised, placebo-controlled study with 614 pa-

tients assessed after implantation of an orthopaediccroorganism. Paired samples, for microbiology and
device, surgical site infection due to S. aureus oc-histopathology, should be taken from at least three
curred in 1.6% of the patients in the mupirocinintraoperative tissue areas. The degree of infiltration
group versus 2.7% of those in the placebo groupwith acute inflammatory cells may vary considera-
(relative risk [RR] 0.59, 95% CI 0.20, 1.79).[28]

bly between specimens from the same patient. It is Similarly, in another large controlled trial, in which
important to discontinue any antimicrobial therapy 891 patients were randomised to mupirocin or place-
at least 2 weeks before tissue sampling for culture, if bo before general, gynaecological, neurological or

cardiothoracic surgery, the frequency of surgical sitepossible.[22] Perioperative prophylaxis at revision
infection was similar in both groups.[29] Therefore,surgery should not be started until after tissue speci-
mupirocin prophylaxis cannot be generally recom-mens have been collected for culture.[23] If the im-
mended in patients prior to orthopaedic implant

planted material is removed, it can be cultured in
surgery. Nevertheless, mupirocin nasal ointment

enrichment broth media. The most common micro- should be considered in patients colonised with
organisms causing implant-associated infections are methicillin-resistant S. aureus (MRSA) who under-
shown in table II. S. aureus and coagulase-negative go non-emergency orthopaedic procedures. In addi-

tion, such patients should be strictly isolated in thestaphylococci are the most frequent infective agents,
hospital and their intervention should be planned asfollowed by streptococci, Gram-negative bacilli, en-
the last of the day.terococci and anaerobes.[24-26]

2.2 Perioperative Antibacterial Prophylaxis

2.2.1 General Principles
The role of foreign material in potentiating

wound infection was first reported by Elek and
Conen,[30] who demonstrated a 10 000-fold in-
creased risk for skin abscesses in the presence of
suture material in human volunteers. We confirmed
the increased susceptibility to infection by the pres-
ence of foreign material in a guinea-pig infection
model.[14] A locally acquired granulocyte defect in-
duced by continuous activation of granulocytes by

Table II. Distribution of microorganisms causing implant-associated
infections. Data are compiled from 40 episodes of infections associ-
ated with total knee arthroplasty[24] and 63 episodes with total hip
arthroplasty[25]

Microorganism Frequency (%)
Staphylococcus aureus 33–43

Coagulase-negative staphylococci 17–21

Streptococci 11–12

Gram-negative bacilli 5–14

Enterococci 3–7

Anaerobes 2–5

Polymicrobial 5–13

Unknown 5–6
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the non-phagocytosable implant was found to be a surgical site isolates. In addition, the risk of toxic
crucial pathogenetic mechanism.[14,31] Since <100 and allergic reactions to the prophylactic antibacter-
colony-forming units (cfu) of S. aureus may cause ial should be as low as possible. Antibacterial agents
persistent implant-associated infection, surgical site with a high potency to select resistant strains, such
infections occur despite correct aseptic surgical as cefoxitin or ceftazidime, which are strong induc-
practice. Antibacterial prophylaxis is indicated ers of β-lactamases, should be avoided. In compara-
mainly in procedures associated with a high risk of ble substances, antibacterial cost may further guide
infection, such as clean-contaminated or contami- the choice of the prophylactic agents.
nated operations.[32] Among 47 000 clean-surgery In bone surgery, a first- or second-generation
procedures, the incidence of infection was 1.5%.[33] cephalosporin, such as cefazolin, cefamandole or
In these procedures, antibacterial prophylaxis is cefuroxime is a rational choice. If the patient is
generally not indicated because it is not cost effi- allergic to cephalosporins, or in settings with high
cient. However, since each device-associated infec- prevalence of MRSA, vancomycin or teicoplanin
tion has devastating consequences for the patient are alternative options. In contrast, vancomycin or
and their surgeon, perioperative prophylaxis has be- teicoplanin should not be used in centres with high
come standard practice in all surgeries using im- prevalence of methicillin-resistant coagulase-nega-
plants.[34] tive staphylococci. This recommendation is based

Prophylaxis of surgical site infection depends not on two arguments. First, cefamandole may be
only on appropriate antibacterial prophylaxis, but prophylactically active against methicillin-resistant
also on aseptic surgical management, proper aware- coagulase-negative staphylococci.[38] Secondly, the
ness and avoidance of modifiable risk factors. The US Centres for Diseases Control and Prevention
quality standard for antimicrobial prophylaxis in (CDC) discourage the use of glycopeptides for rou-
surgical procedures has been published by an expert tine surgical prophylaxis, in order to prevent the
group from the US, recommending intravenous anti- spread of vancomycin resistance.[39] Even in coun-
microbial prophylaxis in orthopaedic procedures tries with a high prevalence of MRSA, no evidence
with hardware insertion.[35] of superiority of a glycopeptide prophylaxis exists.

The risk of infection varies according to the type For example, in an Italian study comparing a single
of fracture and the surgical procedure. Patients un- dose of teicoplanin with two doses of cefamandole,
dergoing joint replacement or fixation of closed both prophylactic regimens were equally efficient in
fractures have a frequency of infections of 0–5%. 496 patients undergoing total hip replacement.[40]

Patients with fixation of open fractures have infec-
tion frequencies between 5% (grade I) and >50% 2.2.3 Timing of Prophylaxis
(grade III A–C).[36] Since in grade III open fractures For optimal efficacy of the prophylactic agent,
extensive soft-tissue damage occurs, surgery takes antibacterial inhibitory concentrations must be
place in a heavily contaminated site. Therefore, achieved in tissue at the time of incision and last
short-term pre-emptive treatment of 5–10 days during the entire procedure. In the pioneer animal
should be administered rather than prophylaxis. study of Burke,[41] a short period of prophylactic

efficacy of 3 hours has been observed. By delaying2.2.2 Selection of Appropriate
Antibacterial Prophylaxis the antibacterial administration to 4 hours after sub-
Various antibacterial agents have been success- cutaneous bacterial inoculation, the effect of pro-

fully evaluated in perioperative prophylaxis. The phylaxis was completely abolished. These animal
drug should be active against the most common data have been confirmed with a large retrospective
pathogens involved in implant-associated bone in- clinical study evaluating outcome of 2847 surgical
fection, namely staphylococci, streptococci and wounds.[42] In this study, the risk of surgical site
Gram-negative bacilli (table II).[24,25,37] The suscep- infection increased 6-fold when prophylaxis was
tibility of these microorganisms may differ consid- given either too early (>2 hours before surgery) or
erably. Therefore, each hospital needs to continu- too late (>3 hours after surgery). On the basis of
ously update the resistance pattern of their own these studies, perioperative prophylaxis should be
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administered intravenously 60 minutes before inci- analysis, data from 8307 patients with surgery for
sion.[36] According to a recent study, in which only closed fractures of long bones included in 22
one or two doses of intravenous cefuroxime were randomised controlled trials showed a decrease of
given for prophylaxis, the incidence of surgical site deep wound and other infections in the group with
infection in 4557 patients was 1.3% when the drug single- or multiple-dose antibacterial prophylaxis
was given between 60 and 30 minutes before inci- (RR 0.40, 95% CI 0.24, 0.67).[51] Thus, antibacterial
sion, compared with 4–6% (p < 0.0001) when it was prophylaxis is clearly indicated in fracture and
administered earlier or later.[43] Thus, antibacterial orthopaedic surgery.
prophylaxis should be given not earlier than 1 hour In these studies, different regimens were used in
and not later than 30 minutes before incision. the active arm, from first- to third-generation

cephalosporins, and from single-dose to 5-day pro-In one study, when a tourniquet was used, tissue
phylaxis. Further studies were performed, compar-concentrations of the antibacterial were insufficient
ing different antibacterials or different treatmentto prevent surgical site infection when administered
durations. Table IV summarises five controlled5 minutes before inflation or later.[44] In another
studies with a total of 4918 patients comparing astudy, the time interval was 10 minutes and long-
short- versus a long-duration regimen.[52-56] Prophy-er.[45] Therefore, antibacterial prophylaxis should be
laxis of >1 day was not superior to the short course.administered at least 10 minutes before inflation of
However, in the study of Gatell et al.[53] a 1-daythe tourniquet.
course of cefamandole resulted in a significantly
lower infection rate than a single dose. In another2.2.4 Review of Controlled Studies of Prophylaxis in

Fracture and Orthopaedic Surgery study, with cefuroxime, the 1-day prophylaxis re-
sulted in a 1.8-fold reduction of joint infection com-There are only a few placebo-controlled studies
pared with a single dose in a total of 2651 pa-dealing with antibacterial prophylaxis of device-
tients.[54] Despite the large sample size, this differ-associated infections. Many studies have been ended
ence was not significant (p = 0.17), probably due toprematurely because of devastating consequences of
the low infection frequency in both groups. Thus,these infections. Nevertheless, the available infor-
the duration of prophylaxis should not exceed 1 day,mation allows evaluation of the role of antibacterial
and 1-day prophylaxis should be preferred to a sin-prophylaxis in fracture and orthopaedic surgery, in-
gle dose in centres with a high incidence of infec-cluding five placebo-controlled studies with a total
tion.of 4728 patients (table III).[46-50] In four of the five

studies, the incidence of infection was significantly In patients with open fractures, only a few con-
lower in patients receiving antibacterial prophylaxis trolled studies have been performed, using pre-emp-
than in the placebo group, regardless whether an tive therapy, not prophylaxis.[57-59] Open wounds
arthroplasty or an internal fixation was performed with heavy microbial contamination were treated for
(incidence of infection 0.9–3.6% with antibacterial 10 days. In the study of Patzakis et al.,[57] the inci-
prophylaxis versus 3.3–8.3% with placebo). The dence of infection after fixation of open fractures
only study not demonstrating significant differences was 11 of 79 (14%) in the control arm, 9 of 91 (10%)
was probably underpowered.[49] In a recent meta- in the penicillin/streptomycin arm, and 2 of 84 (2%)

Table III. Prospective, placebo-controlled trials of antibacterial prophylaxis in bone surgery

Study (year) Surgical procedure Rate of infection p-Value

placebo active drug (duration)
Hill et al.[46] (1981) Hip replacement 35/1067 (3.3%) Cefazolin (5 days) 10/1070 (0.9%) 0.001

Gatell et al.[47] (1984) Different fixation devices 11/150 (7.3%) Cefamandole (1 day) 2/134 (1.5%) <0.05

Bodoky et al.[48] (1993) Dynamic hip screw 6/115 (5%)  Cefotiam (1 day) 1/124 (1%) <0.05

Paiement et al.[49] (1994) Internal fixation of ankle fracture 3/62 (4.8%) Cefalotin (1 day) 1/60 (1.7%) NS (0.33)
(with tourniquet)

Boxma et al.[50] (1996) Various internal fixation devices 79/956 (8.3%) Ceftriaxone (SD) 36/990 (3.6%) 0.001
NS = not significant; SD = single dose.

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (8)



Antimicrobials for Orthopaedic Infections 1095

Table IV. Prospective trials of antibacterial prophylaxis with active control in bone surgery

Study (year) Surgical procedure Rate of infection p-Value

short regimen (duration) long regimen (duration)
Nelson et al.[52] (1983) Hip and knee replacement, Cefazolin (1 day) Cefazolin (7 days) NS

hip repair 3/186 (1.6%) 4/172 (2.3%)

Gatell et al.[53] (1987) Type of fixation: Cefamandole (SD) Cefamandole (1 day)

Moore prosthesisa 5/76 (6.6%) 0/74 (0%) 0.03
other fixation devices 15/306 (5%) 3/261 (1%) 0.006

Wymenga et al.[54] (1992) Hip replacement Cefuroxime (SD) Cefuroxime (1 day) NS
11/1327 (0.83%) 6/1324 (0.45%) (p = 0.17)

Mauerhan et al.[55] (1994) Type of arthroplasty: Cefuroxime (SD) Cefazolin (3 days)

hip replacement 1/187 (0.5%) 2/168 (1.2%) NS
knee replacement 1/178 (0.6%) 3/207 (1.4%) NS

Nungu et al.[56] (1995) Hip repair fixation devices Cefuroxime (1 day) Cefadroxil (1 day PO) NS
6/210 (3%) 1/242 (0.4%) (p = 0.07)

a Partial hip prosthesis for fractures of the neck of the femur.

NS = not significant; PO = oral; SD = single dose.

in the cefalotin (cephalothin) arm. The reduction in lowed by three doses of 1g every 6 hours) are good
the cefalotin arm was significant (p < 0.03). Howev- options. In patients with internal fixation of grade III
er, the overall incidence of infection in this study open fractures, pre-emptive therapy with an anti-
was only 9%, suggesting that only a few grade III staphylococcal drug such as intravenous amoxicil-
open fractures were included. In all three studies a lin/clavulanic acid (2.2g every 8 hours) or cefurox-
significant reduction of the infection frequency was ime (1.5g, followed by 0.75g every 8 hours) over
observed, indicating that in internal fixation of open 5–7 days is reasonable, but not evidence based.
fractures pre-emptive therapy with an intravenous 2.2.6 Controversial Issues
first- or second-generation cephalosporin over 5–10 There is little evidence to suggest that newer
days is appropriate.[57-59] There are no studies on the agents with a broader in vitro antibacterial spectrum
optimal duration of pre-emptive therapy. In addi- have any advantage over narrower-spectrum
tion, it is not clear whether a 1-day prophylaxis cephalosporins. It should be the rule to choose a
would be adequate for open fractures of grade I and spectrum as narrow as possible. Newer antibacteri-
II. At our institution, a 5-day pre-emptive therapy als should be reserved for treatment. An excellent
course with amoxicillin/clavulanic acid is used only study by Boxma et al.[50] breaks this rule by using
in patients with grade III open fractures, whereas a ceftriaxone, a third-generation cephalosporin. Com-
≤1-day prophylaxis with cefuroxime is used in all pared with the different regimens with older
other types of fracture-fixation surgery. cephalosporins, this agent has no advantage, except

2.2.5 Guidelines for Prophylaxis for the fact that it results in efficacious tissue con-
centrations during 24 hours, thus providing 1-dayFrom the different controlled studies, the follow-
coverage in a single dose. However, we prefer theing guidelines can be drawn. For arthroplasty or
use of a second-generation cephalosporin (e.g.internal fixation devices of closed fractures in cen-
cefuroxime or cefamandole) that can be given as atres with infection rates <5%, a single dose of intra-
single dose in centres with low infection rates and invenous cefamandole (2g 60–30 minutes before inci-
three doses in centres with high or unknown rates ofsion) or cefuroxime (1.5g 60–30 minutes before
infection.incision) is a reasonable option. In centres with

unknown or high infection rates (>5%) and in open Newer fluoroquinolones have better activity
fractures grade I and grade II, a 1-day prophylaxis against Gram-positive cocci (e.g. levofloxacin,
regimen should be preferred: intravenous cefurox- moxifloxacin, gatifloxacin), but they should not be
ime (1.5g 30–60 minutes before incision, followed used in surgical prophylaxis because of the rapid
by two doses of 0.75g every 8 hours) or cefa- emergence of resistant staphylococci.[60] In addition,
mandole (2g 30–60 minutes before incision, fol- fluoroquinolones combined with rifampicin
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(rifampin) are important drugs in the treatment of treatment procedures is still lacking.[21,66,70,72,73] Fol-
device-associated infection and, therefore, should be lowing dental work, in no case have genetically
strictly reserved for treatment.[2,60] identical strains of streptococci in the mouth and the

joint been documented. The infection rate by oralGlycopeptides in prophylaxis should be reserved
for institutions with a high prevalence of MRSA, to microorganisms of prosthetic joints has been esti-
prevent emergence of vancomycin-resistant staphy- mated as 0.05%.[74] Since the risk of a bacteraemia
lococci and enterococci.[39] The same applies for from periodontitis, oral hygiene and mastication is
linezolid and daptomycin, which should be used considerably higher than from dental treatment, the
only for the treatment of patients with methicillin- routine use of antibacterial prophylaxis during pro-
resistant staphylococci or multiresistant enterococ- cedures with potential bacteraemia is not recom-
ci.[61] Dalbavancin is a novel glycopeptide with a mended.[75] Accordingly, the American Dental As-
long half-life (9–12 days) and excellent in vitro sociation/Academy of Orthopaedic surgeons
activity against S. aureus and coagulase-negative (AAOS) has published advisory statements which
staphylococci.[62,63] Thus, dalbavancin has the po- state that antibacterial prophylaxis is not mandatory
tential for prophylaxis of device-associated infec- during dental procedures, but it should be consid-
tions. In a rabbit catheter model, dalbavancin proved ered in patients with increased risk of haematoge-
its efficacy for prevention of S. aureus infection.[64] nous prosthetic joint infection, such as early after
However, there is no need for an antibacterial agent joint replacement (within 1 year after implantation),
used in prophylaxis to remain in blood for >1 week; in immunocompromised patients and in those with
usually a half-life of up to 4 hours is sufficient. severe co-morbidities (especially in patients with

underlying inflammatory arthropathies).[76,77] For
2.3 Prophylaxis of Late these patients, a single-dose prophylaxis with oral
Haematogenous Infections amoxicillin (2g 1 hour prior to the dental procedure)

or oral clindamycin (600mg 1 hour prior to theThe occurrence of haematogenous prosthetic
dental procedure) has been suggested.joint infection is experimentally and clinically well

established.[21,65-70] During experimental bacter- In our view, it is more important to minimise the
aemia, selective seeding of S. aureus on subcutane- risk of bacteraemia during dental procedures than to
ous implants has been shown. After an experimental administer prophylaxis before dental treatment. This
bacteraemia of 102–103 cfu S. aureus/mL of blood, strategy includes elimination of potential infectious
persistent extravascular implant-associated infec- foci prior to arthroplasty (such as dental treatment of
tion occurred in 42%, whereas no single visceral parodontitis or root infection), avoidance of clean-
infection could be detected in the same guinea contaminated surgery (such as transurethral prosta-
pigs.[69] In a recent cohort study of 40 consecutive tectomy or tonsillectomy) during the first year after
episodes of prosthetic knee-associated infection, the joint replacement, and rapid diagnosis and treatment
fraction of haematogenous infections has been esti- of any infection in patients with prosthetic joints.
mated at 38%.[24] The combined incidence rates of The most frequent sources of haematogenous infec-
knee and hip arthroplasty-associated infections is tion are infections of the skin and soft tissues, oral
considerably higher during the first 2 years than cavity (parodontitis), urinary tract and respiratory
between the third and tenth year after surgery (5.9 vs tract.[72] In a prospective study of 80 patients with
2.3 per 1000 joint-years).[71] Thus, haematogenous orthopaedic implants and documented S. aureus
seeding occurs during the patient’s entire life; how- bacteraemia, the risk of haematogenous seeding was
ever, the risk is highest early after implantation. 34% in patients with prosthetic joints and 7% in
These data do not imply that routine antibacterial those with internal fixation devices.[21] In 25% of
prophylaxis is needed during procedures potentially these patients, no primary focus could be found.
causing bacteraemia. Whereas multiple publications This suggests that in patients with orthopaedic im-
illustrate the occurrence of prosthetic joint infection plants experiencing clinical sepsis, rapid antibacteri-
after clinically documented infection, convincing al treatment is important. This empirical intravenous
evidence of haematogenous seeding during dental antibacterial should be active against staphylococci.
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We suggest either intravenous (flu-)cloxacillin (2g tion of microorganisms in fracture fixation device-
every 6 hours) or intravenous vancomycin (1g every associated infections is not always necessary, since
12 hours), depending on the prevalence of MRSA. the device can be removed after the bone is consoli-
Before initiation of treatment, blood cultures should dated. An algorithm for treatment of implant-associ-
be drawn and, thereafter, daily examination for signs ated infections has recently been published.[2,80,81]

of possible prosthetic joint infection should be These recommendations consider the type and sus-
made. ceptibility of the pathogen, duration of symptoms,

stability of the implant and the condition of the
2.4 Active Immunisation against S. aureus surrounding tissue.

An attractive concept for prophylaxis of implant-
3.1.2 Principal Treatment Optionsassociated infections is active immunisation against
Eradication of infection can be generally accom-frequently involved microorganisms. A polysaccha-

plished only with a combination of both an appropri-ride conjugate vaccine against S. aureus
ate surgical treatment and antimicrobial treatment.(StaphVAX)1 efficaciously prevented bloodstream
Five treatment approaches are available:infections in patients with end-stage renal disease
1. Long-term antimicrobial therapy alone (i.e. with-who were receiving haemodialysis.[78] Furthermore,
out concomitant surgery at the implant site) controlspatients vaccinated prior to an orthopaedic proce-
clinical manifestations, but rarely eradicates the in-dure demonstrated protective antibodies against S.
fection; in most patients, clinical symptoms recuraureus, preventing postoperative bacteraemia.
after antibacterial discontinuation.[71] Therefore, thisWhether these antibodies would also protect against
option may be chosen if surgery is contraindicated, acolonisation of an implanted device has not been
functional prosthesis is not needed (e.g. a bedriddeninvestigated. On 1 November 2005, the manufactur-
patient) or the patient refuses surgical interven-er of StaphVAX (Nabi Biopharmaceuticals, Boca
tion.[2]Raton, CA; www.nabi.com) announced a failure of
2. Debridement with implant retention is a reasona-a confirmatory phase III clinical trial to prevent S.
ble option for patients with an early postoperative oraureus bloodstream infection. Thus, a combination
acute haematogenous infection, if the duration ofvaccine against S. aureus and coagulase-negative
clinical signs and symptoms is <3 weeks, the im-staphylococci for clinical use will probably not be
plant is stable, the soft tissue is in good conditionavailable in the near future.
and an agent with activity against biofilm microor-Another strategy for prevention would be the
ganisms is available (see antibacterial treatment inelimination of S. aureus nasal carriage by vaccina-
section 3.2).[60,82-85] Thus, rapid diagnosis of infec-tion. Such a vaccine has proved to be effective in the
tion, early debridement, early antimicrobial therapy,cotton rat model.[79]

the stability of the implant and the type of microor-
3. Treatment ganism are crucial.

3. One-stage prosthesis exchange includes removal
and implantation of a new device during the same3.1 General Principles and Surgical Options
surgical procedure. This approach is recommended
if the patient has no severe co-morbidity, the sur-3.1.1 Treatment Goals
rounding soft tissue is in good condition and diffi-In prosthetic joint infections the treatment goal is
cult-to-treat microorganisms (such as MRSA or oth-eradication of infection, leading to a satisfactory
er multiresistant bacteria, small-colony variants ofpain-free and functional joint.[2] In contrast to pros-
staphylococci, enterococci or fungi) are not in-thetic joint infections, the primary aim in infections
volved.[86-89]associated with fracture fixation devices is consoli-
4. Two-stage prosthesis exchange includes removaldation of the fracture and prevention of subsequent
of the prosthesis with implantation of a new prosthe-chronic osteomyelitis.[80] Thus, complete eradica-

1 The use of trade names is for product identification purposes only and does not imply endorsement.
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sis during a later surgical procedure. This modality randomised controlled trials, clinical failure was
is preferred in patients with severely compromised lower in patients receiving continuous infusion (30
soft tissue.[2,81,90-93] The interval until reimplantation mg/kg/day) than conventional intermittent infusion
can be short (2–4 weeks) or long (8 weeks). A (15 mg/kg every 12 hours), whereas no differences
temporary spacer or an external fixation device can were found regarding mortality and nephrotoxici-
be placed to secure the length of the limb. If diffi- ty.[96] The data suggest that the administration of the
cult-to-treat microorganisms are causing the infec- same total antibacterial dose by continuous intrave-
tion, a long interval before reimplantation and no nous infusion may be more efficient than the inter-
placement of a spacer are suggested to optimise the mittent mode; however, the stability of the drug
treatment success. exposed to environmental conditions for up to 24

hours, a higher risk of catheter-associated infections5. Permanent removal of the implant or arthrodesis
and the potential incompatibility with otheris usually performed in severely immunocom-
coadministered drugs may be limitations of continu-promised patients, those with active intravenous
ous infusions.drug use and when arthroplasty does not provide any

functional benefit. Fluoroquinolones are excellent drugs to combine
with rifampicin against staphylococci, because of

3.2 Established Antibacterial Agents their good bioavailability, activity and safety; how-
ever, they can rarely eliminate adherent staphylo-

3.2.1 Selection of Antibacterial Regimen cocci when given alone.[85] Newer fluoroquinolones
Table V summarises suggested antibacterial regi- (such as moxifloxacin, levofloxacin and gatiflox-

mens according to the pathogen and its antibacterial acin) have an improved activity against staphylo-
susceptibility. The optimal antibacterial therapy is cocci and were studied in experimental bone or
well established in staphylococcal implant-associat- implant-associated infections;[97,98] however, only
ed infections. Rifampicin has demonstrated good anecdotal clinical data exist with these new
activity on slow-growing and adherent staphylococ- drugs.[24,99,100] In addition, safety data for long-term
ci in vitro, in experimental animal models,[83-85] and therapy with moxifloxacin and gatifloxacin are not
in clinical studies.[24,25,60,82,94,95] It must always be available. For levofloxacin, long-term experience is
combined with another drug to prevent emergence only available by extrapolating from the ofloxacin-
of resistance. For the initial intravenous treatment, a experience and from studies in patients with
β-lactam (e.g. cloxacillin, flucloxacillin, nafcillin, mycobacterial infections.[94,101,102] Moreover, possi-
cefazolin) or a glycopeptide (e.g. vancomycin or ble interactions of newer fluoroquinolones with
teicoplanin) is typically used for 2 weeks, depending rifampicin have not yet been systematically as-
on the susceptibility of the infecting organism. In a sessed. MRSA should not be treated with fluoroqui-
randomised placebo-controlled study, patients were nolones, since antibacterial resistance may emerge
treated with debridement and retention combined during treatment. Other anti-staphylococcal drugs,
with either oral ciprofloxacin plus placebo or such as cotrimoxazole, minocycline or fusidic acid,
ciprofloxacin plus rifampicin (following the initial have been combined with rifampicin and may have
intravenous treatment).[60] The cure rate was 100% similar success rates to fluoroquinolones combined
in those patients who tolerated long-term therapy with rifampicin.[94] High-dose oral cotrimoxazole
with ciprofloxacin plus rifampicin compared with was used in one study as monotherapy for treatment
58% in those treated with ciprofloxacin alone. of 39 infected orthopaedic implants, with an overall

Vancomycin has lower antibacterial activity clinical success rate of 67%; however, unstable
against Gram-positive microorganisms than β- components were removed several months after ini-
lactams, and should only be used when β-lactams tiation of treatment.[103] Only few data are available
are contraindicated because of resistance or hyper- for the treatment of Gram-negative bacilli. In vitro
sensitivity. Nephrotoxicity, ototoxicity, thrombo- and animal studies demonstrated better efficacy of
phlebitis and neutropenia are the major adverse ef- ciprofloxacin against Gram-negative bacilli than β-
fects limiting its use. However, in a meta-analysis of lactams.[104]
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Table V. Treatment of implant-associated infections (adapted from Zimmerli et al.,[2] with permission)

Microorganism Antibacterial agenta Dosage Route
Staphylococcus spp.

methicillin-susceptible Rifampicin plus 450mg q12h PO/IV
nafcillin or (flu)cloxacillinb 2g q6h IV
for 2 weeks, followed by

rifampicin plus 450mg q12h PO
ciprofloxacin or 750mg q12h PO
levofloxacin 750mg q24h to 500mg q12h PO

methicillin-resistant Rifampicin plus 450mg q12h PO/IV
vancomycin 1g q12hc IV
for 2 weeks, followed by

rifampicin plus 450mg q12h PO
ciprofloxacind or 750mg q12h PO
levofloxacind or 750mg q24h to 500mg q12h PO
teicoplanine or 400mg q24h IV/IM
fusidic acid or 500mg q8h PO
cotrimoxazole or 1 DS tablet q8hf PO
minocycline 100mg q12h PO

Streptococcus spp. Benzylpenicillinb or 5MU q6h IV
ceftriaxone 2g q24h IV
for 4 weeks, followed by

amoxicillin 750–1000mg q8h PO

Enterococcus spp. Benzylpenicillin or 5MU q6h IV
(penicillin-susceptible) ampicillin or amoxicillin 2g q4–6h IV

plus aminoglycoside IV
for 2–4 weeks, followed by

amoxicillin 750–1000mg q8h PO

Enterobacteriaceae (fluoroquinolone- Ciprofloxacin 750mg q12h PO
susceptible)

Nonfermenters (e.g. Pseudomonas Cefepime or ceftazidime plus 2g q8h IV
aeruginosa) aminoglycosideg

for 2–4 weeks, followed by

ciprofloxacin 750mg q12h PO

Anaerobesh Clindamycin 600mg q6–8h IV
for 2–4 weeks, followed by

clindamycin 300mg q6h PO

Mixed infections (without methicillin- Amoxicillin/clavulanic acid 2.2g q8h IV
resistant staphylococci) or piperacillin/tazobactam 4.5g q8h IV

or imipenem 500mg q6h IV
or meropenem 1g q8h IV
for 2–4 weeks, followed by individual
regimens according to antibacterial
susceptibility

a For total duration of antibacterial treatment see section 3.2.2.

b In patients with delayed hypersensitivity, cefazolin (2g q8h IV) can be administered. In patients with immediate hypersensitivity,
penicillin should be replaced by vancomycin (1g q12h IV).

c Alternatively, vancomycin may be administered as continuous infusion (30 mg/kg/day).

d Methicillin-resistant S. aureus should not be treated with fluoroquinolones, since antibacterial resistance may emerge during
treatment.

e First 1–3 days of treatment, teicoplanin dose should be increased to 800mg IV.

f DS tablet = trimethoprim 160mg plus sulfamethoxazole 800mg.

g Aminoglycosides can be administered in a single daily dose.

h Alternatively, benzylpenicillin (5MU q6h IV) or ceftriaxone (2g q24h IV) can be used for Gram-positive anaerobes (e.g.
Propionibacterium acnes), and metronidazole (500mg q8h IV or PO) for Gram-negative anaerobes (e.g. Bacteroides spp.).

DS = double strength or forte; IM = intramuscular; IV = intravenous; PO = oral; qXh = every X hours.
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3.2.2 Duration of Antibacterial Treatment upristin/dalfopristin with rifampicin (10 mg/kg eve-
In patients with prosthesis retention, one-stage ry 12 hours) was significantly more effective than

exchange or two-stage exchange with a short inter- quinupristin/dalfopristin or vancomycin alone. In a
val (2–4 weeks), the suggested antibacterial treat- study of 40 patients with orthopaedic infections with
ment duration is 3 months. Infections associated MRSA (6 of whom had an orthopaedic prosthesis),
with prosthetic knees have longer suggested treat- clinical success was reported in 78% and microbial
ment duration (6 months) because of the often un- eradication in 69%.[106]

favourable condition of the surrounding soft tissue. Linezolid is the first member of the oxazolidi-
Intravenous treatment should typically be adminis- nones, active against virtually all Gram-positive
tered for the initial 2–4 weeks, followed by oral cocci, including methicillin-resistant staphylococci
therapy to complete the treatment course. and vancomycin-resistant enterococci (VRE). It can

In patients with two-stage exchange with a long be administered intravenously or orally with 100%
interval (8 weeks) and without a spacer, the aim of bioavailability. In a retrospective study, 20 consecu-
antibacterial therapy is complete elimination of in- tive patients receiving linezolid for orthopaedic in-
fection in the absence of any foreign material. Intra- fections (15 of whom had an orthopaedic device)
venous treatment is given for 6 weeks after removal were evaluated.[61] At a mean follow-up of 276 days,
of the prosthesis. Two weeks before reimplantation 55% achieved clinical cure and 35% had clinical
of the prosthesis, antibacterial treatment is discon- improvement but received long-term suppressive
tinued in order to obtain reliable tissue specimens antibacterial therapy with linezolid. Importantly, re-
for culture and histopathology at the time of reim- versible myelosuppression occurred in 40% of pa-
plantation. If these specimens show no growth and tients during treatment and irreversible peripheral
no acute inflammation, antibacterial treatment can neuropathy in 5%. Only limited data on linezolid in
be discontinued; otherwise it is continued for a total combination with rifampicin are available. In time-
of 3 months (or 6 months in knee prostheses). kill experiments, linezolid showed an additive effect

In fracture-fixation devices, the treatment dura- on MRSA when combined with rifampicin.[107]

tion is 3 months when the device is retained and 6 RWJ-416457 is a novel pyrrolopyrazolyl-substi-
weeks when there is complete removal of all hard- tuted oxazolidinone with at least 2- to 4-fold higher
ware.[60,80] If no antibacterial with efficacy on adher- in vitro activity than linezolid against S. aureus
ent bacteria is available (see section 3.2.1), treat- (including MRSA and vancomycin-intermediate
ment with implant retention is generally only sup- strains [VISA]), enterococci (including VRE) and
pressive, until the implants can definitively be streptococci.[108] In a mouse systemic infection
removed. In such situations, antibacterials should be model, RWJ-416457 was more potent than linezolid
continued for at least 2 weeks after removal of all against methicillin-susceptible S. aureus (MSSA)
implants, in order to avoid development of chronic and at least equipotent against MRSA.[109]

osteomyelitis. Daptomycin (formerly LY146032) is a cyclic
lipopeptide with activity against Gram-positive bac-3.3 Newer and Investigational
teria, including MRSA, vancomycin-resistant S. au-Antimicrobial Agents
reus and VRE.[110,111] In a retrospective study of

Quinupristin/dalfopristin is a streptogramin Gram-positive bone and joint infections without im-
antibacterial active against S. aureus (including plants (including eight patients with MRSA) and
MRSA) and Enterococcus faecium (including treated with daptomycin for 8–44 days, resolution of
vancomycin-resistant strains), but not against E. fae- signs and symptoms was achieved at the time of
calis. In a rabbit model of knee prosthesis infection hospital discharge in 8 of 9 patients.[112] However,
with MRSA, quinupristin/dalfopristin (30 mg/kg no post-discharge follow-up was performed. In an
every 8 hours), but not vancomycin (60 mg/kg every animal model of implant-associated infections,
12 hours), significantly reduced the mean log cfu of daptomycin showed no advantage compared with
S. aureus per gram of bone compared with con- vancomycin or teicoplanin.[83] The low cure rate in
trols.[105] Furthermore, the combination of quin- tissue-cage infections may be correlated with a 6-
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fold increase of the stationary-phase minimum bac- endocarditis and peritonitis, and in phase III clinical
tericidal concentration (MBC) of S. epidermidis trials involving intra-abdominal and skin and soft
(from 2 µg/mL to 12.5 µg/mL). In addition, dapto- tissue infections. The activity of tigecycline was
mycin had a low activity on adherent staphylococci evaluated against S. epidermidis growing in an in
in vitro and in the tissue-cage infection model.[113] vitro biofilm model.[121] The killing activity of tige-
Synergy between daptomycin and both rifampicin cycline against the adherent S. epidermidis was at
and β-lactams was found against VRE and MRSA in least 4-fold better than that of vancomycin or dapto-
vitro, but further studies are needed to elucidate the mycin, demonstrating MBC values of 1–8 µg/mL.
mechanisms and to determine the in vivo efficacy of Furthermore, efficacy of tigecycline (14 mg/kg
the combination.[114,115] As an intravenous agent that twice daily subcutaneously) and vancomycin (30
is administered once per day, daptomycin offers a mg/kg twice daily subcutaneously) was evaluated
possibility for outpatient therapy. Development of with and without rifampicin (40 mg/kg twice daily
daptomycin resistance and treatment failure was orally) in a rabbit model of MRSA osteomyelitis.[122]

recently reported in two patients with osteomyelitis Tigecycline and rifampicin cleared the infection in
due to MRSA. In both patients, disk diffusion sus- bone in 100%, tigecycline alone in 90%, vanco-
ceptibility testing failed to detect resistance.[116] mycin alone in 82% and untreated controls in 26%.

Tigecycline is a promising agent for treatment ofDalbavancin (formerly BI 397) is a novel semi-
infections with multiresistant pathogens. However,synthetic derivative of teicoplanin-like glycopeptide
tigecycline (and possible combination regimensA40926, which is more active in vitro against
with rifampicin or its derivatives) has not yet beenmethicillin-susceptible and -resistant staphylococci
evaluated in implant-associated infections.than vancomycin or teicoplanin. Against streptococ-

ci, dalbavancin had activity comparable to that of BP-102 is a new carbacephem antibacterial with
teicoplanin, but better than that of vancomycin.[117] potent bactericidal activity against Gram-positive
In one study, minimum concentration to inhibit cocci. The MIC90 values were 0.25 µg/mL, 2 µg/mL
growth of 90% of isolates (MIC90) values of S. and 4 µg/mL for MSSA, MRSA and methicillin-
aureus and coagulase-negative staphylococci (0.06 resistant coagulase-negative staphylococci, respec-
µg/mL) were considerably lower than those of tively.[123] BP-102 also exhibited a potent bacterici-
vancomycin (1–2 µg/mL), teicoplanin (1–16 µg/ dal activity against both MSSA and MRSA in the
mL), daptomycin (0.5 µg/mL) and linezolid (2–4 neutropenic murine thigh-infection model.[124]

µg/mL).[63] Dalbavancin was bactericidal against all Novel rifamycin derivatives (such as ABI-0043,
six tested staphylococcal strains at four times the ABI-0369 and ABI-0699) have potent in vitro activ-
MIC. Dalbavancin has a long half-life (9–12 days) ity against Gram-positive cocci, including MRSA
that may allow a once-weekly dose administra- and streptococci. These agents have potential advan-
tion.[62]

tages over rifampicin, including lower MIC values
Tigecycline (formerly GAR-936) is the first against staphylococci and streptococci, longer elim-

member of the glycylcyclines, a novel class of ination half-lives and no significant interactions
antimicrobials structurally related to tetracyclines (a with liver microsomal enzymes (cytochrome P450
9-glycylamido derivative of minocycline).[118,119] It system). Other attractive characteristics are high
has broad-spectrum activity against aerobic Gram- intracellular concentrations and large volume of dis-
positive and Gram-negative, anaerobic and atypical tributions. In a guinea-pig foreign-body infection
pathogens, including MRSA and coagulase-nega- model, intraperitoneal ABI-0043 (12.5 mg/kg every
tive staphylococci, penicillin- and quinolone-resis- 12 hours) and rifampicin (12.5 mg/kg every 12
tant Streptococcus pneumoniae, VRE and extended hours) in combination with levofloxacin (5 mg/kg
spectrum β-lactamase (ESBL)-producing Enter- every 12 hours) had similar treatment efficacy
obacteriaceae.[120] Tigecycline is only available as against S. aureus (100% and 75%, respectively).[125]

an intravenous agent and distributes extensively in Thus, ABI-0043 in combination with a fluoroqui-
tissues. It has demonstrated good therapeutic re- nolone has the potential to treat staphylococcal im-
sponse in animal infection models of pneumonia, plant-associated infections. Importantly, the risk of
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emergence of resistance during treatment is consid- cycline), a new carbacephem (BP-102), and
erable, particularly among staphylococci. Thus, rifamycin derivatives such as ABI-0043.
similarly to rifampicin, these drugs should not be
used as single-agent therapy for treatment of Acknowledgements
staphylococcal infections. However, there is not

The authors received a grant from ActivBiotics, Lexing-complete cross-resistance. Recently developed nov-
ton, MA, USA, for testing a new rifamycin derivation (ABI-el rifamycin derivatives retained some activity 0043).

against rifampicin-resistant S. aureus mutants in a
mouse septicaemia model.[126-128]
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