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SUMMARY
Prosthetic joint infection (PJI) is a tremendous burden for individual
patients as well as the global health care industry. While a small mi-
nority of joint arthroplasties will become infected, appropriate recog-
nition and management are critical to preserve or restore adequate
function and prevent excess morbidity. In this review, we describe the
reported risk factors for and clinical manifestations of PJI. We discuss
the pathogenesis of PJI and the numerous microorganisms that can
cause this devastating infection. The recently proposed consensus
definitions of PJI and approaches to accurate diagnosis are reviewed
in detail. An overview of the treatment and prevention of this chal-
lenging condition is provided.

INTRODUCTION

Joint replacement is a life-enhancing procedure for millions of peo-
ple worldwide each year. Successful joint replacement provides

pain relief, restores function and independence, and improves patient
quality of life. While already a frequently performed procedure, the
incidence of prosthesis implantation is expected to continue to rise.
In the United States alone, there were 332,000 total hip and 719,000
total knee arthroplasties performed in 2010 (1). The numbers are
projected to reach 572,000 and 3.48 million by 2030 for hips and
knees, respectively (2). In Europe, a larger number of patients un-

dergo primary hip arthroplasty than knee arthroplasty (3, 4). In ad-
dition to hip and knee replacement, shoulder, elbow, and ankle ar-
throplasties are now available. The total number of patients with
existing arthroplasties in place continues to increase.

While the majority of joint arthroplasties provide pain-free
function, a minority of patients will experience device failure and
will require additional surgery at some point during the life of the
device. Reasons for aseptic failure include loosening at the bone-
cement interface, periprosthetic fracture, fracture of the pros-
thetic material itself, wear, implant malposition, dislocation-in-
stability, or materials fatigue. Prosthetic joint infection (PJI), also
referred to as periprosthetic infection, is defined as infection in-
volving the joint prosthesis and adjacent tissue. Advances in the
understanding of the epidemiology, diagnosis, management, and
prevention of PJI over the last quarter century have led to im-
provement in outcomes for this challenging infection.

EPIDEMIOLOGY

Incidence
While the number of joint arthroplasties being implanted has
risen and will continue to rise, the dynamics of the incidence of PJI
are unclear. Several investigators have reported an increasing in-
cidence of PJI in hip and knee arthroplasties. Using the Nation-
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wide Inpatient Sample, the annual PJI incidence rate in the United
States, expressed as a percentage of the total number of arthroplas-
ties performed, increased from 1.99 to 2.18% for hip arthroplas-
ties and from 2.05 to 2.18% for knee arthroplasties from 2001 to
2009 (5). Similarly, the Nordic Arthroplasty Register Association
found an increase in the cumulative 5-year revision rate for infec-
tion in hip arthroplasties, rising from 0.46% during the period
from 1995 to 1999 to 0.71% during 2005 to 2009 (6). However, a
smaller population-based study from 1969 to 2007 using the
Rochester Epidemiology Project to examine 75 PJIs in 7,367 joints
did not find an increase over the duration of the study (7). The
cumulative incidences of infection were 0.5, 0.8, and 1.4% at 1, 5,
and 10 years, respectively, after primary hip or knee arthroplasty,
with the overall unadjusted incidence rate, determined by using a
standardized denominator, being 1.5 infections per 1,000 person-
joint-years. The greatest risk period was the first 2 years, during
which time 60 to 70% of infections occurred, a finding that has
been observed in other studies (8, 9). The authors of the popula-
tion-based study hypothesized that the stability in the incidence
over the nearly 40-year time span was due to increased patient
morbidity and risk factors for infection, counterbalanced by im-
provements in aseptic techniques, surgical skills, and infection
prevention and control measures (7). While it is unclear if the
incidence per person-joint-years is increasing or not, the absolute
number of PJI cases will surely increase due to the increasing num-
ber of primary implantations being performed and the cumulative
number of arthroplasties that remain in place.

The percentage of shoulder and elbow arthroplasties that be-
come infected is based mainly on single-center studies and sys-
tematic reviews. Shoulder arthroplasty appears to carry an infec-
tion rate similar to those of hip and knee prostheses, with infection
complicating 0.8 to 1.1% of primary arthroplasties (10, 11). In
contrast, a systematic review of elbow arthroplasties found that
3.3% become infected (12). The reasons for the apparent higher
infection rate may include the increased number of patients with
rheumatoid arthritis receiving elbow arthroplasties (13) and the
limited soft tissue envelope surrounding the elbow.

Economic Impact
The economic impact of PJI is significant. The overall cost to the
American health care system to treat PJI was $566 million in 2009
alone, a number that is projected to reach $1.62 billion in 2020 (5).
However, this figure is likely a gross underestimate, as this survey
included only the estimated hospital cost, neglecting many other
direct and indirect costs.

The cost of treating each individual PJI depends in part on the
treatment strategy utilized. The cost of a single revision surgery for
PJI is higher than the cost of revision for noninfectious reasons,
with postulated reasons including prolonged procedure duration,
increased blood loss, increased use of bone allograft, and increased
complications (14). More complicated treatment strategies in-
volving multiple individual surgeries further increase this cost
compared to the cost of only a single surgery. For example, using
a debridement-and-retention protocol, the cost to treat a single
PJI is approximately 3-fold the cost of the primary implantation
(15). In comparison, the average costs of one- and two-stage ar-
throplasty exchanges are 3.4 and 6 times higher, respectively, than
the cost of primary implantation (16). Importantly, this does not
include the indirect societal costs of the prolonged immobility of
patients undergoing two-stage arthroplasty exchange. However,

the cost of prolonged oral antimicrobials with single-surgery strat-
egies is also not included in these studies, which may partially
offset the difference.

Risk Factors
Risk factors for hip and knee infection. Obesity has been associ-
ated with an increased risk of infection in many (9, 17–25) but not
all (26) studies. A body mass index (BMI) threshold of 35 is most
commonly used. Possible reasons for the increased risk with obe-
sity include prolonged operative duration (27) and the presence of
other comorbidities. However, obesity has remained an indepen-
dent risk factor after adjustment for other covariates in several
studies (18, 23). In contrast, a low BMI (!25) was associated with
increased risk of PJI in another study, hypothesized to reflect nu-
tritional reserve, immunosuppression, and underlying rheuma-
toid arthritis (28).

Diabetes mellitus has also been associated with an increased
risk of PJI (18, 19, 21, 29). Interestingly, a recent study observed
that perioperative hyperglycemia at the time of primary knee or
hip arthroplasty was associated with an increased risk of subse-
quent PJI, even in patients without diabetes mellitus (30). This
may be due to increased biofilm formation in the presence of
elevated levels of glucose, as seen in in vitro models (31); impaired
leukocyte function; or microvascular changes in patients with di-
abetes, which may influence wound healing and the development
of superficial surgical site infections. However, not all studies have
demonstrated a clear link between diabetes and PJI (17, 26), and
some studies that have shown an increased risk grouped diabetes
mellitus with other immunocompromising conditions (24).

Rheumatoid arthritis, exogenous immunosuppressive medi-
cations, and malignancy have been associated with an increased
risk of PJI in various studies (9, 21, 22, 26, 32–36). Indeed, the
infection rate for patients with rheumatoid arthritis is reportedly
as high as 2.3% in the first year (33). Often, it is difficult to separate
the relative contribution of the underlying illness, the accompa-
nying comorbid conditions, and the therapy used. In one study,
when rheumatoid arthritis, systemic immunosuppression, diabe-
tes mellitus, chronic kidney disease, and malignancy were in-
cluded in one category denoting global immunosuppression, the
risk of PJI increased 2.2-fold (24). Biologic disease-modifying an-
tirheumatic drugs (DMARDs) that inhibit tumor necrosis factor
alpha or interleukin-6 (IL-6) increase the risk of surgical site in-
fection after joint arthroplasty, but the limited number of patients
studied does not permit a conclusion about their impact on PJI
(37, 38). The American College of Rheumatology and the British
Society for Rheumatology recommend withholding tumor necro-
sis factor alpha inhibitors around the time of arthroplasty surgery
or revision (39, 40). In practice, the management of biologic and
nonbiologic DMARDs during joint arthroplasty or PJI treatment
is varied and should be individualized. One strategy is to withhold
biologic DMARDs for one cycle before and resume them 1 or 2
weeks after joint arthroplasty surgery (41). While limited data
suggest that it may be safe to continue nonbiologic DMARDs
through joint arthroplasty (42, 43), methotrexate may be withheld
when there is concern for wound healing problems. It may be
impossible or impractical to eliminate the effects of leflunomide,
given its long half-life. In patients undergoing treatment for PJI,
weekly methotrexate and biologic DMARDs should be withheld
for one or two therapy cycles prior to surgery. With most surgical
strategies, nonbiologic DMARDs can be resumed once the surgi-
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cal incision is healed. The decision regarding when to reinitiate
biologic DMARDs depends on the surgical strategy used to treat
PJI. With a two-stage arthroplasty exchange, biologic DMARDs
should be held at least until the incision is healed following the
second stage. With debridement with implant retention and one-
stage arthroplasty exchange procedures, one approach is to reini-
tiate biologic DMARDs once the patient is on suppressive antimi-
crobial therapy (after the initial course of antimicrobials). For
individual patients, the impact of altering DMARDs on the under-
lying rheumatic disease should be weighed against the impact on
infection. The half-life of each agent, which can vary significantly,
needs to be considered. It should also be acknowledged that pa-
tients with active rheumatologic disease may need to be “bridged”
with corticosteroids while not receiving DMARDs, a practice that
may negate, at least in part, any beneficial effect of withholding
DMARDs. The appropriate perioperative management of these
agents deserves further study.

The incidence of infection following arthroplasty revision sur-
gery is higher than that following primary implantation (10, 24–
26, 29, 35, 44, 45). Postulated reasons for this include prolonged
operating time during the revision surgery or unrecognized infec-
tion at the time of revision, with subsequent recrudescence. The
abnormal soft tissue envelope may also be a contributing factor.

Additional factors have been associated with an increased risk
of hip or knee PJI in unadjusted models or in selected studies.
Some of these factors include male gender (6, 8, 20, 36, 46, 47),
smoking (21), antecedent bacteremia (during the previous year)
(48), and antecedent septic arthritis of the index joint (26). The
biological plausibility for some of these factors, such as gender, is
uncertain. In contrast, the effect of smoking on tissue blood flow
and oxygenation at the time of surgery is biologically plausible. A
recently demonstrated association between a polymorphism in
the gene encoding interleukin-1" and a higher risk of PJI suggests
an interesting new area of research in the era of individualized
medicine (49).

Perioperative factors may also impact the risk of PJI. Older data
suggest that metal-to-metal hinged-knee prostheses are more fre-
quently infected than metal-to-plastic prostheses (35). Large case-
control and registry-based studies have found no difference be-
tween cemented and uncemented arthroplasties (26, 36),
although cemented arthroplasties have the theoretical advantage
of allowing local antimicrobial drug delivery for primary preven-
tion of PJI. Several postoperative complications are associated
with an increased risk of PJI, including hematoma, superficial sur-
gical site infection, wound drainage, and wound dehiscence (9, 22,
24, 26, 48). Accordingly, prevention of surgical site infection
through perioperative antimicrobial prophylaxis, meticulous sur-
gical techniques, and infection control practices is critically im-
portant and is discussed in Prevention, below. A prolonged pro-
cedure duration is associated with an increased risk of PJI (8, 25,
26, 44, 46, 47), with a 9% increase in risk for each additional
15-min increment (18). This may be due to an increased time
available for microbial contamination of the joint or may be a
surrogate for other comorbidities, such as obesity, or both. Post-
operative myocardial infarction and atrial fibrillation have been
associated with a higher risk of infection as well, with a possible
common mechanism of aggressive anticoagulation leading to sub-
clinical hematoma formation (9). Allogeneic blood transfusion,
even with leukocyte reduction, is associated with an increased risk
of surgical site infection and PJI, while autologous transfusion

does not appear to carry the same risk (9, 26, 50, 51). This has been
hypothesized to be related to the immunomodulatory effects of
transfusion. Perioperative infection at a distant site, including the
urinary or respiratory tract, is associated with an increased risk of
PJI (9, 21, 24), presumably due to transient bacteremia from the
distant infection site during this high-risk time period. This is
supported by an animal model showing that a lower level of bac-
teremia is necessary to initiate infection in the immediate postop-
erative period than 3 weeks later (52). However, asymptomatic
pyuria or bacteriuria, in the absence of urinary tract infection,
does not appear to be associated with the development of PJI
(53–55). These data suggest that preoperative screening of asymp-
tomatic patients by urinalysis would result in added expense, po-
tential antimicrobial exposure, and a delay in surgery, without
improving outcomes. Patients should instead be carefully evalu-
ated for historical signs or symptoms suggestive of urinary tract
infection at the preoperative visit and managed accordingly.

Risk factors for shoulder and elbow infection. There are more
limited data available on risk factors for PJI after shoulder and
elbow arthroplasty. Presumably, the same systemic host risk fac-
tors that increase the risk of PJI in hip and knee arthroplasty,
including rheumatoid arthritis, immunosuppression, and malig-
nancy, would carry a risk in these arthroplasties. A large prospec-
tive study of 1,349 patients following shoulder arthroplasty found
that only prior joint trauma was a risk factor for PJI, while a trend
was seen for a higher BMI (10). However, there were only 14 cases
of PJI in this study, and a limited number of risk factors was ex-
amined. Another small study found a higher risk of PJI in men
(56). Age, gender, underlying joint disease, and type of arthro-
plasty were not associated with an increased risk of PJI in a study of
27 elbow arthroplasty infections occurring in 358 patients (13).

Composite risk scores. Composite risk scores attempt to aggre-
gate a number of factors into one, more easily applied variable.
The National Nosocomial Infections Surveillance (NNIS) Sys-
tem surgical score includes the length of the surgical proce-
dure, the American Society of Anesthesiologists (ASA) preop-
erative assessment score, and surgical wound classification for
each procedure. In one large case-control study, the highest
NNIS score was correlated with a 5-fold-increased odds of in-
fection, a finding that persisted after multivariate analysis (26).
An elevated ASA score alone, estimating the burden of systemic
disease, has also been associated with an increased risk of in-
fection (9, 17, 18, 24).

The Mayo PJI score, while not fully validated, is a numerical
score to predict PJI based on assessment at the time of joint ar-
throplasty implantation or 1 month later (Fig. 1) (28). It was de-
veloped by using multivariable regression models from a large
case-control study. The baseline score at the time of arthroplasty
includes an abnormal BMI (either high or low), prior operation or
arthroplasty on the joint, immunosuppression, ASA score, and
procedure duration, with various point values being assigned to
each component. It is noteworthy that the definition of immuno-
suppression used is broad, including malignancy, corticosteroid/
immunosuppressive therapy, diabetes mellitus, and history of
chronic kidney disease. The 1-month postoperative risk score in-
cludes wound drainage as well. These scores, although not fully
validated for PJI, have the potential to help identify high-risk in-
dividuals at the time of surgery.
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CLINICAL MANIFESTATIONS
The clinical manifestations of PJI vary depending upon the viru-
lence of the organism, the mode of initiation of infection, the host
immune response, the soft tissue structure surrounding the joint,
and the joint involved. Commonly reported signs or symptoms of
PJI include pain, joint swelling or effusion, erythema or warmth
around the joint, fever, drainage, or the presence of a sinus tract
communicating with the arthroplasty (7, 57–59). The presence of
a sinus tract is considered by most investigators to be definitive
evidence of PJI, leading to its inclusion as definitive evidence of PJI
in several consensus documents (60–62), as discussed in Diagno-
sis, below.

In general, pain seems to be the most frequently reported clin-
ical manifestation, with case series reporting between 79 and
100% of patients with this finding (7, 58, 63–66). However, a study
by Peel and colleagues found that pain was present in only 42% of
patients, while drainage from the surgical wound was the most
frequent finding in 72% of patients (57). This likely reflects the
fact that 90% of the patients in this study were within 3 months of
implantation, suggesting that the mechanism of infection initia-

tion dictates some of the clinical presentation. This is corrobo-
rated by several studies that found that the presence of soft tissue
damage, such as an open wound, sinus tract, or abscess, was more
common in patients with contiguous or perioperatively acquired
Staphylococcus aureus PJI than in those with hematogenously ac-
quired S. aureus infection (59, 63). In contrast, systemic signs or
symptoms such as fever or chills were significantly more common
in patients with hematogenous PJI.

Clinical findings that raise or lower the pretest probability of
PJI are helpful and may alter the diagnostic tests ordered, if a
Bayesian approach to diagnosis is used. For example, a patient
with multiple findings consistent with PJI, such as pain, effusion,
periarticular warmth or erythema, and fever, may be considered
to have a pretest probability of PJI exceeding 20%. The diagnostic
algorithm for this patient may be markedly different from those
for patients presenting with pain as the only potential manifesta-
tion of infection, where the pretest probability may be closer to the
population-based risk of 0.5 to 1.5% (7). Unfortunately, there
have been no large, well-performed studies comparing the abili-
ties of different clinical findings to predict PJI. Presumably, the

FIG 1 The Mayo prosthetic joint infection risk score. The baseline or 1-month postsurgery score is calculated, and the predicted probability of PJI is determined
by using the accompanying curve. (Reproduced from reference 28 with permission.)
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vast majority of patients who present with PJI or aseptic failure
will have pain, so this is not likely a useful discriminating symp-
tom. The presence of swelling and erythema around a knee arthro-
plasty is found in a significantly higher percentage of patients with
infection than in those undergoing revision for aseptic reasons
(58), but the diagnostic odds associated with this finding are un-
known. It is therefore up to the evaluating clinician to estimate the
pretest probability of PJI and decide upon the most appropriate
diagnostic testing strategy for each individual, based on the pa-
tient’s constellation of clinical symptoms and risk factors for in-
fection. The PJI risk score mentioned above may assist in the esti-
mation of the pretest probability of PJI (28).

Classification Schemes
There are several useful classification schemes for PJI. The first is
simply based on the time to infection, classified as early, delayed,
or late onset. Early-onset PJI occurs !3 months after the last sur-
gery. These infections are most commonly initiated at the time of
operation, through intraoperative contamination, as discussed
below, and are caused by relatively virulent microorganisms. De-
layed-onset PJI occurs after 3 months but before 12 or 24 months.
Different authors have used different time points to differentiate
between delayed- and late-onset PJIs. However, regardless of the
cutoff used, the common theme is that these infections are also
typically acquired at the time of surgery but are caused by less
virulent microorganisms such that the overt presentation of infec-
tion does not occur within the first 3 months. Late-onset PJI,
occurring #12 to 24 months after surgery, is frequently due to
hematogenous infection but may also be due to extremely indo-
lent infection initiated at the time of surgery.

Another classification scheme was popularized by Tsukayama
in the 1990s (67, 68). This scheme divides PJIs into four categories,
based partly on the time since operation and also on the presumed
mode of infection. The first category is positive intraoperative
cultures, in which a patient undergoing revision for presumed
aseptic failure is found to have a positive intraoperative culture.
Some patients falling into this category do not truly have PJI. For
example, in one paper using this classification scheme, only 1 out
of 31 patients with this type of infection had acute inflammation
determined by histopathology (67). Early postoperative infection
that occurs within the first month after surgery is the second cat-
egory. This is similar to early-onset PJI in the first classification
scheme. The third category is late chronic PJI, which occurs #1
month after the index operation and is typically associated with an
indolent course. This category encompasses many of the patients
in both the delayed- and late-onset PJI categories in the other
classification scheme. The final category of infection is acute he-
matogenous infection. This classification scheme is useful in de-
termining medical and surgical management. Both early postop-
erative infection and acute hematogenous infection may be
amenable to a debridement and implant retention procedure,
while two-stage arthroplasty exchange would be preferable for late
chronic infection. Issues regarding the selection of a medical-sur-
gical treatment strategy are discussed in Treatment, below.

Finally, McPherson and colleagues proposed a staging system
for PJI that categorizes not only the type of infection but also the
host (69, 70), with some similarity to the Cierny-Mader staging
system for osteomyelitis (71). This system includes three of the
four types of infection in the system of Tsukayama et al. (67), early
postoperative infection, hematogenous infection, and late chronic

infection, which are graded as type I, II, or III. The systemic host
status is graded as A (uncompromised), B (compromised), or C
(significant compromise), corresponding to a number of factors,
including the presence of neutropenia, low CD4 T-cell count, or
age of #80 years. Finally, the local extremity is graded as 1 (un-
compromised), 2 (compromised), or 3 (significantly compro-
mised), corresponding to the presence of local chronic active in-
fection, soft tissue loss, or the presence of a fistula or subcutaneous
abscess, among other factors. This system allows more individu-
alized treatment decisions and prognostic information. Among
patients undergoing resection for infected hip arthroplasty, there
was a positive correlation between the host grade and likelihood of
reimplantation and a negative correlation between the host grade
and amputation or death (70). However, a subsequent large study
of knee arthroplasty infection did not find a correlation between
this staging system and the likelihood of infection recurrence (72).

PATHOGENESIS

Initiation of Infection

The majority of PJIs occurring within 1 year of surgery are initi-
ated through the introduction of microorganisms at the time of
surgery. This can occur through either direct contact or aerosol-
ized contamination of the prosthesis or periprosthetic tissue.
Once in contact with the surface of the implant, microorganisms
colonize the surface of the implant. A significant factor in this
process is the low inoculum of microorganisms needed to estab-
lish infection in the presence of the prosthetic material. For exam-
ple, !102 CFU of S. aureus are necessary to establish infection if
inoculated at the time of a hip hemiarthroplasty in a rabbit model,
compared with 104 CFU when no implant is placed (52). This
difference is explained by biofilm formation in the case of the
foreign body (see “Role of Biofilm,” below).

Contiguous spread of infection from an adjacent site is the sec-
ond mechanism by which infection can be initiated. In the early
postoperative time period, superficial surgical site infection can
progress to involve the prosthesis, due to incompletely healed su-
perficial and deep fascial planes. However, contiguous spread may
also occur later if the normal tissue plane is again disrupted
through trauma or surgery at an adjacent location. Erosion of the
implant through an impaired soft tissue envelope may also pre-
dispose patients to a late onset of contiguous infection. This may
occur in patients with elbow prostheses and underlying rheuma-
toid arthritis who may have an adjacent rheumatoid nodule or
thin skin due to chronic corticosteroid use.

Finally, the prosthesis remains at risk of hematogenous seeding
throughout the life of the arthroplasty. Overall, PJI resulting from
a remote site of infection is rare. In 551 remote infections occur-
ring in 6,101 hip and knee arthroplasties, only 7 documented he-
matogenous PJIs were diagnosed (25). Arthroplasty infection oc-
curred in 5 (6%) of the 81 patients with documented bacteremia.
However, some pathogens present a significantly higher risk than
others. S. aureus is a frequently isolated pathogen in cases of he-
matogenous PJI, and several small studies have suggested that S.
aureus bacteremia is associated with a 30 to 40% risk of hematog-
enous seeding of in situ arthroplasties (73–75). This risk, com-
pared with the 3 to 10% risk of infection of native joints during S.
aureus bacteremia, highlights the importance of prosthetic mate-
rial in hematogenous PJI (76–78). Coagulase-negative staphylo-
cocci, Streptococcus species, Enterococcus species, and aerobic
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Gram-negative bacilli also play an important role in this setting (9,
79–81). In one series, Streptococcus species were found with the
same frequency as S. aureus (82). In the majority of hematogenous
infections, bacteremia and symptoms of PJI occur almost simul-
taneously. However, for some less commonly encountered micro-
organisms, there may be a prolonged time interval between blood-
stream infection and PJI-associated symptoms (83). The timing of
bacteremia is important, with a lower inoculum of bacteria being
required for infection at the time of prosthesis implantation than
3 weeks later, as demonstrated in an animal model (52). This may
be related to increased blood flow in the immediate postoperative
period.

Role of Biofilm
Biofilms are complex communities of microorganisms embedded
in an extracellular matrix that forms on surfaces. They may be
monomicrobial or polymicrobial, but even monomicrobial bio-
films, especially those that are long-standing, may consist of sub-
populations of the same organism with different phenotypic
and/or genotypic characteristics. Some organism types grow to-
gether better than others in biofilms, which may impact the spe-
cies found in polymicrobial biofilms. Mixed-population biofilms,
whether monomicrobial or polymicrobial, may not be made up of
equal proportions of their components, and their subpopulations
may be differentially affected by antimicrobial agents and/or the
host immune system, rendering them challenging to detect in the
clinical laboratory. Besides growing on the surface of foreign bod-
ies, some associated organisms have the ability to persist intracel-
lularly, although they are not considered “traditional” intracellu-
lar pathogens. The biofilm growth state is not static but rather
consists of “stages,” including attachment of microbial cells to a
surface, initial growth on the surface, maturation of the biofilm,
and, ultimately, detachment. Mature biofilms have a multicellular
nonhomogeneous structure in which their component microbial
cells may communicate with one another (e.g., through quorum
sensing), and different subpopulations may have different func-
tions, together supporting the whole biofilm and rendering
biofilms somewhat analogous to a multicellular organism.
While the biofilm phenotype evolved long before the advent of
medical devices and in response to a need to grow on surfaces
other than medical devices, the ability to form biofilms equips
certain bacteria and fungi with the capacity to cause medical
device-associated infections, including PJI. Biofilm formation
also explains why some normal flora organisms traditionally
considered “harmless” become pathogens when they grow in
the presence of foreign bodies.

The extracellular matrix component of biofilms is composed of
polysaccharides, proteins, and/or extracellular DNA, and its com-
position and amount vary between and even within organism
types. In the biofilm state, bacteria are protected from antimicro-
bials and the host immune system (84), making treatment of in-
fection difficult without a biofilm-directed treatment strategy,
which today mandates surgical intervention, in many cases in-
cluding prosthesis removal, to achieve a cure. The reduced anti-
microbial susceptibility of bacteria in biofilms is related to their
low growth rate, the presence of resistant bacterial subpopulations
(so-called “persisters”), and a microenvironment within the bio-
film that impairs antimicrobial activity (85, 86). Select antimicro-
bial agents such as rifampin may have activity against certain types
of biofilms (e.g., staphylococcal biofilms).

While biofilms have long been implicated in PJI, viable bacteria
living within biofilms have only recently been visualized ex vivo on
removed prosthetic components (87). Given the importance of
biofilms in the pathogenesis of PJI, several investigators have hy-
pothesized that the presence of key gene loci involved in biofilm
formation may discriminate between pathogens and contami-
nants when organisms are isolated from the site of a prosthetic
joint. In several species of staphylococci, for example, polysaccha-
ride intercellular adhesion, encoded by the ica genes, contributes
to biofilm extracellular matrix. Despite the findings of some in-
vestigators that the ica genes in staphylococci are associated with
PJI (88), several other investigators have shown that ica genes are
not required for PJI (89, 90). Complicating this situation, defini-
tive evidence correlating luxuriant in vitro biofilm formation for a
particular organism type with its propensity to cause PJI is lacking
(and there may be variability in biofilm growth between in vitro
biofilm assays). Arguably, the formation of a nonluxuriant biofilm
may be advantageous to an organism growing on the surface of an
implant, enabling its persistence without robustly triggering the
host immune system.

Beyond implications of biofilm formation for PJI pathogenesis
and treatment, biofilm formation impacts the diagnosis of PJI. In
particular, especially in delayed- and late-onset PJIs, the impli-
cated organisms are concentrated on the surface of the prosthesis,
limiting the sensitivity of periprosthetic tissue and fluid cultures.
One strategy to overcome this limitation is to sample the prosthe-
sis surface itself, for example, using device vortexing-sonication.

Propagation of Infection
Animal models are useful to understand the progression of infec-
tion once it has been established. One such model is a rabbit model
of knee arthroplasty infection, in which a high inoculum of S.
aureus is introduced into the joint space shortly after implantation
(91). This is conceptually analogous to intraoperative contamina-
tion of the prosthesis, although the inoculum is much higher in
the animal model. Initially, infection is confined to the joint space,
where histology demonstrates large granulomas with neutrophils
and abscess formation. The infection then spreads to the adjacent
metaphysis, with only the upper one-third of the metaphysis being
involved at 3 weeks. If allowed to continue, infection ultimately
goes on to involve the entire metaphysis of the periprosthetic bone
as well as the adjacent portion of the diaphysis. It is unclear
whether this process is the same for hematogenous PJI. Hematog-
enous long bone osteomyelitis is thought to initiate at the metaph-
ysis (92). It is therefore possible that hematogenous PJI begins in
the metaphysis and subsequently progresses to involve the arthro-
plasty. It is not clear if this is the mechanism of infection or if this
theoretical difference would have any impact on the diagnosis and
treatment of PJI. Figure 2 demonstrates the location of a hip pros-
thesis in relation to the anatomical structures discussed above.
The periprosthetic interface membrane and joint pseudocapsule
are discussed in “Periprosthetic Tissue,” below.

MICROBIOLOGY

Relative Frequency of Microorganisms
In order to make appropriate empirical antimicrobial decisions
before culture results are known, the common microbiological
causes of PJI reported in the literature should be examined. The
microbiological results of 14 large studies including #2,400 pa-
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tients with hip or knee arthroplasty infection are collectively pre-
sented in Table 1 (24, 26, 57, 79, 93–102). These studies represent
a spectrum of surgical strategies, countries, and time points.
Gram-positive cocci are involved in the majority of hip and knee

PJIs in all of the studies examined. This is driven largely by infec-
tion with S. aureus and coagulase-negative staphylococci, which
contribute to between 50 and 60% of PJIs, while streptococci and
enterococci together account for only approximately 10% of
cases. The proportions of PJIs caused by S. aureus and coagulase-
negative Staphylococcus species appear to be relatively equal when
these studies are evaluated in aggregate but vary in certain situa-
tions, as detailed below. Aerobic Gram-negative bacilli are in-
volved in !10% of cases of knee and hip PJI. This has implications
for the perioperative antimicrobial management of these patients.
The proportion of culture-negative infections is higher than that
reported in previous reviews of the literature, in which 6% of hip
and knee PJIs were culture negative (57). In the studies included,
the percentage varied from 5 to 34% (96, 101). This wide variation
is likely related to a number of factors that differed between the
studies, including the use of preoperative antimicrobials, the def-
inition of a positive culture result, whether a positive culture rep-
resented contamination, and the number and type of specimens
obtained for microbiological diagnosis.

Identification of the likely cause of early-onset PJI is particularly
important given that these infections are more frequently treated
with a debridement procedure where the implant is not removed.
In 637 patients with early-onset hip or knee arthroplasty infection
(defined as infection onset less than 1 or 3 months after surgery,
depending on the study), there were several notable differences in
this group compared to patients from all time periods (Table 1)
(67, 97, 98, 103–107). S. aureus and aerobic Gram-negative bacilli
together contributed to 60% of the early-onset infections. The
increased virulence of these microorganisms likely leads to the
onset of symptoms within the first several months. However, co-
agulase-negative staphylococci remain important pathogens in
this setting. The number of patients with polymicrobial infection
is also higher in this time period, possibly reflecting inoculation
with multiple microorganisms at the time of surgery or contigu-
ous spread from the surgical incision. In contrast, delayed-onset
PJI (from 3 months to 1 to 2 years after implantation) typically

FIG 2 Schematic showing a total hip arthroplasty in place, with relevant struc-
tures highlighted.

TABLE 1 Common causes of prosthetic joint infection

Infection

% of patients with prosthetic joint infection

Hip and knee

Hipc Kneec Shoulderd ElboweAll time periodsa Early infectionb

Staphylococcus aureus 27 38 13 23 18 42
Coagulase-negative Staphylococcus 27 22 30 23 41 41
Streptococcus species 8 4 6 6 4 4
Enterococcus species 3 10 2 2 3 0
Aerobic Gram-negative bacilli 9 24 7 5 10 7

Anaerobic bacteria 4 3 9 5
Propionibacterium acnes 24 1
Other anaerobes 3 0

Culture negative 14 10 7 11 15 5
Polymicrobial 15 31 14 12 16 3
Other 3
a Data aggregated from 2,435 joints (24, 26, 57, 79, 93–102).
b Data aggregated from 637 joints (67, 97, 98, 103–107).
c Data from 1,979 hip and 1,427 knee PJIs from the Mayo Clinic Prosthetic Joint Infection Database (E. F. Berbari, personal communication).
d Data aggregated from 199 shoulders (56, 110–116).
e Data aggregated from 110 elbows (13, 117–120).
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involves inoculation with less virulent microorganisms at the time
of surgery, such that coagulase-negative staphylococci and entero-
cocci are more common, while it is less typical for aerobic Gram-
negative bacilli to be isolated (108). Late-onset PJI (#1 to 2 years
after implantation) are often due to hematogenous seeding from
infection at another site; S. aureus predominates in this setting, as
discussed above (73, 74, 109). Less commonly, late-onset PJI may
be due to relatively avirulent microorganisms implanted at the
time of surgery.

There are certain notable differences with regard to the joint
that is infected, as shown in Table 1. Hip and knee arthroplasties
comprise the largest numbers of PJIs. A large single-institution
database from the Mayo Clinic suggests that patients with hip
arthroplasty have a lower frequency of S. aureus than coagulase-
negative staphylococcal infection, compared to those with in-
fected knee arthroplasties, where the two types of staphylococci
are relatively equal (E. F. Berbari, personal communication). An-
aerobic bacteria, including Propionibacterium acnes, are more fre-
quently identified in hip than in knee arthroplasty infections.
However, shoulder arthroplasty infection is much more com-
monly caused by P. acnes than PJIs of other joint types (56, 110–
116). Coagulase-negative staphylococci are more frequently iden-
tified than S. aureus in shoulder infection as well. S. aureus and
coagulase-negative staphylococci cause over three-quarters of el-
bow arthroplasty infections (13, 117–120).

Causative Microorganisms
S. aureus. S. aureus is an important pathogen as a result of its
virulence and frequency. In addition to being a leading cause of
PJI, it is one of the common causes of serious invasive infections,
including nosocomial and health care-associated bloodstream in-
fections, which can subsequently lead to PJI (121, 122). Indwelling
prosthetic devices (123), injection drug use, receipt of hemodial-
ysis, rheumatoid arthritis, diabetes, and S. aureus nasal coloniza-
tion are all associated with an increased risk of invasive infection
(124). Accordingly, patients with S. aureus PJI frequently have
multiple medical comorbidities (59), with diabetes being present
in 30 to 40% (125) and rheumatoid arthritis being present in 10 to
20% (63, 126) of patients.

In patients treated with a variety of surgical techniques, fever
was present in only a small minority of patients (125), while fever
is more common in patients with acute infection treated with
debridement with prosthesis retention (63). Concomitant bacte-
remia occurs in 10 to 60% of cases of PJI (59, 63, 125–128), with
higher rates in patients treated with debridement with prosthesis
retention (127) than in patients with resection arthroplasty (128).
Infection occurs at all time periods after implantation, but de-
layed-onset infection appears to occur less often than infection in
early or late time periods (125). The initial presentation is typically
an acute infection, but a number of authors report symptoms
lasting up to several years, likely secondary to prior attempts at
treatment (128, 129). Additionally, one small case series suggested
that small-colony-variant S. aureus may cause a more indolent
presentation following prior attempts at treatment (130).

Coagulase-negative Staphylococcus species. A number of spe-
cies comprise the group of microorganisms referred to as the co-
agulase-negative staphylococci. Many are ubiquitous members of
the human microbiome found on the skin. Because of the histor-
ical challenges in identifying the specific species within this group,
much of the PJI literature does not refer to individual species, and

therefore, the relative pathogenicity of these microorganisms is
unclear.

Staphylococcus epidermidis is the most frequently identified
member of this group (131). This species causes PJI primarily
through its ability to adhere to prosthetic materials and produce
biofilm, although other more typical virulence factors have been
identified more recently (132, 133). Other species that have been
reported to cause PJI include Staphylococcus simulans (134),
Staphylococcus caprae (135), and Staphylococcus lugdunensis (136).
With the exception of S. lugdunensis, oxacillin resistance is found
in the majority of PJI-associated coagulase-negative staphylococci
(137).

Coagulase-negative Staphylococcus species can cause PJI at any
time after an arthroplasty has been placed. This group of organ-
isms is the second most common cause of early-onset PJI, in
which the presentation typically includes wound drainage, local
skin changes, and pain. They are also one of the most frequent
causes of delayed- or late-onset PJI, where pain may be the only
manifestation. Whether different species within this group have
different clinical manifestations or risk factors remains to be de-
termined.

S. lugdunensis. One coagulase-negative Staphylococcus species,
S. lugdunensis, is unique from other members of this group. This
organism produces a bound coagulase (rather than the free coag-
ulase found in S. aureus) and may be misidentified by the use of
latex agglutination testing (138) and some commercial systems
(139). This organism exhibits positive pyrrolidonyl arylamidase
(PYR) and ornithine decarboxylase reactions (138) and is easily
identified by using matrix-assisted laser desorption ionization–
time of flight mass spectroscopy (131). S. lugdunensis is unique in
its antimicrobial susceptibility profile, with susceptibility to pen-
icillin being found in up to three-quarters of isolates due to the
absence of "-lactamase production (138). This is in contrast to
other Staphylococcus species, where "-lactamase production is
common (137).

S. lugdunensis is capable of causing severe systemic and local
infections similar to those caused by S. aureus (136, 140, 141). The
largest case series of PJI due to S. lugdunensis to date included 28
episodes of PJI in 22 patients over a 9-year period at the Mayo
Clinic (142). Nearly one-third of the patients had a urogenital
abnormality, which is compatible with the high frequency of in-
guinal colonization reported for this organism (143). Arthro-
plasty infection with S. lugdunensis frequently presents with acute
onset of pain and swelling, although the small number of reported
cases limits this generalization (136, 144).

Streptococcus species. Streptococcus is a diverse genus that has a
prominent role in human disease but causes !10% of joint ar-
throplasty infections. A number of beta-hemolytic Streptococcus
species cause PJI, including Lancefield groups A (145–147), B
(148–153), C (154–156), and G (145, 157, 158). Streptococcus gal-
lolyticus subsp. gallolyticus (formerly Streptococcus bovis biotype I)
may cause PJI and is also associated with underlying colorectal
neoplasia (159–163); an evaluation for occult colorectal malig-
nancy or polyps should occur when this organism is identified.
Viridans group streptococci are uncommon causes of PJI (145,
158), even after invasive procedures, such as upper endoscopy,
that might be expected to lead to infection with these microorgan-
isms (164). Streptococcus pneumoniae is also a rare cause of PJI (83,
165–167).

Several small case series suggest that group B and G strepto-
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cocci may be the most common streptococci to cause PJI (145,
158). These infections are typically acute in nature, with at least
half of patients presenting with fever and systemic symptoms
(152, 158). A similar presentation may be expected with all of the
beta-hemolytic streptococci. Group B streptococci most fre-
quently cause delayed- or late-onset PJI, and most patients have
one or more comorbidities, including obesity, malignancy, or di-
abetes mellitus (152). The infection is presumed to be hematoge-
nous in a majority of patients, with the genitourinary tract, gas-
trointestinal (GI) tract, and skin being the most frequent sources
(148, 149). Accordingly, up to 50% of patients may be bacteremic
at the time of PJI symptom onset (158). Patients with PJI caused
by group G streptococci often have remote sites of infection, such
as cellulitis (158). The majority of patients with bacteremia due to
this organism are older men with skin infection (168), findings
also seen in one small series of patients with PJI due to this organ-
ism (158).

Enterococcus species. While rare causes of PJI overall, entero-
cocci are found in up to 12 to 15% of patients with early-onset PJI,
often as part of polymicrobial infections (103, 104). There has
been one large study of 50 episodes of monomicrobial enterococ-
cal PJI occurring over a 30-year period (169). The source of the
infecting organism was not described but was presumably hema-
togenous seeding from the gastrointestinal or urinary tract. In
contrast to early-onset enterococcal PJI, which occurs as part of a
polymicrobial infection, the majority of these patients presented
late after arthroplasty implantation, with a prolonged duration of
symptoms, compatible with the less virulent nature of entero-
cocci. Fever was less common than joint pain or the presence of a
sinus tract, and only one of these patients had concomitant bac-
teremia. The species was not reported, so the relative importance
of different species of Enterococcus is unknown.

Aerobic Gram-negative bacilli. Much like enterococci, aerobic
Gram-negative bacilli are more common in early-onset PJI, where
they are found in up to 45% of infections in some studies (103,
104). They also play a prominent role in polymicrobial infections
(170) and may be a cause of hematogenous infection, which tends
to be monomicrobial (80). In most studies, the most commonly
isolated aerobic Gram-negative bacillus is Escherichia coli (171–
174), although in one large study, it was Pseudomonas aeruginosa
(175). Non-E. coli Enterobacteriaceae make up the majority of the
remaining pathogens. Due to the virulence of many aerobic
Gram-negative bacilli, an acute presentation is commonly ob-
served. Patients with PJI caused by aerobic Gram-negative bacilli
tend to be older than those with PJI caused by Gram-positive
bacteria (175). Additionally, one small study reported that aerobic
Gram-negative bacilli were more likely to occur in a hip rather
than a knee prosthesis (171), possibly due to the proximity of the
hip to the gastrointestinal tract. A subsequent study suggested that
a hip hemiarthroplasty is at higher risk than a total hip arthro-
plasty, but this may reflect the increased proportion of early-onset
PJIs in the hemiarthroplasty group (176).

P. acnes. P. acnes is a relatively low-virulence, anaerobic, Gram-
positive bacillus normally found on the human skin and seba-
ceous glands. This microorganism is typically inoculated at the
time of surgery. As mentioned above, P. acnes more frequently
causes infection of shoulder arthroplasties than of other joints, a
finding presumably related to the proximity to the axilla. This is a
challenging organism in clinical practice, given that it may be
more difficult to isolate and may have fewer associated clinical

manifestations of infection than other bacteria. For example,
many patients with P. acnes PJI have normal preoperative eryth-
rocyte sedimentation rate (ESR) and C-reactive protein (CRP)
values, even when rigorous nonmicrobiological findings sugges-
tive of infection are present (56). Additionally, acute inflamma-
tion is not uniformly present (177). As discussed in Diagnosis,
below, with this organism (and others), a positive culture may
represent true infection or contamination, highlighting the im-
portance of proper specimen collection for culture (including
multiple tissue cultures and/or semiquantitative implant cul-
tures). For these reasons, interpretation of the literature on P.
acnes PJI is somewhat challenging, given that a standardized def-
inition of overall PJI has only recently been proposed and given
that it is unknown how well it applies to P. acnes PJI.

Patients with infection due to P. acnes typically have a very
indolent clinical course, with pain often being the only manifes-
tation of infection. Other findings, such as a sinus tract, may be
present as well, but this is the exception rather than the rule (56,
178). Male gender is more common in patients with P. acnes PJI
(56, 179–181). Interestingly, in one outbreak investigation, pa-
tients undergoing shoulder surgery were more likely to develop P.
acnes infection if they underwent the first procedure of the day
(180); the reason for this finding is unclear.

Other anaerobic bacteria. Other anaerobic bacteria reported in
PJIs include Clostridium species, Bacteroides fragilis, Peptostrepto-
coccus species, and Actinomyces species. The most frequent setting
in which anaerobic bacteria (except P. acnes) cause PJI is as part of
a polymicrobial infection, with anaerobes being present in 12% of
polymicrobial infections in one series (170). Clostridium PJI typ-
ically occurs in patients with underlying gastrointestinal disease.
Clostridium difficile, typically thought of as being localized to the
intestine, has been identified in hip (182), knee (183), and shoul-
der (184) PJIs. Similar to S. gallolyticus subsp. gallolyticus, there is
an association between Clostridium septicum PJI and intestinal
malignancy (185, 186). Clostridium perfringens PJI has been iden-
tified following acute cholecystitis (187). In each of these cases, the
presumed mechanism of infection was hematogenous seeding
from the GI tract. In contrast, direct communication between a
perforated colonic diverticulum and a hip arthroplasty has been
reported with Bacteroides fragilis (188). Peptostreptococcus species
are associated with periodontal disease and have been anecdotally
implicated in dental work-associated PJI (189, 190). However, a
large rigorous case-control study failed to demonstrate an overall
association between dental procedures and PJI (24).

In contrast to other anaerobic infections, which may exist as
part of a polymicrobial infection (170, 186), infections due to
Actinomyces species are nearly uniformly monomicrobial (191–
195). The clinical presentation is typically indolent, as in other
Actinomyces infections. Dental work (195, 196) and intravenous
(i.v.) drug use (193) are reported associations but are not neces-
sarily present in all cases.

Polymicrobial infection. Polymicrobial PJI occurs in up to
35% of early-onset infections, compared to !20% of infections
occurring at any time point after arthroplasty implantation (26,
97, 103, 104). One series found that 56% of all polymicrobial PJIs
occurred within the first 90 days of implantation, compared to
only 29% of monomicrobial PJIs (170). Enterococcus species, S.
aureus, and aerobic Gram-negative bacilli, including P. aerugi-
nosa, are the most frequently isolated bacteria, each being present
in more than one-quarter of infections (57, 170).
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Rheumatoid arthritis (57), a higher comorbidity index (174),
age of #65 years, and wound drainage and dehiscence after sur-
gery (170) are more common in polymicrobial than in monomi-
crobial infections. Accordingly, a clinical presentation of infection
in the early postoperative period in an older patient with surgical
wound dehiscence should prompt consideration of a polymicro-
bial infection.

Other bacteria. Case reports and a small case series have described
a myriad of other less common bacterial causes of PJI. Several Co-
rynebacterium species have been implicated as a cause of PJI (197–
200). Certain species, such as Corynebacterium jeikeium, are nota-
ble for resistance to multiple antibiotics (201, 202). While
classically associated with meningoencephalitis in older and im-
munocompromised individuals, Listeria monocytogenes PJI pres-
ents predominantly as a subacute infection and was associated
with central nervous system infection in only 1 of 34 patients in a
large case series (203).

Zoonotic organisms cause PJI infrequently and typically occur
in patients with a geographic or exposure risk for the pathogen.
While infection with Brucella species is one of the most common
zoonoses worldwide (204) and can cause native osteoarticular in-
fection, it is an uncommon cause of PJI, typically occurring in
areas of high endemicity (205–208). Pasteurella multocida PJI is an
acute infection with regional lymphadenopathy (209) that typi-
cally occurs shortly after a scratch, lick, or bite from a cat or dog on
the ipsilateral limb distal to the arthroplasty (210–221). P. multo-
cida infection without a compatible exposure history is uncom-
mon but has been reported (222). An appropriate epidemiologic
and exposure history was also absent in the only reported case of
PJI due to Coxiella burnetii (223).

Two recent exhaustive reviews of unusual causes of PJI provide
a good reference for those seeking further description (224, 225).

Mycobacteria. The Mycobacterium tuberculosis complex re-
mains a leading cause of morbidity and mortality worldwide, with
bone and joint infection occurring in #10% of extrapulmonary
M. tuberculosis complex cases in developed countries (226). In
developed countries, the M. tuberculosis complex is a distinctly
uncommon cause of PJI, accounting for only 0.3% of cases in one
series (227). However, patients for whom joint arthroplasty is per-
formed in a joint with prior M. tuberculosis complex septic arthri-
tis have up to a 31% risk of subsequent M. tuberculosis complex PJI
(228). PJI can also occur in patients without a history of active or
latent tuberculosis (229, 230), typically involving either the hip or
knee, with one case series suggesting that the hip is more com-
monly involved (227). Two clinical presentations have been de-
scribed (230). In the first presentation, M. tuberculosis complex
infection of the native joint is discovered surreptitiously at the
time of the initial arthroplasty (231). These patients can be treated
with standard antituberculous combination chemotherapy, with
prosthesis salvage being reported (232). The second presentation
is typically one of indolent infection occurring several months or
more after arthroplasty placement, in which a sinus tract is often
present. Symptoms classically associated with other M. tuberculo-
sis complex infections, such as fever, anorexia, or weight loss, are
uncommon (227). These patients frequently require resection of
the prosthesis in combination with antimycobacterial therapy to
achieve cure. Diagnosis may be delayed, particularly if there is no
history of active or latent tuberculosis (229).

Nontuberculous mycobacteria rarely cause PJI. In a single in-
stitutional series spanning 38 years, only eight patients with PJI

caused by rapidly growing mycobacteria were identified (233).
Swelling and joint pain were present in seven of the eight patients,
while fever was present in only three patients. The knee was the
most common site of infection, and seven of the eight patients
were immunocompetent. In contrast, PJI due to the Mycobacte-
rium avium complex has been reported primarily for immuno-
compromised patients with HIV/AIDS (234) or solid organ trans-
plants (235–237). The mechanism of infection is presumably
hematogenous in M. avium complex PJI (234).

Fungi. Fewer than 1% of PJI cases are caused by fungi. Among
these, Candida species are found in at least 80% of cases (238,
239). Concomitant bacterial infection occurs in 15 to 20% of
cases. The individual Candida species may be related to geo-
graphic differences, with Candida albicans causing the majority of
infections in one multicenter American study (239) and Candida
parapsilosis being the most frequently isolated species in a single-
center experience from Southeast Asia (238). Aspergillus species
(239–242), dimorphic fungi (243, 244), pigmented yeast (239),
dematiaceous fungi (239), and other filamentous fungi (245) have
all been rarely reported in PJIs.

The majority of fungal PJIs occur after revision arthroplasty
(239, 246). Prior bacterial PJI, preceding antimicrobial use, im-
munosuppressive therapy, and diabetes have been suggested as
risk factors (246, 247). However, the relative importance of these
risk factors compared to those identified in patients with bacterial
PJI is unknown. Interestingly, several of the reported cases of
Aspergillus PJI have occurred in immunocompetent individuals,
unlike pulmonary infection, which occurs more often in immu-
nocompromised subjects (241, 242). Fungal PJI typically presents
with subacute or chronic pain and joint swelling, with fever being
uncommon (239, 246, 247).

Culture-negative infection. Patients with culture-negative PJI
have nonmicrobiological evidence of infection, such as peripros-
thetic purulence, acute inflammation determined by histopathol-
ogy, or a sinus tract communicating with the joint, in the absence
of identified causative microorganisms. Culture-negative PJI may
be due to the inability to recover an organism known to cause PJI
as a result of prior antimicrobial therapy, an inadequate use of
available microbiological methods, or an inability to detect a rec-
ognized PJI pathogen using currently available diagnostic meth-
ods. Alternately, culture-negative PJI may be due to previously
unrecognized causes of PJI that are not readily identifiable
through currently used techniques. Both of these assertions are
plausible and supported by the literature (29, 223, 248). Strict
withholding of antimicrobials prior to surgery and improvements
in microbiological techniques may decrease the number of cul-
ture-negative infections. A final possibility is that some cases cur-
rently classified as PJI are not truly infections (i.e., misclassifica-
tion based on current diagnostic schemes).

The frequency of culture-negative PJI varies from 5 to 35% (96,
101), depending on the study, but the true proportion is likely
closer to 7 to 15%. Culture-negative PJI is typically of delayed or
late onset, with only 15% occurring within the first 3 months after
arthroplasty implantation (66). In one large study, a culture-neg-
ative PJI diagnosis was made a median of 3 1/2 years after implan-
tation (249).

The most important risk factor for culture-negative PJI is an-
tecedent antimicrobial therapy (66). A history of a previous PJI,
postoperative wound drainage, or vascular insufficiency is also
associated with culture-negative PJI. The clinical presentation of
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culture-negative PJI is similar to that of culture-positive PJI, with
pain being the most frequently reported symptom, followed by
joint swelling, erythema, or warmth. The median duration of
symptoms is approximately 100 days prior to diagnosis (249).

DIAGNOSIS
The diagnosis of PJI is based upon a combination of clinical find-
ings, laboratory results from peripheral blood and synovial fluid,
microbiological data, histological evaluation of periprosthetic tis-
sue, intraoperative inspection, and, in some cases, radiographic
results. There is no one test or finding that is 100% accurate for PJI
diagnosis. Test characteristics and relative costs of commonly
available tests shown in Table 2 may assist clinicians in choosing
the most appropriate diagnostic approach for each individual pa-
tient. The general approach to PJI diagnosis is 2-fold. First, the
question as to whether or not the joint is infected must be an-
swered; second, if PJI is present, the causative microorganism(s)
must be identified, and, in most cases, its antimicrobial suscepti-
bility must be determined. Test performance may vary with joint
type and also with timing post-arthroplasty implantation; where
data are available that addresses this, they will be presented.

Diagnostic Criteria

For many years, research on PJI has been limited by a lack of
standardized diagnostic criteria. This limitation must be consid-
ered when interpreting the PJI literature. Over the last several
years, several groups, including the Infectious Diseases Society of
America (IDSA) and the Musculoskeletal Infection Society
(MSIS), have published proposed or accepted definitions for the
diagnosis of PJI (60–62). Although the definitions vary, a recent
study showed a high concordance between the IDSA and MSIS
definitions of PJI (250). Additionally, the European Bone and
Joint Infection Society (EBJIS), the American MSIS, and a number
of other organizations from around the world recently held an
international consensus meeting in an attempt to refine an inter-
national consensus definition of PJI (251).

The MSIS PJI definition is similar to the Duke criteria for en-
docarditis, with major or definitive criteria for PJI diagnosis as
well as minor or supportive criteria (61). Definitive evidence of PJI
is a sinus tract in communication with the prosthesis or an iden-
tical pathogen found in two separate periprosthetic tissue or fluid
samples. The presence of four (or more) of six minor criteria can
also fulfill a diagnosis of PJI. Like the MSIS definition, the IDSA
definition of PJI also considers the presence of the sinus tract and
two or more sterile site cultures with identical microorganisms to
be definitive evidence of PJI (60). However, this definition addi-
tionally includes purulence without another known etiology as
definitive evidence of PJI, while purulence is a minor criterion in
the MSIS definition. Purulence has been removed from the Inter-
national Consensus Meeting definition of PJI (251). If using the
IDSA definition, exclusion of other causes of purulence, such as
adverse reactions to metal debris, is necessary (252). The IDSA
definition does not include inflammatory markers or synovial
fluid cell counts and does not use the same major and minor
formats as the MSIS definition. Rather, the IDSA definition pro-
vides other features that may support the diagnosis of PJI, such as
growth of a virulent organism from a single culture or the finding
of acute inflammation by periprosthetic tissue histopathology. Fi-
nally, each set of diagnostic criteria notes that PJI may be present
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in the absence of fulfilling all of the criteria. The diagnostic criteria
for each group are shown in Table 3.

Peripheral Blood Tests
For the diagnosis of PJI, peripheral blood tests rely upon assessing
the host response to the infecting pathogen. The peripheral white
blood cell count is typically ordered as part of routine blood work
at the time of initial evaluation but is limited by a low sensitivity of
45%, although the reported specificity of 87% may be useful in
some situations (253).

Erythrocyte sedimentation rate and C-reactive protein.
Erythrocyte sedimentation rate (ESR) and C-reactive protein
(CRP) levels are the most frequently used inflammatory markers
and are suggested as part of the diagnostic algorithm in IDSA (60)
and American Academy of Orthopedic Surgeons (AAOS) (254)
PJI documents, as well as being part of the minor diagnostic cri-
teria in the MSIS statement (61). Both have the advantage of being
widely available and inexpensive, with a rapid turnaround time in
most laboratories. However, they are limited by their relative lack
of specificity, a concern for patients with underlying inflamma-
tory joint disease such as rheumatoid arthritis. CRP has a slightly
better sensitivity and specificity than ESR (253). A meta-analysis
of 3,225 patients in 23 studies by Berbari and colleagues found
pooled sensitivity and specificity values for CRP of 88 and 74%,
respectively (253). The thresholds used in those studies ranged
from 0.3 to 13.5 mg/dl, with the most frequently used threshold
being 10 mg/liter. That same meta-analysis evaluated 3,370 pa-
tients in 25 studies examining ESR and found pooled sensitivity
and specificity values of 75 and 70%, respectively. Again, the
threshold value in each of these papers varied from 12 to 40 mm/h,
with the most commonly used threshold being 30 mm/h. In clin-
ical practice, these tests are typically ordered together. The utility
of these two tests performed together was evaluated in a study of
116 patients with and 180 patients without PJI, all undergoing
knee arthroplasty revision surgery (255). When thresholds of 30
mm/h for ESR and 10 mg/liter for CRP levels were used, the com-
bination of normal ESR and normal CRP values was 96% sensitive
for ruling out PJI. The specificity of this combination, where either
one or both tests were positive, was low, at 56%. In clinical prac-

tice, the specificity is likely even lower, given that this study ex-
cluded 32 patients who were considered to have confounding fac-
tors that might elevate values for the inflammatory markers.
Nevertheless, the finding of normal ESR and CRP values is helpful
for lowering the probability of PJI.

The time from last revision surgery and the joint involved in-
fluence the test performance characteristics for ESR and CRP,
given the effect of surgery on these markers. A large retrospective
study evaluated 1,962 patients who underwent revision surgery
for either aseptic failure (1,689 patients) or PJI (273 patients, using
MSIS definitions) (256). This study sought to determine the opti-
mal thresholds for ESR and CRP values using receiver operating
characteristic (ROC) curve analysis; the analysis was stratified by
PJI type (early onset, defined as !4 weeks after arthroplasty, or
delayed/late onset) and the joint involved (hip or knee). The op-
timal threshold values for early-onset PJI were similar for both
joints, at 54.5 mm/h and 23.5 mg/liter for ESR and CRP, respec-
tively. CRP was 87% sensitive and 94% specific, compared to 80
and 93%, respectively, for ESR. The threshold used was slightly
higher than that in a previous study of early knee arthroplasty
infections, which reported an optimal threshold of 16.6 mg/liter
for CRP (257). However, that study did not find the determina-
tion of ESR to be useful in the early postoperative period. The
optimal threshold for CRP in delayed/late-onset PJI was lower for
hips than for knees, at 13.5 versus 23.5 mg/liter (256). The optimal
thresholds for ESR in this group were 48.5 mm/h for hips and 46.5
mm/h for knees. The resulting test characteristics were not re-
ported. These thresholds are higher than those reported in the
majority of the papers included in the meta-analysis mentioned
above (253). Determinations of ESR and CRP levels are less accu-
rate for shoulder than for hip or knee arthroplasty infection, even
when using ROC curve analysis to determine optimal thresholds
for each joint (258). This may be related to the higher proportion
of P. acnes infections in shoulder PJIs.

Interleukin-6. Interleukin-6 (IL-6) is produced by stimulated
monocytes and macrophages and is of interest in the diagnosis of
PJI. One theoretical advantage of determining the serum IL-6 level
is that it rapidly returns to normal shortly after joint arthroplasty,

TABLE 3 Proposed definitions for prosthetic joint infectiona

Criterion

Definition of prosthetic joint infection

Musculoskeletal Infection
Society International consensus

Infectious Diseases Society
of America

Definitive
evidence

Supportive
evidence

Definitive
evidence

Supportive
evidence

Definitive
evidence

Supportive
evidence

Sinus tract communicating with the prosthesis x x x
Identical microorganisms isolated from 2 or more cultures x x x
Purulence surrounding the prosthesis x x
Acute inflammation upon histological examination of

periprosthetic tissue
x x x

Single culture with any microorganism x x
Single culture with a virulent microorganism x
Elevated synovial fluid leukocyte countb x x
Elevated synovial fluid neutrophil percentage x x
Elevated serum ESR and CRP values x x
a The MSIS definition requires 4 supportive criteria; the International Consensus Meeting definition requires 3 supportive criteria. Data are from references 60, 61, and 251. ESR,
erythrocyte sedimentation rate; CRP, C-reactive protein.
b The International Consensus Meeting definition also includes a “$$” result on the leukocyte esterase strip.
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peaking the same day, with a mean half-life of only 15 h, compared
to a half-life of 62 h for CRP (259). This could make it a useful
marker in the early postoperative period as well as for differenti-
ating other, more acute causes of elevated levels of inflammatory
markers in patients with late PJI. The above-mentioned meta-
analysis examined three studies, including 432 patients, that eval-
uated IL-6; there were pooled sensitivity and specificity values of
97 and 91%, respectively (253), using thresholds ranging from 10
to 12 pg/ml. Since that meta-analysis was reported, one additional
series of 46 patients with hip arthroplasties found that an IL-6
threshold level of 9 pg/ml provided sensitivity and specificity of 81
and 77%, respectively (260). However, the definition of PJI was
not explicitly detailed, and 13% of the noninfected group had
growth from two or more specimens, suggesting that some pa-
tients may have been incorrectly classified. Finally, an additional
study evaluated a number of different serum assays, including
IL-6, in 20 patients with aseptic failure and 15 with staphylococcal
PJI (261). A threshold value of 1.89 pg/ml was used, which is lower
than those reported in previous studies, and the sensitivity of
46.7% was also discrepant from previous results. Given the lack of
robust, consistent data, in addition to its less widespread availabil-
ity than ESR and CRP tests, the IL-6 test is not currently part of
standard clinical practice.

Procalcitonin. Determination of serum procalcitonin levels has
shown utility in other infections but has been investigated in only
a small number of patients for diagnosis of PJI. One study involv-
ing 78 patients found that testing of serum procalcitonin levels
was specific (98%) but insensitive (33%) (262). Because of its
utility in other infectious diseases, this test is more widely available
than the IL-6 test and may be helpful for patients thought to have
noninfectious reasons for elevated ESR and CRP values. However,
further data are necessary before it can be recommended.

Imaging
Plain radiographs. Imaging may support the diagnosis of PJI in
certain circumstances but rarely has a definitive role in PJI
diagnosis. Plain radiographs are typically obtained in patients
undergoing evaluation for possible PJI. They may help identify
noninfectious causes for the presenting symptoms, including
periprosthetic fracture, fracture of the arthroplasty material, or
dislocation. Detection of periprosthetic lucency, loosening of
the prosthesis components, effusion, adjacent soft tissue gas or
fluid collection, or periosteal new bone formation may suggest
infection but is neither sensitive nor specific (263). For exam-
ple, a study of 65 patients with painful hip arthroplasties found
that the presence of either lucency or periosteal new bone for-
mation was 75% sensitive but only 28% specific for diagnosis of
PJI (264). Periosteal new bone formation alone was 100% spe-
cific but occurred in only 16% of patients with PJI. Serial ra-
diographs with progressively expanding lucency over several
months may also suggest PJI. Plain radiographs also assist the
surgeon with preoperative planning.

Advanced imaging studies. Computed tomography (CT) and
magnetic resonance imaging have the advantages of high spatial
resolution and allow evaluation of signs of infection in the
periprosthetic tissues. One study found that detection of joint
distention upon CT imaging was highly sensitive (83%) and spe-
cific (96%) for suspected hip arthroplasty infection (264). How-
ever, the added benefit of these findings beyond history and phys-
ical examination findings is unclear. That same study found no

difference in the evaluation of the bony structures compared to
the use of plain radiographs. Furthermore, the use of these tech-
niques is limited by imaging artifacts due to the presence of the
metal prosthesis. In addition, magnetic resonance imaging can be
performed only with certain metals, such as titanium or tantalum.
Adjustments in the image acquisition parameters can lessen but
not eliminate these artifacts.

Three-phase bone scintigraphy is one of the most widely uti-
lized imaging techniques in the diagnosis of PJI. Using this tech-
nique, a radioactive isotope is attached to a compound that pref-
erentially collects in bone. This compound will accumulate in
areas of high metabolic activity and emit gamma rays that can be
detected by a gamma camera. The intensity of uptake following
injection of the radiopharmaceutical is measured at three different
time points, corresponding to blood flow (immediate), blood
pool (at 15 min), and late (at 2 to 4 h) time points (265). Uptake at
the prosthesis interfaces at the blood pool and late time points
suggests PJI. A limitation of this technique is the lack of specificity.
Asymptomatic patients frequently have uptake detected by de-
layed-phase imaging in the first year or two after implantation
(266). Given that the majority of PJIs occur within this time pe-
riod (7), this lack of specificity, reportedly as low as 18%, is a
limitation for the use of this technology (65). However, three-
phase bone scintigraphy may be more useful for PJI occurring late
after arthroplasty. A study of 92 patients undergoing evaluation
for revision of hip arthroplasty a mean of 9 years after implanta-
tion found that increased uptake at both the second and third
phases provided sensitivity and specificity of 68 and 76%, respec-
tively (267). The fact that only a minority of these patients under-
went revision limits comparison to a true diagnostic gold stan-
dard. Another study reported a sensitivity of 88% and a specificity
of 90% for 46 patients a mean of 8.5 years after hip arthroplasty
(268).

Other imaging modalities may be performed in conjunction
with bone scintigraphy, in an effort to increase specificity. Radio-
active 111In is frequently used to label autologous leukocytes,
which are then injected, with images being obtained 24 h later. A
positive scan is typically considered when there is uptake on the
labeled leukocyte image, with absent or decreased uptake at the
same location on the late-phase bone scan (269). A late-phase
bone scan combined with a 111In leukocyte scan was 64% sensitive
and 70% specific for detection of PJI in 166 revision knee or hip
arthroplasties a median of 7 years after implantation (270). Other
smaller studies using slightly different technologies have reported
somewhat higher accuracies, with sensitivities ranging from 77 to
100% and specificities ranging from 86 to 91% (269, 271).

[18F]Fluoro-2-deoxyglucose positron emission tomography
(FDG-PET) is widely used in cancer care and treatment and has
emerged as a diagnostic modality for PJI. A meta-analysis of 11
studies involving 635 prosthetic hip and knee arthroplasties found
that FDG-PET had pooled sensitivity and specificity values of 82.1
and 86.6%, respectively, for the diagnosis of PJI (272). A limita-
tion of this technique is its high cost.

In general, the majority of patients with suspected PJI do not
need an advanced imaging modality to make the diagnosis of PJI.
However, for selected patients for whom further imaging is war-
ranted, careful selection among the available tests is necessary. The
cost, additional information that might be gained from the test,
and time from the start of the test to the availability of results
should be considered when making this decision. Additionally,
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discussion with a radiologist with special expertise in this area is
helpful.

Synovial Fluid Analysis
Synovial fluid can be obtained through preoperative or intraoper-
ative aspiration and provides valuable data for the diagnosis of PJI.
Preoperative aspiration is recommended as part of the second step
of evaluation for possible PJI in IDSA guidelines, following exam-
ination, CRP and ESR tests, and performance of plain radiography
(60). Synovial fluid aspiration of a knee arthroplasty is easily per-
formed in the office, but aspiration of a hip arthroplasty fre-
quently requires fluoroscopic guidance. Synovial fluid is com-
monly sent for determination of nucleated cell counts and
percentages of neutrophils and for bacterial culture. A number of
other direct or indirect markers of infection are being investigated
but are not widely used at this time.

Nucleated cell count and neutrophil differential. Preoperative
aspiration for determination of total nucleated cell counts and
neutrophil percentages has high sensitivity and specificity for PJI.
The threshold for a positive test is varied in different study popu-
lations and different joint types. One study evaluated 429 patients
with knee arthroplasties, 161 of whom were diagnosed with infec-
tion (273). The time from last revision surgery in this study varied
widely, from !2 months to #7 years. A threshold of 1,100 total
nucleated cells per microliter provided sensitivity and specificity
of 90.7 and 88.1%, respectively, while a threshold of 64% neutro-
phils had sensitivity and specificity of 95 and 95%, respectively. A
smaller study of 133 patients (34 PJIs) with knee arthroplasties
found that a slightly higher threshold of 1,700 total nucleated cells
per microliter provided sensitivity and specificity of 94 and 88%,
respectively (274). A similar threshold of 65% for the neutrophil
percentage was determined, with slightly higher sensitivity and
specificity values of 97 and 90%, respectively. In contrast to the
previous study, this study included only patients at least 6 months
from prior revision. Finally, a more recent study of 153 patients
undergoing knee revision found that an even higher threshold of
3,000 total nucleated cells per microliter had sensitivity and spec-
ificity of 93 and 94%, respectively (275). A threshold of 75% neu-
trophils was 93% sensitive and 83% specific. There was, notably,
no information provided as to the age of the arthroplasty at the
time of aspiration. Based on the largest study to date (273), we
suggest the use of thresholds of 1,100 total nucleated cells per
microliter and 64% neutrophils for knee arthroplasties. However,
neither MSIS nor IDSA diagnostic criteria include a specific
threshold (60, 61), highlighting the fact that these results need to
be interpreted for each individual patient. Further research should
help clarify the optimal threshold.

Synovial fluid cell counts may be elevated due to hemarthrosis
or postoperative inflammation in the time period shortly after
primary implantation. In one study of 146 knee arthroplasties, the
average total nucleated cell count obtained 17 days after surgery
was 92,600 cells per microliter in patients with PJI, compared to
4,200 cells per microliter in those without (257). The optimal
threshold, determined via ROC curve analysis, was 27,800 cells per
microliter, which provided a sensitivity of 84% and a specificity of
99%. A threshold of 89% neutrophils provided an identical sensi-
tivity of 84%, with a markedly lower specificity of 69%. These data
may help to avoid reoperation in patients with a painful knee
arthroplasty and modestly elevated cell counts in the early post-
operative setting.

The optimal thresholds for synovial fluid total nucleated cell
counts and neutrophil differential appear to be higher in hip than
in knee arthroplasties, but the data supporting this are less robust.
A study of 201 hips (55 PJIs) found that a total nucleated cell count
of 4,200 cells per microliter provided sensitivity and specificity of
84 and 93%, respectively (276). A threshold of 80% neutrophils
had sensitivity and specificity of 84 and 82%, respectively. The
reason for the higher optimal threshold for hip arthroplasties
found in this study than for knee arthroplasties in the above-
mentioned studies may be due to the higher frequency of S. aureus
(44%) in this cohort (276) than in the two cohorts with knee
arthroplasties (20 to 24%) (273, 274). Infection with S. aureus is
associated with a higher total nucleated cell count than infection
with coagulase-negative staphylococci (274). A small study of 75
patients including both total knee and hip arthroplasty found a
threshold similar to that used for knees in the above-described
larger studies (277). Analysis of the 27 patients with hip arthro-
plasty in place suggested an optimal threshold of 1,715 cells per
microliter. Finally, a more recent study of 810 patients (146 PJIs)
with hip or knee arthroplasties found that a threshold of 3,450
cells per microliter was 91% sensitive and 93% specific (32). A
neutrophil differential of 78% was 95% sensitive and 87% specific.
Fifty-five percent of the joints in this study were hip arthroplasties,
but the joint types were not analyzed separately. These conflicting
data suggest that the optimal total nucleated cell count threshold
for diagnosis of hip arthroplasty infection is unclear but may be
!4,200 cells per microliter.

An important caveat in the majority of these studies is that
patients with inflammatory causes of joint disease, such as rheu-
matoid arthritis, were excluded, which may preclude application
of the results of these data to patients with such conditions. For
such patients, a higher baseline nucleated cell count would be
expected, and accordingly, the threshold values mentioned above
would be expected to be less specific. One of the above-mentioned
studies included 61 patients with and 810 patients without inflam-
matory arthritis and found no difference in test performance be-
tween the two groups of patients (32). A threshold of 3,444 cells/
microliter demonstrated a sensitivity of 88% for patients with
inflammatory arthritis. However, as expected, the specificity was
lower for patients with inflammatory arthritis (80%) than for
those without (93%). A cutoff of 75% neutrophils resulted in high
sensitivity (100%) and specificity (82%) for patients with inflam-
matory arthritis. It should be noted that there were only 19 infec-
tions in the patients with inflammatory joint disease, so these re-
sults should be confirmed in larger studies.

Finally, failed metal-on-metal hip arthroplasties can give a
falsely elevated synovial fluid cell count when using automated cell
counters. This can be overcome by manually counting cell num-
bers, and the neutrophil percentage remains accurate for this
group of patients, given that it is determined manually. The sen-
sitivity and specificity of 80% neutrophils were 100% and 97%,
respectively, in 39 patients with metal-on-metal hip arthroplasties
(278). Recently presented data from this group suggest that the use
of manual synovial fluid nucleated cell counts increases specific-
ity, but these data have not yet been published. If possible, manual
nucleated cell counts should be performed for patients with
metal-on-metal hip arthroplasties. If manual nucleated cell
counts are not available, the neutrophil differential appears to be
more reliable.

Synovial fluid leukocyte esterase. Leukocyte esterase is an en-
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zyme present in neutrophils. A colorimetric strip measuring leu-
kocyte esterase is widely available as a point-of-care test to deter-
mine pyuria for the diagnosis of urinary tract infection. This test
strip has recently been proposed as a point-of-care test for syno-
vial fluid from either preoperative or operative aspirates. Two
studies have evaluated this test for preoperative or intraoperative
diagnosis of PJI in a total of 348 hip and knee arthroplasties (279,
280). A “$$” reading provided 81% sensitivity and 100% speci-
ficity for both intraoperative and preoperative specimens in one of
these studies (279). This study also found a strong correlation
between results of the leukocyte esterase strip and the percentage
of neutrophils. However, 17 patients were excluded from this
analysis due to excessive blood in the synovial fluid sample. This
limitation was also reported in the second study, where 29% of
strips were unreadable due to blood, debris, or indeterminate re-
sults (280). For the use of a $ or $$ result as a positive test, the
sensitivity and specificity for diagnosis of PJI were 93 and 77%,
respectively. The authors of this study did not report the test char-
acteristics using just $$ as a positive result, but presumably, this
would provide a higher specificity. The ultimate role of this test is
unclear, but it has been included as supporting criteria in the
International Consensus Meeting definition of PJI (251). It may
be a useful adjunctive test to confirm the diagnosis of PJI intraop-
eratively when PJI is suspected but not confirmed during preop-
erative evaluation. The role of this test for screening at the time of
routine revision for presumed aseptic failure or for reimplanta-
tion arthroplasty as part of a two-stage arthroplasty exchange for
infection is unclear. However, due to the relatively low sensitivity
and the availability of other rapid diagnostic tests with more data,
such as frozen-section histological tests, it may not be the ideal test
for this specific situation.

Other synovial fluid markers. Several other markers, including
those otherwise used in serum, show some promise for the diag-
nosis of PJI. In three studies evaluating synovial fluid CRP in a
total of 188 patients, the sensitivities were similar among all three
studies, ranging from 85 to 87%, but the specificities varied widely
(281–283). Interestingly, the lowest specificity was reported when
the highest cutoff (10 mg/liter) was used (71%) (283). The other
two studies (evaluating 137 of the patients) used different cutoffs
(3.6 and 9.5 mg/liter) but observed similar specificities of 98 and
95%, respectively (281, 282). The consistently high area under the
ROC curve (0.92) from the two larger studies suggests that this is
a promising test with high specificity. Determination of synovial
fluid IL-6 levels has demonstrated variable sensitivity (69 to
100%) and high specificity (93 to 100%) (282–284). Determina-
tion of synovial fluid IL-1" levels demonstrated slightly lower sen-
sitivity and specificity. One study found both IL-6 and IL-1" tests
to be superior to synovial fluid cell counts, but the sensitivity and
specificity of both markers were 100%, much higher than those
reported in other studies (283). Synovial fluid procalcitonin has
also been evaluated, but the only published study included only 14
subjects with prosthetic joints (285).

Antimicrobial peptides, such as (- and "-defensins, are pro-
duced as part of the innate immune response and are found in
bone and synovial tissue, among other sites. Only one small
screening study evaluating these markers has been published in
the peer-reviewed literature (261). This may be a promising tech-
nology, but the data are in its infancy, and until further data are
available, a recommendation for clinical use cannot be made.

Synovial fluid culture. In addition to informing the diagnosis

of PJI, preoperative synovial fluid culture is invaluable for early
identification of the infecting pathogen(s) and determination of
antimicrobial susceptibility. This information can inform the
choice of perioperative antimicrobials and construction of anti-
microbial-loaded polymethylmethacrylate (PMMA) and may im-
pact the selection of a treatment strategy, if a particularly sensitive
or resistant pathogen is present.

Aspirated fluid can be either inoculated into blood culture bot-
tles at the time of collection or transported to the microbiology
laboratory and inoculated onto solid and/or liquid media. Several
large studies from the 1990s including a total of 567 patients un-
dergoing hip arthroplasty revision performed aspiration and cul-
ture using only solid or liquid media and found widely varied
sensitivities as low as 50%, with relatively consistent specificity
ranging from 88 to 97% (286–288). In contrast, more recent stud-
ies have used aerobic and anaerobic blood culture bottles inocu-
lated in the procedure suite. This method has the advantages of
increased pathogen recovery and decreased risk of contamination
when used with native joint synovial fluid (289). In a total of 306
joints (218 hips and 88 knees) undergoing revision, the sensitivity
was consistently high, at 86 to 87%, with a specificity ranging from
95 to 100% (290–292). However, another large study of 250 pa-
tients with hip or knee arthroplasties found a lower sensitivity for
synovial fluid culture of 66%, even with the use of blood culture
bottles (29). The reason for the lower sensitivity in this study is not
clear but may be related to the fact that 25% of patients had re-
ceived antibiotics in the 2 weeks prior to aspiration. In contrast, in
the previous studies, antibiotics were either stopped at least 2 or 3
weeks prior to aspiration (290, 292) or not reported (291). Addi-
tionally, the sensitivity of synovial fluid culture is higher for acute
(91%) than for chronic (79%) PJI, which may be important in
referral centers (291). This may be due to a number of factors,
including a difference in the load of microorganisms, administra-
tion of antimicrobials before aspiration, and the infecting patho-
gen. Finally, a recent meta-analysis of 34 studies including 3,332
patients found a pooled sensitivity of 72% and a specificity of 95%
for synovial fluid culture (293). Subgroup analysis was unreveal-
ing but did not examine the method of culture. Based on the
above-described data, synovial fluid culture is a helpful part of the
preoperative evaluation for PJI. Synovial fluid should be inocu-
lated directly into blood culture bottles, and antibiotics should be
withheld at least 2 weeks prior to aspiration, whenever possible.

Periprosthetic Tissue
Preoperative periprosthetic tissue biopsy. Testing of peripros-
thetic tissue is one of the most valuable components in the routine
microbiological diagnosis of PJI. Samples of periprosthetic tissue
are most often obtained at the time of revision surgery, but pre-
operative arthroscopic tissue biopsy may alternatively or addi-
tionally be performed. In a prospective study of 145 knee arthro-
plasties prior to revision, microbiology and histology results from
preoperative tissue biopsy specimens were compared to results of
synovial fluid and serum CRP tests (294). PJI, defined as at least 2
of 5 cultures with the same organism or a single positive culture
along with histology showing acute inflammation, was present in
40 total knee arthroplasties. The sensitivity of biopsy was reported
to be 100%, but this is expected, given that the definition of PJI was
based primarily on the biopsy results. Given that many patients
can be classified as infected based on a combination of data ob-
tained through less invasive methods, the most useful contribu-
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tion of a preoperative biopsy would be to define the causative
microorganism(s) and antimicrobial susceptibility test results.
Accordingly, the sensitivity and specificity for microbiology tests
were 78% and 98%, respectively, for biopsy specimens, compared
to 73% and 95%, respectively, for aspirated fluid. Another large
study comparing preoperative synovial fluid aspiration and tissue
biopsy in 273 patients with hip arthroplasty found that aspiration
was more accurate (295). Several other studies have reported sen-
sitivities of tissue biopsy ranging from 79 to 88% (296, 297). Given
the lack of demonstrated superiority and the additional expense
and possible complications of the involved procedure, preopera-
tive biopsy is not routinely recommended.

Intraoperative periprosthetic tissue Gram staining. Although
periprosthetic tissue Gram staining theoretically offers the sur-
geon the ability to rapidly confirm or refute the diagnosis of PJI
while in the operating room, in practice, it has a very low sensitiv-
ity and therefore offers little additional information. A number of
studies have reported the sensitivity of tissue Gram staining to
range from 0 to 27%, with a specificity of #98% (298–302). Im-
portantly, patients with a positive Gram stain are frequently those
for whom the diagnosis of PJI is not in question prior to surgery,
such as those with a high synovial fluid cell count or elevated
serum C-reactive protein levels (298). Given the availability of
frozen sections for rapid intraoperative diagnosis of PJI, the poor
test characteristics of tissue Gram staining, and the numerous
other available preoperative tests, tissue Gram staining is not rou-
tinely recommended.

Intraoperative periprosthetic tissue culture. Periprosthetic
tissue culture is a valuable diagnostic tool for PJI. However, ob-
taining only a single tissue specimen for culture may create signif-
icant confusion, given the low sensitivity of a single specimen and
the difficulty in interpreting potential contamination with low-
virulence microorganisms, and should therefore be avoided. Over
30 years ago, Kamme and Lindberg recognized these challenges
and found that pathogens could be distinguished from contami-
nants when five tissue specimens were obtained (303). Since that
time, it has been repeatedly recognized that obtaining multiple
tissue specimens for culture is ideal. Atkins and colleagues pro-
spectively examined 297 patients, including 41 with PJIs, under-
going revision surgery (302). Using mathematical modeling, those
authors determined that the ideal number of specimens is at least
5 or 6, with 3 or more specimens yielding an indistinguishable
microorganism being the ideal cutoff. However, this threshold
demonstrated a low sensitivity (65%). A subsequent study evalu-
ated 122 patients for whom a mean of 4 samples per patient
(range, 1 to 7) were sent to the microbiology laboratory (304).
Using the same mathematical modeling from the study by Atkins
et al., these authors determined that isolation of the same organ-
ism from three or more cultures out of five samples demonstrated
the best test characteristics, with a sensitivity of 80% and a speci-
ficity of 97%. However, other investigators have used a threshold
of two specimens yielding indistinguishable microorganisms in
order to increase the sensitivity (94, 248), and this has been incor-
porated into PJI consensus documents (60, 61, 251). A single pos-
itive culture is often regarded as a contaminant, especially in the
setting of a low-virulence organism. However, a single positive
culture may be important, especially when virulent organisms
(such as S. aureus, beta-hemolytic streptococci, or aerobic Gram-
negative bacilli) are isolated or when the same organism is found
in a different specimen type, such as synovial or sonicate fluid.

Nevertheless, for the reasons mentioned above, submission of sin-
gle tissue specimens for culture is not recommended.

The specific media used for culture of periprosthetic tissue
have been examined to a limited extent. The majority of recent
studies have used aerobic and anaerobic blood agar, and some
have also used thioglycolate broth (248, 304). One recent large
study involving 178 patients compared the sensitivities and spec-
ificities of four different culture media to a gold standard of acute
inflammation in periprosthetic tissue (305). Culture using cooked
meat broth (83%) or blood culture bottles (87%) was more sen-
sitive than culture using fastidious anaerobic broth (57%) or sol-
id-agar plates (39%). Specificity was 97 to 100% for each medium
type. A limitation of this study is that only 23 PJI cases were in-
cluded, and thioglycolate broth was not evaluated (305). Culture
using aerobic and anaerobic conditions should be performed in all
cases.

The optimal duration of incubation for periprosthetic tissue
culture is of considerable debate and is particularly germane to the
isolation of P. acnes. Traditionally, aerobic cultures are incubated
for up to 4 days, and anaerobic cultures are incubated for up to 7
days; incubation beyond these points is thought to increase the
number of contaminants. However, several studies have recently
challenged this dogma. Schafer and colleagues incubated five
periprosthetic tissue specimens per patient for 14 days and com-
pared the time to detection of organisms with the diagnosis of PJI
based on histology or identification of identical organisms in mul-
tiple tissue specimens (94). Aerobic cultures were performed by
using blood agar, chocolate agar, and brain heart infusion broth,
while anaerobic cultures were performed by using Schaedler agar
and Schaedler broth. PJI was detected in 110 of 284 patients, but
the detection rate was only 74% after 7 days of incubation. The
microorganisms found in the second week of culture were pre-
dominantly Propionibacterium species, aerobic Gram-positive ba-
cilli, and Peptostreptococcus species. Although contaminants were
detected later than pathogens, with a median time to detection of
7 days, 52% of contaminants were grown within the first week.
Based on these findings, the authors suggested that periprosthetic
tissue should be cultured for 14 days. A subsequent paper specif-
ically looked at P. acnes, primarily in patients undergoing revision
of shoulder arthroplasty (177). These investigators incubated
specimens from 198 surgeries for 28 days using blood, chocolate,
and brucella agar and brain heart infusion broth and retrospec-
tively determined the optimal duration of incubation. There were
19 infections involving P. acnes in this study, with all infected
events being detected by 13 days. However, only approximately
20% of infections were detected by day 7, and nearly 30% of in-
fections would not have been detected had extended incubation
been applied only to anaerobic cultures. These authors suggested
that both aerobic and anaerobic cultures should be incubated for
13 days. In contrast, a different study did not find an increase in
detection of P. acnes infections when using anaerobic blood agar
and anaerobic thioglycolate broth incubated for 14 compared to 7
days (306). Each of the 14 P. acnes infections in this study had at
least two broth cultures that were positive by 7 days, and broth was
more likely to be positive than were plate cultures by day 7 and
overall. This may suggest a certain advantage of thioglycolate
broth in this setting. At this time, the optimal duration of culture
is unclear but likely depends in part on the medium that is used
and not just on the incubation period.

Cultures obtained by using swabs. Cultures obtained by using
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swabs have a limited role in the microbiological detection of PJI.
While the presence of a sinus tract is considered definitive evi-
dence of PJI (60, 61), swab culture of the drainage from the sinus
tract is neither sensitive nor specific for the microbiological detec-
tion of PJI. Data from the literature on chronic osteomyelitis have
classically been quoted as showing that the presence of S. aureus
from a sinus tract culture is correlated with bone infection with
the same organism. However, it should be recognized that the
original paper that demonstrated this found S. aureus in only 44%
of the sinus tracts from patients with osteomyelitis due to this
organism (307). The utility of sinus tract swab culture has recently
been evaluated in a prospective study of 55 patients with knee or
hip arthroplasty and a draining wound (308). Among the 45 pa-
tients ultimately diagnosed with a PJI based on MSIS criteria, the
concordance between superficial sinus tract culture and operative
tissue culture was 53%. There was a nonsignificant trend toward a
higher concordance rate for S. aureus than for other bacteria.
There was no difference in the concordance rate based on acute
versus chronic PJI, with numerically lower concordance in the
acute PJI group. This is in contrast to a previous study of 56 pa-
tients with acute PJI that found a concordance of 80% (309); how-
ever, the definition of PJI was less rigidly defined in the second
paper. Based on these data and the availability of more reliable
microbiological information from preoperative joint aspiration,
sinus tract culture cannot be recommended for PJI diagnosis or
the definition of its microbiology.

Intraoperative cultures obtained via swabs are less accurate
than tissue cultures. A recent prospective study compared intra-
operative swabs from 117 patients undergoing revision arthro-
plasty and found that swab cultures obtained from the same site as
tissue samples had lower sensitivity and specificity than tissue cul-
tures (310). When using a cutoff of at least one positive specimen,
the sensitivity and specificity of swab cultures were 70 and 89%,
respectively, compared to 93 and 98%, respectively, for tissue cul-
tures. The sensitivity was similar to that reported in another study
of 150 patients undergoing revision, where sensitivities of swab
and tissue cultures of 68 and 82%, respectively, were reported
(291). The sensitivity of swab culture was particularly poor for
patients with chronic PJI, at only 40%. Multiple operative tissues
should be sent for culture; collection of multiple tissue specimens
at revision arthroplasty should not be logistically challenging
given the nature of the associated surgical procedure. Collection
of swabs for culture is not recommended.

Histological analysis of periprosthetic tissue. Histological
evaluation demonstrating acute inflammation, evidenced by neu-
trophilic infiltrate on fixed or frozen tissue, is suggestive of PJI.
The principle of pathological evaluation for PJI involves tissue
sampling of the areas adjacent to the prosthesis that appear to be
infected upon gross intraoperative inspection. The advantages of
this technique are that it is unlikely to be changed with preopera-
tive antibiotics, and with the use of frozen-section analysis, results
are available to the surgeon in the operating room such that they
can inform the surgical approach. The disadvantages of this tech-
nique include the need for a trained pathologist and variability in
the definition of inflammation, depending on the pathologist in-
terpreting the specimen. Additionally, it has been reported that
some pathogens, such as P. acnes (178) and coagulase-negative
staphylococci (311), may not consistently elicit a robust neutro-
philic inflammatory response.

A frequently used definition of acute inflammation is the pres-

ence of at least 5 neutrophils per high-powered field, in at least 5
separate microscopic fields (312, 313). This criterion is included in
one of the recent consensus definitions for PJI (61), while another
consensus definition includes acute inflammation but does not
specifically define it (60). An alternate system classifies the histo-
logical findings of the periprosthetic membrane into four different
types (314). Type I or “wear-particle-induced” histology is de-
fined by the presence of macrophages, multinucleated giant cells,
and foreign-body particles. Type II or infectious histology is char-
acterized by neutrophilic infiltrate and few foreign-body particles.
Type III histology is the presence of both type I and II findings,
while type IV histology is indeterminate. This system is less widely
used but highlights the fact that the inflammatory response to
infection may be present in conjunction with other histological
findings.

Several anatomical sites for operative periprosthetic tissue bi-
opsy have been classically used, including the joint pseudocapsule
and the periprosthetic interface membrane between the prosthesis
and the adjacent bone. A recent prospective study attempted to
answer which is the most accurate site for histological diagnosis of
PJI (315). Specimens from the pseudocapsule and periprosthetic
interface membrane were obtained from 69 patients undergoing
revision hip arthroplasty and compared to a definitive diagnosis of
PJI, based on the presence of purulence around the prosthesis or
two or more intraoperative cultures of the same organism. The
sensitivity of the interface membrane was 83%, higher than that
for the pseudocapsule, at 42%. The specificity was 98% for both
specimen types. This sensitivity is similar to those reported in
other studies that have evaluated the periprosthetic membrane
(316). In contrast, the microbiological yield from the interface
membrane does not appear to be superior to that from the
pseudocapsule, based on one small study (315).

Frozen-section analysis is a valuable tool to support the diag-
nosis of PJI while the surgeon remains in the operating room, with
results being available within 30 min, compared to one or more
days for permanent histopathology (317). A recent meta-analysis
of 26 studies involving #3,000 patients (796 PJIs) found that the
presence of acute inflammation provided a high positive likeli-
hood ratio of 12 (318). The absence of acute inflammation had a
more modest negative likelihood ratio of 0.23. It should be recog-
nized that there were multiple definitions of acute inflammation
used in this meta-analysis. While this meta-analysis did not pro-
vide pooled sensitivity and specificity, these likelihood ratios sug-
gest that frozen-section analysis is helpful to confirm or support
the diagnosis of PJI in patients with an intermediate pretest prob-
ability of PJI. However, for the same patient with an intermediate
pretest probability, the absence of acute inflammation will only
modestly lower the posttest probability of PJI, and further data to
exclude PJI would be necessary. For a patient with a low pretest
probability of PJI, a negative frozen-section result may be suffi-
cient to exclude this diagnosis.

Sonication of Removed Prosthetic Components
There has been considerable interest in developing methods to
dislodge and culture bacteria living on the surface of prosthetic
material. Smaller devices, such as intravenous catheters, can sim-
ply be rolled onto solid culture media. In contrast, the large size
and complex three-dimensional shape of joint prostheses make
this infeasible for routine clinical practice. Culturing of an entire
implant in broth is not recommended due to the high rate of
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contamination, yielding false-positive results. There has been lim-
ited evaluation of mechanical removal or scraping of prostheses
(319, 320). Sonication has emerged as a practical and effective
method to dislodge biofilm and the associated bacteria from the
surface of the implant. With this approach, low-frequency ultra-
sound waves pass through liquid surrounding the prosthesis, cre-
ating areas of high and low pressure (321). Microscopic bubbles
are formed during the low-pressure stage and collapse during the
high-pressure stage, releasing energy and liberating bacteria from
the surface of the implant. The fluid surrounding the implant can
then be submitted for culture or analyzed by culture-independent
methods to detect bacteria.

Since first being widely published and recognized by Tunney
and colleagues in the late 1990s, sonication protocols have under-
gone serial refinement. The first study utilizing a sonication pro-
tocol included 120 patients undergoing revision of hip arthro-
plasty (322). In this study, the femoral and acetabular components
were aseptically placed into sterile bags and then into anaerobic
jars for transport to the microbiology laboratory. The bags were
filled with Ringer’s lactate solution, placed into a sonication bath,
and exposed to 5 min of sonication at 50 kHz. The sonicate fluid
was then plated onto aerobic and anaerobic blood agar and incu-
bated appropriately. This study demonstrated an increased yield
with sonicate culture compared to tissue culture. However, the
lack of a rigorous definition of PJI limited the interpretation and
application of these data. A subsequent study of 78 patients with
explanted hip or knee arthroplasties utilized a rigorous nonmicro-
biological definition for PJI and demonstrated higher sensitivity
than tissue culture by utilizing the protocol developed by Tunney
and colleagues (323). However, the specificity for sonicate fluid was
lower than that for tissue culture, due to bag leakage. These investi-
gators subsequently modified this protocol in two important ways.
First, a vortex step before sonication, in which the prosthesis and the
surrounding fluid are placed onto a benchtop vortex device for 30 s,
was added in an attempt to increase removal of bacteria from the
prosthesis. Second, the implants were collected and sonicated in a
rigid polypropylene container in an effort to decrease contamination.
The resulting landmark study of 331 patients with hip and knee pros-
theses demonstrated a higher sensitivity (79%) than that of tissue
culture (61%), along with a preserved specificity of 99% (248). This
technique proved particularly useful for those patients receiving an-
timicrobial therapy in the 2 weeks prior to surgery, for whom the
sensitivity of sonicate fluid was 75%, compared to 45% for tissue
culture, a finding subsequently confirmed elsewhere (324). A team of
Spanish investigators introduced a centrifugation step the following
year, in an attempt to concentrate the removed bacteria and further
increase the yield (325). However, this protocol used bags, and cor-
respondingly, those authors observed a lower specificity. Finally, a
small study in 2011 incorporated the use of solid containers, along
with vortex and centrifugation steps, for removed elbow prostheses
(117). Based on the advantages described above, this is the currently
recommended protocol for sonication of explanted joint prostheses
(Fig. 3).

Sonication has been performed on hip, knee, shoulder, elbow,
and ankle prostheses, with a range of observed diagnostic accura-
cies. This may be influenced by differences in the specific sonica-
tion protocol used, the definition of PJI used, inclusion of osteo-
synthesis or nonjoint prostheses in individual studies, the
threshold of colony counts per plate for a positive culture, chro-
nicity of the infection, preoperative administration of antimicro-

bials, and the joint type in which the PJI occurred. The majority of
studies over the last decade have demonstrated a higher sensitivity
for culture of sonication fluid (62 to 94%) than periprosthetic
tissue (54 to 88%) (29, 56, 117, 248, 315, 323–328). Studies that
used a solid container to process prostheses have found specifici-
ties of 81 to 100% (29, 56, 117, 248, 315, 324, 326–328), compared
to 43 to 87% for studies that used a bag (323, 325). The sensitivity
for sonication of shoulder prostheses (66.7%) may be lower than
that for hip or knee prostheses (72.9 to 78.5%), based on studies
performed using nearly identical sonication protocols at the Mayo
Clinic (29, 56, 248). The percentage of patients taking antimicro-
bials in the month prior to surgery was actually higher in the
studies of knee and hip arthroplasties than in the study of shoulder
arthroplasties. It is difficult to make any conclusions for elbow
prostheses, given that only 36 patients were included in the largest
study to date (117).

The optimal threshold to determine significant bacterial growth
was examined in one of the earlier sonication studies. Without the
use of a centrifugation concentration step, ROC curve analysis
identified an optimal cutoff of 2 CFU per milliliter (248). How-
ever, the authors of this study considered that increasing the spec-
ificity by accepting a slight decrease in sensitivity was more clini-
cally important and set the threshold at 10 CFU per milliliter. This
provided a sensitivity of 79% and a specificity of 99%. Subsequent
studies in the same institution, using a 100-fold concentration
step, redefined a threshold of 200 CFU per milliliter (approxi-
mately equivalent to 2 CFU per milliliter of unconcentrated fluid)
(56). Among the sonication studies that have reported threshold
values for their methods, those using a concentration step have
used a cutoff of 200 CFU per ml (29, 56, 117), while those not
using a centrifugation step have reported threshold values ranging
from 1 to 50 CFU per ml, with the majority using a cutoff of
between 1 and 10 CFU per ml (107, 248, 324, 328). It should also
be noted that the bacteria identified should be taken into account

FIG 3 Prosthesis sonication protocol used in the Mayo Clinic Clinical Micro-
biology Laboratory. (Courtesy of David Lynch, reproduced with permission.)
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when considering a cutoff for significant growth. The presence of
!10 CFU per ml of S. aureus or a member of the Enterobacteria-
ceae would less likely be considered a contaminant than finding
the same quantity of a coagulase-negative Staphylococcus or a Pro-
pionibacterium species. Finally, it should be recognized that the
use of solid rather than liquid media enables semiquantitative
analysis, something that is not possible when a broth medium is
used with sonicate fluid. The use of broth media is not recom-
mended for sonicate fluid cultures due to the inability to distin-
guish contaminants from pathogens and the frequent presence of
contaminants, given the size of the specimen collected, trans-
ported, and processed.

Vortexing of the prosthesis alone may be a viable alternative in
laboratories in which sonication is not available. In vitro data sug-
gest that vortexing alone can remove bacteria from biofilm-coated
coupons (329). Portillo and colleagues prospectively compared
the results of vortexing alone to the results of vortexing plus son-
ication of 135 removed prostheses (328). Using a cutoff of 50 CFU
per milliliter (higher than what is traditionally used without a
centrifugation step), there was a nonsignificant difference, with a
60% sensitivity for vortexing plus sonication, compared to a sen-
sitivity of 40% for vortexing alone. This resulted in a specificity of
99% for both methods. However, when a cutoff of 1 CFU per
milliliter was used, the sensitivities were nearly identical, at 69 and
71% for vortexing alone and vortexing plus sonication, respec-
tively. This lower cutoff is similar to those of other published
protocols of 1 to 10 CFU per milliliter, in which a centrifugation
step is not used. Based on these cutoffs, vortexing of the prosthesis
alone may be reasonable in laboratories that do not have the
equipment or personnel to perform a full sonication protocol.

The role of sonication of the PMMA spacer at the second stage
of a two-stage arthroplasty exchange is unclear. One study evalu-
ated 55 patients undergoing a two-stage arthroplasty exchange for
primarily hip or knee PJI and found a higher rate of clinical failure
at 1 year in those with “subclinical infection” at the time of their
second-stage procedure (330). Subclinical infection was defined
as either a positive sonicate fluid culture from the spacer or two or
more positive tissue specimens at the second-stage procedure.
However, when examined individually, six of eight patients with a
positive spacer sonicate culture developed clinical failure, com-
pared to all six patients with positive tissue cultures. Another small
study found that of six patients with positive spacer sonicate cul-
tures, three had negative tissue cultures, suggesting some benefit
to spacer sonication (331). However, further data are necessary
before this can be recommended for all patients undergoing a
two-stage arthroplasty exchange.

Additional testing of the sonicate fluid has been evaluated. Sim-
ilar to periprosthetic tissue, Gram staining of sonicate fluid is in-
sensitive (as low as 45%) but highly specific (248, 324). This is
typically performed on sediment from centrifuged sonicate fluid
but adds uncertain value. Immunofluorescence microscopy (56,
332) has been previously studied but is not in widespread use, due
to the availability of nucleic acid amplification tests. PCR using
sonicate fluid as well as synovial fluid and periprosthetic tissue is
discussed below.

Molecular Diagnosis
The use of PCR technology in PJI diagnosis has the theoretical
advantage of a rapid turnaround time and higher sensitivity than
conventional microbiological methods, particularly for patients

who have previously received antimicrobials. Broad-range PCR
assays that identify nucleic acid sequences conserved across many
bacterial species may permit the identification of bacteria previ-
ously not thought to cause PJI. Conversely, multiplex or multias-
say PCR is limited to those organisms for which targeted primers
are included. A rigorous definition of PJI is critical when evaluat-
ing the results of molecular diagnostic tests, given the risk of con-
tamination at any point during the procedure. Some investigators
use other microbiological tests as the primary way to define infec-
tion, to which molecular diagnostics are then compared. This
practice introduces potential misclassification bias, particularly
with false-positive cultures and culture-negative PJI, and limits
the interpretation of some of the available data.

Synovial fluid and periprosthetic tissue. Published studies us-
ing molecular diagnostics on synovial fluid and tissue samples
have used primarily 16S rRNA PCR methods. This so-called
“broad-range” approach uses PCR primers targeted at regions of
the bacterial rRNA gene conserved across species. In general, this
approach is limited by the inability to detect polymicrobial infec-
tion and requires an additional sequencing step for identification
of the pathogen, a step which may yield an unreadable sequence in
the case of polymicrobial infection if traditional sequencing meth-
ods are applied. Early studies of 16S rRNA gene PCR simply used
Southern blotting to detect the presence or absence of bacterial
DNA (333) but did not provide information as to the nature of the
bacterium being detected. Although this study touted having no
false-positive results, it was limited by the lack of a standard defi-
nition for PJI. Subsequent studies with 16S rRNA gene PCR have
used restriction endonuclease analysis (334) or sequencing (335)
of the amplified product for species identification. Both studies
used a relatively specific diagnosis of PJI. One of these studies
compared the results of PCR and culture of synovial fluid only and
found a higher sensitivity for PCR (71%) than for culture on solid
media and in broth (44%) for 101 patients (334). However, there
was discordance between PCR and culture results in terms of the
microbe detected in 17% of the samples that were positive by both
techniques, which raises the possibility that some of the increased
sensitivity observed for PCR may not be a true reflection of the test
characteristics. Alternately, this may reflect limitations of the use
of restriction endonuclease analysis for microorganism identifica-
tion. Additionally, given the increased sensitivity of the more re-
cently applied culture of synovial fluid in blood culture bottles, it
is unclear how PCR would compare with synovial fluid cultured
by this method. A second study using 16S rRNA gene PCR fol-
lowed by sequencing examined multiple intraoperative tissue or
synovial fluid specimens from 34 cases of PJI and 28 controls
(335). The sensitivity for culture was 65%, compared to 91% for
PCR, and concordant results were obtained for 62% of patients
with PJI. These investigators reported only one PCR-positive re-
sult for the patients without PJI, suggesting a high specificity.
However, a higher false-positive rate has been observed in other
studies. A study of synovial fluid samples from 92 knee or hip
revisions found a similarly high sensitivity of 92% but a poor
specificity of only 74% (336). More recent studies have evaluated
16S rRNA gene PCR (304, 337). One study including 122 patients
examined the impact of obtaining multiple specimens of synovial
fluid or tissue and performing both culture and 16S rRNA gene
PCR followed by sequencing (304). Those investigators found that
when five samples were studied by PCR, detection of the same
microorganism in two samples provided sensitivity and specificity
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of 94 and 100%, respectively. In comparison, the sensitivity
and specificity for culture were 96 and 82%, respectively, when
the same criteria were used. This suggests that it may be bene-
ficial to test multiple specimens by PCR in order to increase the
sensitivity and specificity, as is done for culture. However, the
cost and labor to perform these additional PCRs may be pro-
hibitive. Finally, Bergin and colleagues observed a 71% sensi-
tivity and a 100% specificity for a reverse transcription-quan-
titative PCR of 16S rRNA in 64 patients (337). Species
identification was not performed, limiting the interpretation of
the results of this study.

Sonicate fluid. Several studies have now evaluated broad-range
16S rRNA gene PCR or multiplex/multiassay PCR performed on
sonicate fluid. This approach has the theoretical advantage of
combining the previously observed increased sensitivity of soni-
cation (248) with the increased sensitivity of PCR. However,
broad-range PCR may be even more problematic in this setting,
given the previously observed gross contamination with some
sonication protocols that used bags to process prostheses (323). In
one early sonication study, all of the sonicate fluids that were cul-
ture positive were also positive by 16S rRNA gene PCR (332).
However, 40% of those samples that were culture negative were
also positive by PCR. The implications of this finding are unclear,
as a standard definition of PJI was not used in that study. A sub-
sequent study used a modified commercially available 16S rRNA
gene PCR assay on sonicate fluid (338). PCR was followed by
hybridization to a nitrocellulose strip with probes specific for dif-
ferent species, allowing species identification without an addi-
tional sequencing step and providing the potential for detection of
a polymicrobial infection. Among the 75 patients with prosthetic
joints included in the study, there were 31 with clinically defined
PJI. The sensitivity of PCR was 84%, modestly better than the
observed 77% sensitivity for sonicate fluid culture. In contrast, the
specificity of PCR was markedly lower (68%) than that of sonicate
fluid culture (89%). The sensitivities for patients receiving antibi-
otics preoperatively were 80 and 70% for PCR and sonicate fluid
culture, respectively. Finally, the largest study to date using 16S
rRNA gene PCR on sonicate fluid included 366 patients (135 with
PJIs) and found no difference in sensitivity (70%) or specificity
(98%) between real-time 16S rRNA gene PCR performed on son-
icate fluid and culture of synovial fluid, periprosthetic tissue, or
sonicate fluid (339). A possible reason for the higher specificity
reported in this study than in previous studies was the use of
real-time PCR, which allowed those investigators use a defined
crossing-point threshold for a positive PCR result, thereby de-
creasing the number of false-positive results. Additionally, this
study made use of a specific software program to analyze mixed
sequences and detect polymicrobial infection (RipSeq Mixed;
Isentio AS, Bergen, Norway). Both of these advances are impor-
tant considerations if 16S rRNA gene PCR is to be used on either
sonicate fluid or other samples in future studies.

Multiplex or multipanel PCR assays may be more appropriate
for sonicate fluid as a result of higher specificity. Two studies have
used the SeptiFast (Roche Diagnostics, Basel, Switzerland) real-
time multiplex PCR assay that was originally designed for detec-
tion of bloodstream infection (326, 340). This assay is not com-
mercially available in the United States at this time. The sensitivity
for PCR was 96 to 100%, compared to 59 to 67% for sonicate
culture, in a total of 61 cases of PJI and 72 patients with aseptic
failure. In patients taking antibiotics preoperatively, the sensitivity

remained at 92 to 100% for PCR, while the sensitivity for culture
dropped to 42 to 50%. However, this was a small study (47 pa-
tients) that excluded patients with PJI due to organisms not in-
cluded in the panel, such as P. acnes and Corynebacterium species
(326), limiting the real-world utility of this assay, particularly for
shoulder arthroplasty infection. Additionally, specificity (100%)
was accurately determined in only one study (86 patients), as the
other study included only 10 patients without PJI (340). To ad-
dress this problem, a different group of investigators designed a
panel of 10 real-time PCR assays specifically targeting the bacteria
that most frequently cause PJI (29). This large study, involving 434
patients (144 with PJIs), found that sonicate fluid PCR was more
sensitive (77%) than tissue culture (70%) but not sonicate fluid
culture (73%), compared to a nonmicrobiological definition of
PJI. Conversely, the specificity of this PCR panel was high (98%),
suggesting that if aseptic failure is due to indolent infections, as
other investigators have suggested (341), it is not caused by organ-
isms that commonly cause overt PJI. For the patients receiving
antibiotics in the 2 weeks prior to surgery, PCR was 88% sensitive,
compared to 70% sensitivity for tissue or sonicate fluid culture,
suggesting a situation in which this technology may be particularly
advantageous. Interestingly, there were five PJI patients with a
negative PCR result who had growth of S. aureus from sonicate
fluid and/or tissue cultures. The authors of that study reported
that poor lysis of the particular S. aureus strains infecting these
subjects, rather than inhibition, was the cause of these discordant
results. Given the limitations of commercially available multiplex
PCR assays designed for other purposes, multiplex PCR assays
that include the most likely organisms causing PJI should be used
for PJI diagnosis.

PCR electrospray ionization mass spectrometry (ESI-MS) has
recently been evaluated for use with sonicate fluid and synovial
fluid for the detection of PJI (342–344). This technology was com-
mercialized by Abbott Laboratories (Abbott Park, IL) as the
Plex-ID system. Using sonicate fluid, a large study of 431 patients
found a significantly higher sensitivity for the Plex-ID BAC detec-
tion assay (77.6%) than for culture (69.7%) (342). This difference
was even more marked among the patients who had received an-
timicrobials prior to surgery. However, the observed specificity
was lower for the Plex-ID system (93.5%) than for culture
(99.3%). The same system was used to evaluate synovial fluid; the
sensitivity was numerically lower (81%) than that of synovial fluid
culture (86%), and the specificity was also lower than that of cul-
ture, at 95 versus 100% (343). Abbott Laboratories no longer
markets the Plex-ID PCR ESI-MS system. An earlier version of
Abbott’s ESI-MS platform, the Ibis T5000 Biosensor (Ibis Biosci-
ences, Carlsbad, CA), correctly identified the pathogen in 17 of 18
culture-positive PJI cases (344). However, a very poor specificity
was observed, with one or more organisms being identified in 50
of 57 noninfectious revisions and 5 of 7 primary arthroplasties,
significantly limiting the application of this technology. Given
these data, PCR ESI-MS may be useful in selected cases of PJI
where the microbiological diagnosis remains undetermined by
using conventional methods. Further refinements of this technol-
ogy will hopefully improve the specificity.

TREATMENT

General Principles
Successful management of PJI requires surgical intervention and
medical therapy in the majority of cases. While surgical manage-
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ment and immediate postoperative care occur in the hospital, in
many hospitals, most of the antimicrobial treatment is given fol-
lowing hospital discharge. Accordingly, the best outcomes can be
expected when a collaborative relationship exists between ortho-
pedic surgeons, infectious disease physicians, nursing staff, outpa-
tient antimicrobial therapy program coordinators, and other cli-
nicians involved in the care of the patient.

The goals of PJI treatment are to eradicate the infection, restore
pain-free function of the infected joint, and minimize PJI-related
morbidity and mortality for the patient. Unfortunately, not all of
these goals may be possible for every patient. The relative priori-
ties for each individual patient for pain relief, restoration of func-
tion, avoidance of prolonged antimicrobial therapy, and unwill-
ingness or inability to undergo surgery should be assessed and
incorporated into the treatment plan.

Treatment success has been variably defined in the literature
over the last 3 decades, which leads to some difficulty when mak-
ing comparisons across different studies and management strate-
gies. Death related to PJI is explicitly or implicitly included as a
failure in all definitions. There was no PJI-related mortality in
several large studies of exchange arthroplasty (93, 345), a mortal-
ity rate of 3 to 4% in large studies using debridement with implant
retention (102, 103), and a mortality rate of 2% in large studies
using different management strategies (97, 175). The PJI-related
mortality rate in one large study of PJI managed with debridement
with implant retention due to S. aureus was 7%, likely reflecting
both the virulence of this organism and the concomitant acute
onset of systemic infection (63). Some investigators simply define
success as freedom from signs or symptoms of infection at the
defined follow-up point, regardless of the required treatment (66,
104, 346). However, other studies are more restrictive in the def-
inition of treatment success. Reasons for failure in other studies
include the need for further revision surgery for any reason (101),
additional or suppressive antimicrobials beyond the initial treat-
ment course (125, 176), or a nonfunctional arthroplasty (67). A
definition of treatment success following arthroplasty exchange
has recently been proposed by an expert panel (Table 4) (347). In
the associated document, success is defined as microbiological
and clinical eradication of the infection without relapsed infec-
tion, freedom from subsequent surgical intervention for the same
infection, and freedom from mortality related to the PJI. This
paper also provides a temporal framework for treatment success.
Short-term, midterm, and long-term results were defined as 2, 5,
and 10 or more years after surgery, respectively. These definitions
provide a guide for future investigators and may serve to unify the

future body of evidence across studies. These definitions may also
be useful for educating patients about the meaning and likelihood
of a successful outcome prior to surgery.

PJI can be treated by a number of different medical and surgical
strategies, including open or arthroscopic debridement without
removal of the prosthesis, resection of the prosthesis without re-
implantation, resection of the prosthesis with reimplantation of a
new prosthesis either at the time of removal (one-stage or direct
arthroplasty exchange) or delayed by weeks to months (two-stage
arthroplasty exchange), arthrodesis, amputation, or antimicrobial
suppression without surgery. The goal of each surgical strategy is
to remove all infected tissue and hardware or to decrease the bur-
den of biofilm if any prosthetic material is retained, such that
postoperative antimicrobial therapy can eradicate the remaining
infection. Antibiotics should be withheld until multiple intraop-
erative specimens are sent for microbiological analysis, unless the
patient requires antimicrobials to treat a systemic infection. The
medical and surgical treatment strategies are outlined in Fig. 4 and
are discussed in further detail below.

Debridement with Prosthesis Retention
Debridement with prosthesis retention is commonly referred to as
a debridement, antibiotics, and implant retention (DAIR) proce-
dure and should be performed by using open arthrotomy. The
prior surgical incision is opened, followed by irrigation and de-
bridement of any necrotic or infected soft tissue, removal of any
encountered hematoma, and evacuation of any purulence sur-
rounding the prosthesis. Debridement must be thorough and
complete in order for this treatment strategy to succeed. Stability
of the prosthesis is assessed intraoperatively, typically followed by
removal and replacement of any exchangeable components such
as the polyethylene liner or a modular femoral head. The entire
joint is then aggressively irrigated and closed, typically over a drain
(348, 349). Arthroscopic DAIR procedures have also been re-
ported, but adequate debridement is more difficult, and outcomes
may be suboptimal. One study found a #4-fold increase in the risk
of treatment failure when arthroscopic debridement was per-
formed compared to an open procedure (349). Open debride-
ment should therefore be performed whenever possible.

Antimicrobial treatment with the DAIR procedure. There is
some variability in the antimicrobial treatment used in patients
undergoing a DAIR procedure. For most patients, antimicrobials
are held prior to surgery if the microbiology result is undeter-
mined. Broad-spectrum therapy is typically indicated in the im-
mediate postoperative period if the causative microorganism(s)
and antimicrobial susceptibility test results are not known, given
that the implant is retained. After pathogen identification and
antimicrobial susceptibility are defined, antimicrobial therapy can
be tailored. Most clinicians use intravenous antibiotics for the first
2 to 6 weeks following a DAIR procedure (102, 127, 348–351).
Recent IDSA guidelines suggest that 4 to 6 weeks of intravenous
therapy should be used with PJI due to organisms other than
staphylococci or when rifampin combination therapy cannot be
used (60). Antimicrobial treatment of staphylococcal PJI follow-
ing a DAIR procedure is discussed below.

Many clinicians use oral antibiotic suppressive therapy for
some period of time following the initial treatment course, given
the difficulty in eradicating biofilm-associated organisms with re-
tained hardware. This is supported by the finding that the risk of
failure increases 4-fold after antimicrobials are stopped, with most

TABLE 4 Definition and classification of successful treatment of
prosthetic joint infectiona

Category Description

Definition of successful
treatment

Microbiological and clinical eradication of
infection without relapsed infection

Freedom from subsequent surgical
intervention for the same infection

Freedom from mortality related to PJI

Temporal classification
of success

Short term (2 yr)
Midterm (5–10 yr)
Long term (10 yr or more)

a Based on data from reference 347.
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failures occurring in the first 4 months after antimicrobials are
stopped (349). Conversely, others suggest that therapy can be
stopped in an asymptomatic patient with a normal CRP result and
negative nuclear medicine imaging results (352). Due to false-
positive nuclear medicine imaging results that may occur up to
several years after revision, this is not common practice and is of
uncertain value. There is debate among experts about the need for
and duration of suppressive therapy (60). When suppression is
used, the duration may be indefinite, or it may be limited to the
initial months or the first year after surgery. High-quality data to
support one particular antimicrobial strategy over another do not
exist but may depend upon the virulence of the infecting patho-

gen, the antimicrobial therapy provided in the initial postopera-
tive period, the antimicrobial susceptibility profile and availability
of oral therapy, and the consequences if treatment failure occurs.

Selection of patients for a DAIR procedure. Patients in whom
the DAIR procedure is to be used should have a short duration of
symptoms, a stable implant, and no sinus tract (60, 352–354).
Ideally, the infecting pathogen should be susceptible to multiple
antimicrobials (353), but this may not be known when this surgi-
cal strategy is selected. Surgery shortly after the onset of symptoms
is associated with a lower likelihood of treatment failure (102,
355). Accordingly, early postoperative infections (occurring
within the first month) or late acute hematogenous infections

FIG 4 Medical and surgical strategies for management of prosthetic joint infection. Outlined arrows indicate exchange of polyethylene components only, solid
arrows indicate exchange of all arthroplasty components, and dotted arrows indicate exchange of cement spacer. The use of suppressive antimicrobials after
DAIR or one-stage arthroplasty exchange is controversial. Management of PJI without surgery is not generally recommended. Abbreviations: DAIR, debride-
ment, antibiotics, and implant retention; OSE, one-stage exchange; ALC, antimicrobial-loaded cement; PJI, prosthetic joint infection; IV, intravenous.
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(with symptoms for !3 weeks) are most appropriate for this strat-
egy. A well-fixed implant is necessary for adequate function fol-
lowing treatment of the infection. However, the presence of radi-
olucency surrounding the implant, in the absence of mechanical
loosening, does not appear to predict treatment failure (102, 356).
The presence of a sinus tract has been associated with an increased
risk of treatment failure, likely reflective of the duration of symp-
toms and the quality of the soft tissue structures around the joint
(102, 353).

There are several other notable risk factors for treatment fail-
ure. Infection with Staphylococcus species is associated with a high
risk of treatment failure (82, 102, 348, 349, 351), likely driven by S.
aureus (102, 349). Antimicrobial susceptibility is also important,
with higher rates of failure for infection with methicillin-resistant
S. aureus (MRSA) (105), vancomycin-resistant enterococci (105),
and fluoroquinolone-resistant Gram-negative bacilli (172). Co-
morbidities, reflected by a high ASA score (351) or a compro-
mised immune system (63, 353), may also increase the risk of
treatment failure. Prior revision and arthroscopic debridement
were predictive of treatment failure in one study (349).

Treatment success rates. The treatment success rate of DAIR
reported in the literature over the last 15 years ranges from 31 to
82% among infections with a variety of microorganisms (82, 102,
103, 105, 106, 348, 349, 351, 357–362). The success rate was 77%
in one study of hip prosthesis infection reporting midterm results
(358), but most other studies include only short-term follow-up
results. Systematic reviews have found average treatment success
rates of 33% for knee infection (353) and 52% for hip and knee
infections (363). However, many of the studies included in these
reviews likely did not include protocols using rifampin-based
combination therapy, which offers benefit in PJIs caused by Staph-
ylococcus species (350, 364), so they may not have ideally evaluated
the outcome of DAIR. Overall, there does not appear to be a dif-
ference in treatment success between hip and knee arthroplasties
(102, 103, 351). Treatment of shoulder arthroplasty infection us-
ing this method has been performed in a limited number of pa-
tients (103, 112, 349). While one study suggested that treatment of
hip or knee PJI due to aerobic Gram-negative bacilli with a DAIR
procedure is less successful than PJI due to other bacteria (175),
several other studies found a success rate comparable to those for
infections with other organisms (171, 365). This may be related to
the use of fluoroquinolones, which appear to improve success
rates with these organisms (172).

PJI due to staphylococci treated with the DAIR procedure.
Given the frequency with which staphylococci cause early-onset
and late hematogenous PJIs, there has been significant work to try
to define the optimal management of staphylococcal PJI treated
with a DAIR procedure. A prolonged rifampin-based combina-
tion program seems to increase the cure rate when this surgical
strategy is chosen, based on one small randomized controlled trial
(364) and several observational studies (63, 350, 366). The com-
bination of a fluoroquinolone and rifampin had particularly good
efficacy against staphylococci in an experimental foreign-body in-
fection model (367). The Staphylococcus species being treated as
such should be susceptible to rifampin, and rifampin should not
be used as monotherapy, because doing so easily selects for rifam-
pin resistance; in addition, close attention must be paid to drug-
drug interactions with this agent (368). For both S. aureus and
coagulase-negative staphylococci, rifampin is typically given with
an intravenous agent, most commonly a "-lactam or glycopep-

tide, for the initial 2 to 6 weeks. This is followed by continued
rifampin combined with a fluoroquinolone to complete either a
6-month (knee) or a 3-month (hip, shoulder, and elbow) total
duration of rifampin combination therapy (60). The longer dura-
tion of oral combination therapy is predicated on the often larger
amount of soft tissue infection in knee arthroplasty infections.
Some clinicians use a fluoroquinolone combined with rifampin
even during the initial phase of therapy (63, 355, 369), a practice
supported by both IDSA and International Consensus Meeting
documents (60, 251). This has not been directly compared to the
use of an initial period of intravenous antimicrobials. When ri-
fampin cannot be administered, the initial period of intravenous
antimicrobials should be at least 4 weeks. Among intravenous
agents, cefazolin or antistaphylococcal penicillins are preferred
over vancomycin for treatment of infection with methicillin-sus-
ceptible S. aureus (MSSA), based on data extrapolated from other
infections with this pathogen (370). Although ceftriaxone may be
an acceptable alternative in MSSA orthopedic infections (371),
considerable debate continues regarding its role in the treatment
of S. aureus PJI (60).

The success rate with the DAIR procedure for S. aureus appears
to be lower than that for other organisms (82, 349). The largest
study to date utilizing a debridement strategy for S. aureus PJI
found short-term treatment success in only 55% of 345 patients
using this surgical strategy (63). This study did not, however, use
an algorithm-based approach for patient selection. The majority
of patients (88%) received rifampin combination therapy in this
study, but antimicrobial suppression after therapy was not rou-
tinely used and was in fact part of the definition of failure. More
than 25% of patients failed while still receiving combination ther-
apy, which suggests a high rate of failure, regardless of whether
chronic suppression was ultimately used. Interestingly, patients
with MRSA were more likely to fail during treatment, while failure
in those with MSSA occurred more often after treatment, suggest-
ing that antimicrobial suppression may be particularly important
for those patients with MSSA PJI. However, the number of pa-
tients with MRSA PJI remaining at risk after treatment was very
small, so it is difficult to know whether the rate of failure after
treatment of these individuals would not also be significant. Other
studies using combination therapy with rifampin and fluoroquin-
olone for S. aureus PJI have reported short-term treatment success
rates ranging from 62 to 75% (355, 369), compared to a rate of
36% in an older study without rifampin (127). The short-term
treatment success rate may be up to 80% when rifampin combi-
nation therapy is used in properly selected patients (125). The
DAIR procedure for PJI due to coagulase-negative staphylococci
is similar to that for PJI due to S. aureus, and the success rate
appears to be higher than that for S. aureus PJI (102, 348, 349).
Overall, existing data indicate that a DAIR procedure is an option
for appropriately selected patients in whom rifampin-fluoroquin-
olone combination therapy is used for PJI due to staphylococci.

The treatment of PJI due to MRSA is challenging, and failure
seems to be more common (103, 126) and occurs more often
during antimicrobial therapy (63) than for MSSA PJI, at least in
some studies. Even with the use of rifampin, small studies suggest
that the short-term treatment success rates for MRSA using a
DAIR protocol may be a dismal 18 to 33% (372, 373). While not
available in the United States, fusidic acid appears to be a suitable
companion to rifampin in place of a fluoroquinolone (373, 374).
Other companion drugs that may be given with rifampin include
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trimethoprim-sulfamethoxazole and minocycline (368). Vanco-
mycin remains the preferred intravenous antimicrobial for PJI
due to MRSA, while daptomycin may be an option (375, 376).
Animal models of MRSA foreign-body infection suggest that the
addition of rifampin may be more effective than daptomycin
monotherapy and may prevent the emergence of daptomycin re-
sistance (377–379). However, there are no high-quality human
studies to support this. Although prolonged use of linezolid is
limited by bone marrow suppression, some studies suggest that it
may be tolerated even up to several months in PJI treatment, but
close monitoring of complete blood counts is recommended (380,
381).

Management after treatment failure. Patients who fail a DAIR
procedure typically ultimately undergo a two-stage arthroplasty
exchange (351). In one study, only 66% of 83 patients with a DAIR
procedure failure had successful eradication of knee arthroplasty
infection after a single two-stage arthroplasty exchange, with 12%
ultimately going on to have permanent resection, arthrodesis, or
amputation (382). The authors of that study did not find any
identifying factors in those patients with an ultimately successful
outcome, other than a longer time period between the prior failed
treatment and the two-stage arthroplasty exchange in the success-
ful group. Another option for treatment of ongoing infection after
a DAIR procedure is repeated debridement followed by chronic
antimicrobial therapy. Unfortunately, the likelihood of success for
a repeated DAIR procedure after prior failure is low.

One-Stage Arthroplasty Exchange
A one-stage arthroplasty exchange procedure, also referred to as a
direct exchange procedure, is less frequently performed in the
United States than two-stage arthroplasty exchange. Open arth-
rotomy and debridement are performed, followed by complete
removal of the prosthesis and any PMMA present. Aggressive de-
bridement in the hands of a highly skilled surgeon is critical to the
success of this strategy. A new arthroplasty is implanted during the
same procedure, typically using antimicrobial-loaded PMMA to
fix the new arthroplasty in place. The choice of antimicrobials
included in the PMMA is determined by the pathogen identified
preoperatively or is empirical if the pathogen or its susceptibilities
are unknown. The use of antimicrobials in cement for prosthesis
fixation is discussed in Prevention, below.

Antimicrobial treatment with one-stage arthroplasty ex-
change. There are several antimicrobial strategies used for a one-
stage arthroplasty exchange. The most commonly used regimen
includes 4 to 6 weeks of i.v. antibiotics, followed by 3 to 12 months
of oral antibiotics (99, 383, 384). Some investigators have used
only a short duration of i.v. antibiotics, limited to the immediate
postoperative period, followed by oral antibiotics for 6 weeks to 6
months (93, 173, 385, 386). IDSA guidelines suggest a sequential
antimicrobial program, including rifampin for PJI involving
staphylococci, identical to that used with a debridement proce-
dure (60). With other organisms, 4 to 6 weeks of intravenous or
highly bioavailable oral antimicrobial therapy is recommended.
Indefinite chronic antimicrobial suppression therapy is typically
used, except after infection with aerobic Gram-negative bacilli
treated with fluoroquinolones, in which there is some difference
of opinion among experts regarding the need for long-term sup-
pression.

Selection of patients for one-stage arthroplasty exchange.
While reported in a small number of cases in the literature on knee

arthroplasty infection (387), a one-stage arthroplasty exchange is
typically used only for patients with hip arthroplasty infection.
Patients for whom a one-stage arthroplasty exchange is appropri-
ate have adequate remaining bone stock, an identified pathogen
that is susceptible to antimicrobials available orally and in PMMA,
and surrounding soft tissue in good condition (60, 352). While
most patients who require bone grafting are treated with a two-
stage arthroplasty exchange, one small study reported a good out-
come for those patients who were managed with one-stage arthro-
plasty exchange (388). More than 25% of the patients in that study
also had a draining sinus and had a good result, similar to a pre-
vious study that found a high success rate for patients with a drain-
ing sinus (386). Nevertheless, patients with a sinus tract are typi-
cally treated with a two-stage arthroplasty exchange (60, 352, 354).

Treatment success rates. In general, a one-stage arthroplasty
exchange offers results comparable to those of a two-stage arthro-
plasty exchange and is superior to a DAIR procedure. However,
there have been no randomized trials comparing these ap-
proaches, and variability between centers that perform predomi-
nately one-stage compared to two-stage arthroplasty exchanges
limits comparison across studies. One large early study found a
77% success rate for hip arthroplasty infection among 583 patients
(389). Other studies have found treatment success rates ranging
from 84 to 100% (93, 99, 173, 362, 383, 386, 388, 390, 391). These
rates are similar to those of a meta-analysis that found 87% free-
dom from reinfection among 375 patients undergoing one-stage
arthroplasty exchanges (392). The same analysis found a 90% rate
for those undergoing two-stage arthroplasty exchanges. The mid-
term success rate was 94% (388) and the long-term success rate
was 91% (385) in several small studies of hip arthroplasty infec-
tion. One-stage exchange for shoulder arthroplasty infection re-
sulted in short-term infection-free survival in 94 to 100% of pa-
tients in two small series of patients (114, 115). There are
insufficient data on one-stage exchange in elbow arthroplasty in-
fection.

Two-Stage Arthroplasty Exchange
A two-stage arthroplasty exchange, also referred to as a staged
exchange, is considered to be the most definitive strategy in terms
of infection eradication and preservation of joint function. This
strategy involves at least two surgeries. In the first surgery, cultures
are obtained, all infected tissue is debrided, and the components
and PMMA are removed. An antimicrobial-impregnated PMMA
spacer is typically implanted into the joint space prior to closure to
deliver local antimicrobial therapy and maintain limb length.
Pathogen-directed antimicrobial therapy is usually given intrave-
nously for 4 to 6 weeks following the first stage. This is then fol-
lowed by at least a 2- to 6-week antibiotic-free time period (101,
345), during which the patient is evaluated for any signs of ongo-
ing infection, typically using inflammatory markers and synovial
fluid aspiration. If there is evidence of ongoing infection, a repeat
debridement procedure may be performed, typically followed by
further antimicrobial therapy before attempted reimplantation.
At the time of reimplantation, biopsy specimens are obtained for
frozen-section and permanent histopathological examinations as
well as culture. Frozen-section analysis allows the surgeon to as-
sess for ongoing inflammation prior to implantation of a new
prosthesis. If the result is negative, a new prosthesis is implanted,
typically using antimicrobial-loaded PMMA. Patients are typically
treated with intravenous antibiotics until the reimplantation cul-
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tures are finalized as negative. If reimplantation cultures are pos-
itive, antimicrobials are given for a variable amount of time.

Antimicrobial-loaded PMMA spacers. Broadly speaking, there
are two different types of spacers used during two-stage arthro-
plasty exchanges. Static spacers, also known as nonarticulating or
block spacers, are typically handmade in the operating room in an
attempt to fill the void in the bone left after removal of the pros-
thesis. In contrast, articulating spacers attempt to reapproximate
the joint structure and provide superior range of motion and
function while in place. Articulating spacers may be either com-
mercially available preformed units or custom-molded spacers.
They may be made completely of PMMA or may be a composite of
PMMA, polyethylene, and metal (393, 394). Alternately, some
studies have reported the use of resterilized prostheses as tempo-
rary spacers during a two-stage arthroplasty exchange (395), but
this is not widely accepted (396).

Antimicrobial-loaded PMMA spacers serve two functions in a
two-stage arthroplasty exchange. First, both articulating and static
spacers provide mechanical support during the time in which the
arthroplasty is removed. This preserves proper joint position, pre-
vents muscle contractures, and enhances patient comfort between
the first and second stages. However, complications can occur
with both types of spacers, including bone loss with static spacers
(397) and extensor mechanism damage and wound dehiscence
with articulating spacers (398). While individual studies suggest a
better functional outcome with articulating spacers (399, 400), a
recent systematic review found no difference in the overall func-
tional scores after reimplantation in knee prosthesis infection
(401). However, that same review found that articulating spacers
did provide a greater knee range of motion. The choice of an
articulating or static spacer is a complex decision for the surgeon
and is individualized to each patient.

The second function of antimicrobial-loaded PMMA spacers is
to provide local antimicrobial therapy to augment systemic ther-
apy during the time between the first and second stages. The local
concentration of antimicrobials achieved at the site of infection
can be much higher than that achievable with systemic therapy,
without significant toxicity (402, 403). The antimicrobials must
be heat stable, due to the exothermic reaction when PMMA po-
lymerizes, and water soluble, in order to allow diffusion into the
surrounding tissue (393). Two or more antimicrobials may be
included in a single spacer in order to provide broad-spectrum
coverage (402, 404). An aminoglycoside is often used in combina-
tion with vancomycin, even if the pathogen is known to be amin-
oglycoside resistant, given that the concentration of vancomycin
in the synovial fluid surrounding the spacer at the time of reim-
plantation is more dependent on the amount of the aminoglyco-
side than the amount of vancomycin in the PMMA (402). While
other antimicrobials, including "-lactams, macrolides, amphoter-
icin B, and fluconazole, have been used in selected situations, van-
comycin in combination with an aminoglycoside is most com-
monly used (96, 393, 405, 406). The amounts of antimicrobials
mixed in 40 g of PMMA are typically 1 to 3 g of vancomycin and
1.2 to 4.8 g of gentamicin or tobramycin (400, 402, 406–408). It is
generally accepted that spacers should use a high dose of antimi-
crobials, defined as at least 3.6 g of antimicrobials per 40 g of
PMMA, compared to !1 g for low-dose PMMA used for prosthe-
sis fixation (409). The use of lower-dose antimicrobial-loaded
PMMA for arthroplasty implantation is discussed in Prevention,
below.

Antimicrobial-loaded PMMA spacers are widely used during
two-stage arthroplasty exchanges, although there are not robust
data showing that they increase eradication of infection. One re-
cent systematic review found no association between the amount
of antimicrobials included in the spacer and the control of infec-
tion (410). However, this review included mainly case series data,
with only one randomized trial (411). Additionally, there is con-
cern that PMMA spacers may provide a surface for microbial
adhesion that may actually be detrimental to the eradication of
infection. Some investigators have suggested that antimicrobi-
al-loaded PMMA spacers should not be used with certain mi-
croorganisms that are reported to be more persistent, such as
bacteria with a small-colony-variant phenotype or fungi (130,
412). However, this suggestion is based on anecdotal experi-
ence. Until further data suggest that the mechanical benefits
provided by antimicrobial-loaded PMMA spacers are out-
weighed by potential downsides, they will likely continue to be
included as part of two-stage arthroplasty exchanges.

Antimicrobial treatment with two-stage arthroplasty ex-
changes. As opposed to the DAIR or one-stage exchange proce-
dure, combination therapy with rifampin is not typically used
with two-stage arthroplasty exchanges, given that there is no re-
tained or new hardware in place. The majority of patients receive
pathogen-directed intravenous antibiotics for 4 to 6 weeks be-
tween the first and second stages. However, some centers report
good outcomes with oral antibiotics administered for a similar
duration (413). The need for any systemic antimicrobials has also
been challenged. A two-stage arthroplasty exchange using an an-
tibiotic-loaded PMMA spacer and no systemic antibiotics among
114 patients with hip arthroplasty resulted in an 88% midterm
success rate (414). Coagulase-negative staphylococci made up
nearly 50% of infections in this series, suggesting that patients in
whom this is attempted might need to be carefully selected. An-
other small series of 30 patients reported 100% short-term success
following treatment with only 5 days of postoperative intravenous
antimicrobials, with “radical debridement” and reimplantation at
the second stage an average of 16 weeks later (414). The successes
reported in both studies are likely driven by an experienced sur-
geon using meticulous surgical techniques as well as by carefully
timed reimplantation guided by inflammatory markers. On the
other end of the antimicrobial treatment spectrum, there may be
some role for antimicrobial therapy after reimplantation. One
nonrandomized retrospective study found that patients with knee
arthroplasty infection treated for 28 days with oral prophylactic
antimicrobials following reimplantation had a numerically lower
(4 versus 16%) rate of reinfection in the year after surgery (415).
However, the statistical significance of this was not reported, and
the number of patients was very small. In clinical practice, patients
with a history of treatment failure, multiple serious comorbidities,
complex arthroplasty, or limited bone stock, who may not be able
to tolerate another revision surgery, or patients who have positive
culture or histopathology results upon reimplantation are fre-
quently treated with antimicrobial therapy after reimplantation.
Treatment is individualized in these cases. In some cases, indefi-
nite suppression may be administered.

Risk factors for treatment failure. Risk factors for treatment
failure following two-stage arthroplasty exchange can be broadly
categorized into host-related factors, pathogen-related factors,
or treatment-related factors. Local or systemic host factors with
a higher risk for treatment failure or reinfection include
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lymphedema with knee arthroplasty infection (72), the presence
of a sinus tract (416, 417), prior joint revision (345, 418), and
rheumatoid arthritis (418). Culture-negative PJI and infection
with MRSA have been associated with an increased risk of treat-
ment failure (417). However, culture-negative PJI was not associ-
ated with treatment failure in a study in which the majority of
patients were treated with two-stage arthroplasty exchanges (66),
and some studies have not found an association between the in-
fecting pathogen and treatment failure; notably, these studies are
likely underpowered (72, 345, 419).

The overall treatment protocol, including the duration be-
tween the two stages, careful assessment for ongoing infection
before reimplantation, and reimplantation microbiology results,
is important in predicting treatment failure. Reimplantation
within 2 weeks of resection has a low likelihood of success, partic-
ularly in patients infected with S. aureus or aerobic Gram-negative
bacilli (420). Furthermore, a structured protocol where reimplan-
tation is performed only if cultures are negative prior to the sec-
ond-stage surgery may improve outcomes (421). Treatment with
cefazolin (72) and the use of antibiotic-loaded PMMA upon re-
implantation have each been associated with an increased likeli-
hood of success (419) upon univariate analysis. At the time of
reimplantation, patients with a positive culture from tissue or son-
ication of the PMMA spacer have a higher likelihood of subse-
quent treatment failure, regardless of symptoms at the time of
reimplantation (330). However, the additional benefit of sonica-
tion of the spacer beyond tissue culture is not clear, as this process
has not been evaluated in other studies. While often obtained
prior to reimplantation, ESR and CRP results were not helpful in
identifying persistently infected joints in one small study (100).
Nevertheless, an evaluation for ongoing infection, including in-
flammatory markers, should be performed prior to reimplanta-
tion.

Treatment success rates. Two-stage arthroplasty exchange is
generally an effective strategy for managing PJI, with reported
success rates in hip arthroplasty ranging from 87 to 100% (96, 99,
362, 407, 408, 414). A systematic review including 929 patients
found a success rate of 89% (392). Long-term results of hip ar-
throplasty infection suggest that the success rate is nearly 90% as
well (96). Knee arthroplasty infection treated with a two-stage
arthroplasty exchange has a reported success rate ranging from 72
to 95% (72, 413, 417, 419, 422, 423). A separate systematic review
found success rates of 82 to 100% (424). Midterm results suggest a
success rate exceeding 90% for total knee infection (413). Signif-
icantly less robust data suggest similar short-term outcomes for
shoulder arthroplasty infection treated with a two-stage arthro-
plasty exchange (112, 113, 425). Elbow arthroplasty infection re-
mains difficult to treat even with a two-stage arthroplasty ex-
change, with a reported short-term success rate as low as 72%
(118). This may be due to a larger number of patients with rheu-
matoid arthritis and greater soft tissue defects over the joint.

Infection with certain organisms may be more appropriate for
two-stage arthroplasty exchanges than for other treatment strate-
gies. Infection with Candida species or fungal organisms is more
appropriate for this strategy or permanent resection rather than
implant retention (238, 239, 246, 426). One study reported a suc-
cess rate of 93% for infection control at short-term follow-up with
6 months of oral antifungal agents after reimplantation (238).
However, this finding is in contrast to another similarly sized se-
ries that found that only two-thirds of patients undergoing resec-

tion for fungal PJI underwent reimplantation, with infection be-
ing controlled in fewer than half of them (239). This suggests that
the prognosis of fungal PJI is guarded, even with two-stage arthro-
plasty exchange. Culture-negative PJI appears to be treated more
successfully with two-stage arthroplasty exchange than with resec-
tion, based on the largest series to date, while the difference with a
DAIR procedure was not significant (249). In that series, there was
no difference in outcomes between patients who received narrow-
spectrum therapy and those who received broad-spectrum ther-
apy, but notably, this does not account for local broad-spectrum
antimicrobial therapy from an antimicrobial-loaded PMMA
spacer.

Failure after two-stage arthroplasty exchange. Infection fol-
lowing prior two-stage arthroplasty exchange may be due to a
relapse of infection with the prior infecting pathogen or infection
with a new microorganism. One large study suggests that over
two-thirds of these infections are actually new infections rather
than relapses (427). This may implicate ongoing risk factors that
led to development of the first PJI rather than a failure of medical
or surgical therapy. The time to failure after prior two-stage ar-
throplasty exchange varies widely, with several large studies dem-
onstrating median times to failure ranging from 9 months to over
3 years (72, 101, 427). Gram-positive organisms are the most com-
mon cause of infection after prior two-stage arthroplasty ex-
change (72, 101, 427, 428).

Options for management after prior two-stage exchange in-
clude antimicrobial suppression without surgical treatment,
DAIR followed by antimicrobial suppression, repeat two-stage ar-
throplasty exchange, resection without reimplantation, arthrode-
sis, or amputation (72, 101, 428–430). As in other situations, man-
agement depends upon coexisting comorbidities, integrity of
bone stock and soft tissue, and the patient’s desire for and ability
to undergo additional surgeries. If the patient is able and willing to
attempt another two-stage arthroplasty exchange, this may be an
option, but careful patient selection is critical, and data on out-
comes with this strategy are very limited. Among patients who
underwent a second full two-stage arthroplasty exchange, the rate
of successful control of infection with preservation of the prosthe-
sis ranged from 27 to 88% for knee and hip infections in small case
series with fewer than 20 patients each (101, 429–434). Many of
the other patients in these studies were treated with alternate strat-
egies, suggesting that even when it is selectively attempted, reim-
plantation has an unpredictable outcome. Among those patients
for whom a second two-stage arthroplasty exchange failed, the
ultimate outcome was also variable and included amputation in
some patients, a possibility that should be discussed with patients
prior to treatment.

Arthroplasty Resection without Reimplantation
Resection without reimplantation is typically reserved as a salvage
strategy to avoid amputation after prior failed treatment attempts
or for patients who are not candidates for DAIR or one-stage
arthroplasty exchange and cannot or do not want to undergo mul-
tiple surgeries. Alternatively, patients with other comorbidities
that limit their functional abilities may elect to undergo resection
without reimplantation, as a new prosthesis may not provide
them with additional mobility. Some patients for whom a two-
stage arthroplasty exchange is planned may ultimately not un-
dergo reimplantation due to significant perioperative events fol-
lowing the first procedure or ongoing infection at the time of
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planned reimplantation. In this group of patients, an articulating
or nonarticulating PMMA spacer may remain in place indefi-
nitely. While typically considered a temporary measure, articulat-
ing spacers may provide reasonable function for long periods of
time. In one small study of 18 patients in whom articulating spac-
ers remained in place following hip or knee arthroplasty resection,
there was freedom from infection and pain in 15 patients after a
mean of 42 months (406). However, the long-term success of such
a strategy is unknown.

Arthrodesis may be performed in patients following resection
of a knee arthroplasty, but it is uncommonly performed in pa-
tients following hip arthroplasty resection. While some patients
are able to ambulate after resection of a knee arthroplasty (435),
arthrodesis may provide additional mechanical support to permit
ambulation. Arthrodesis can be performed by using either an in-
tramedullary nail or external fixation device, with limited data
suggesting that external fixation may have a lower rate of success-
ful union as well as recurrent infection (436). Resection of a hip
arthroplasty, also known as a Girdlestone procedure, results in a
high rate of infection control and pain relief (437, 438). However,
patients are typically left with significant limb length discrepancies
and need assistive devices for ambulation. A new prosthesis can
potentially be placed at a later time point after the Girdlestone
procedure, if deemed appropriate.

Antimicrobial treatments used following resection arthroplasty
are similar to those used with a two-stage arthroplasty exchange,
with most patients receiving a 4- to 6-week course of intravenous
antimicrobials following resection. However, some patients may
require a longer course of therapy. For example, if an infected
nonunion occurs following knee arthrodesis, prolonged antimi-
crobial therapy may be warranted.

Amputation
Amputation is reserved for patients who have failed all other treat-
ment options for PJI (439) or have life-threatening infections in
which emergent source control is needed (440). Fortunately, am-
putation is a rare outcome after joint arthroplasty, performed to
treat infection in only 0.1% of 18,443 primary knee arthroplasties
performed in one large center (439). However, 14 to 25% of pa-
tients with failed two-stage arthroplasty exchange for knee arthro-
plasty infection ultimately have amputation performed (72, 101,
428, 430). These patients often require further irrigation and de-
bridement, and only a minority are fitted with a prosthesis and
regain their independence (439, 441). The duration of antimicro-
bial therapy depends on whether or not all infected tissue is re-
moved. If the margin of amputation or disarticulation is separate
from the infection, antimicrobials may be necessary for only 1 or 2
days in the postoperative period. However, this is not sufficient if
any infected bone or soft tissue remains. For example, with long-
stemmed femoral components, intramedullary osteomyelitis may
remain proximal to the level of amputation. Alternately, acetabu-
lar osteomyelitis may remain after hip disarticulation. Treatment
appropriate for chronic osteomyelitis may be warranted in either
situation. The amount of soft tissue infection that remains must
also be considered and treated appropriately.

Antimicrobial Treatment
Antimicrobial treatment alone. One of the surgical strategies
described above is typically required for treatment of PJI. How-
ever, antimicrobial therapy alone is sometimes attempted with

a curative intent. Unfortunately, this often results in a delay in
appropriate surgical management and confusion regarding the
microbiological diagnosis. Nonsurgical management is not
recommended. It should be considered only for those who are
unable to undergo even a single surgical procedure (e.g., due to
multiple comorbidities) or are unwilling to undergo surgery
and who have a well-fixed prosthesis and infection with micro-
organisms that are susceptible to oral antibiotics. Such a strat-
egy is likely to be more successful in those with early rather than
delayed or chronic infection (442).

The optimal antimicrobial treatment program with a nonsur-
gical strategy is unknown. Typically, patients are given 4 to 6 weeks
of pathogen-directed intravenous or highly bioavailable oral an-
timicrobials, based on antimicrobial susceptibilities determined
by joint aspirate culture. This may be given as combination ther-
apy with rifampin (442). Many patients will ultimately be placed
on prolonged or indefinite oral antimicrobial suppression. The
choice of the suppressive antimicrobial must take into account
toxicity, oral bioavailability, cost, frequency of administration,
drug interactions, and the need for ongoing therapeutic monitor-
ing. Careful drug selection and patient counseling are particularly
important, given that complications occur in #20% of patients
receiving antimicrobial suppression (443).

Antimicrobial treatment of selected pathogens. In general,
antimicrobial therapy should be pathogen directed and guided by
the results of antimicrobial susceptibility testing, where applica-
ble. General principles for antimicrobial treatment apply, with
priority given to the least toxic, most efficacious, narrow-spec-
trum antimicrobial regimen. In situations in which several agents
are considered equivalent, cost and ease of administration
should also be considered. In general, high-quality compara-
tive studies to determine the optimal antimicrobial for each
cause of PJI have not been done, and extrapolations from other
literature must be made. Suggested agents for selected patho-
gens are found in Table 5. Dosing is not provided here but can
be found in IDSA PJI management guidelines (http://www
.idsociety.org/) (60); it should be adjusted for renal or hepatic
function as applicable. With certain antimicrobials and patho-
gens, highly bioavailable oral antimicrobials may be an accept-
able alternative to intravenous therapy and may also be more
cost-effective and more acceptable to patients. When outpa-
tient intravenous antimicrobials are administered, laboratory
monitoring should be performed to evaluate for adverse drug
effects, typically on a weekly basis (444). For example, a com-
plete blood count with determination of differential, creati-
nine, and alanine aminotransferase values should be obtained
each week for patients receiving intravenous nafcillin. Addi-
tionally, in our clinical practice, we monitor laboratory tests
for patients on prolonged oral antimicrobial therapy at ap-
proximately 2, 4, 8, and 12 weeks, with yearly monitoring
thereafter if the medication is well tolerated. For example, a
complete blood count and differential, creatinine, potassium,
and alanine aminotransferase values should be measured at
these time points for patients receiving oral trimethoprim-sul-
famethoxazole.

Selection of a Treatment Strategy
The treatment strategy is ultimately selected by the orthopedic
surgeon, in conjunction with the patient, along with input from
an infectious diseases physician as needed. Several authors and
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expert panels have suggested algorithms to help choose the appro-
priate treatment strategy for the individual patient (60, 352, 354,
445). These algorithms incorporate many of the criteria for selec-
tion and risk factors for failure detailed above. The main purpose
of these algorithms is to identify patients who may be candidates
for less intensive treatment strategies, such as DAIR or one-stage
exchange procedures, rather than a two-stage arthroplasty ex-
change. Data suggest a higher success rate when an algorithm is
followed (416, 446), although the success rate of the DAIR proce-
dure remains at only 71% even in this setting (446). Algorithms
are also helpful in identifying patients for whom permanent resec-
tion or arthrodesis, amputation, or medical therapy alone might
be indicated.

PREVENTION
Identification and optimization of any modifiable risk factors
prior to joint arthroplasty are central to the prevention of PJI. In
diabetics, blood glucose control should be improved when possi-
ble. Smoking cessation should be strongly encouraged. Infections
at other body sites should be diagnosed and managed prior to
surgery. In general, the best approach is a careful, thoughtful sur-
gery that is timed to reduce the impact of a patient’s underlying
risk factors.

The perioperative management of DMARDs around the time
of arthroplasty implantation should be decided in conjunction
with a rheumatologist, although the optimal management is not
known.

Reduction of Skin Flora
Given the frequency with which S. aureus causes PJI, selective
identification and decolonization of patients colonized with this
organism have been proposed as a strategy to reduce surgical site
infection or PJI after joint arthroplasty. Recent surgical site infec-
tion prevention guidelines recommend mupirocin nasal ointment
for patients with S. aureus nasal colonization (447). However, the
aggregate data on preoperative decolonization are mixed. A large,
high-quality, randomized, double-blind, placebo-controlled trial
demonstrated that a standard protocol of screening for S. aureus
nasal colonization using PCR followed by a 5-day protocol of
twice-daily nasal mupirocin and daily chlorhexidine bathing re-
sulted in a nearly 80% reduction in deep surgical site infection
across a number of different types of surgery (448). The reduction
was most pronounced for patients undergoing cardiothoracic sur-
gery, and there was a trend but no statistically significant differ-
ence in the subgroup of patients undergoing orthopedic surgery.
Whether or not these results translate to a reduction in surgical

site infection or PJI in joint arthroplasty, which has a low baseline
rate of infection, is not clear. A similar protocol of nasal mupiro-
cin and chlorhexidine bathing reduces nasal S. aureus coloniza-
tion on the day of primary joint arthroplasty (449). It is not clear,
however, whether this is effective in reducing surgical site infec-
tion or PJI. A systematic review including 19 studies using a variety
of decolonization protocols in orthopedic surgeries (including
joint arthroplasty) found decreases in surgical site infection rang-
ing from 13 to 200% (450). However, this was a very heteroge-
neous group of studies, including studies that used universal de-
colonization compared to selective decolonization of patients
with S. aureus colonization. A universal decolonization strategy in
which screening is not performed and all patients undergo chlo-
rhexidine bathing is another approach that avoids the logistical
challenges of a targeted decolonization protocol and appears to be
more successful in other settings (451). A recent Cochrane meta-
analysis found no difference in surgical site infection rates be-
tween chlorhexidine bathing and placebo among #7,000 patients
undergoing a variety of different orthopedic and nonorthopedic
surgeries (452). This was a heterogeneous surgical population,
and a number of different protocols were used. In primary joint
arthroplasty, one recent nonrandomized, retrospective study
found a decreased rate of surgical site infection with the use of
chlorhexidine wipes the night before surgery (453). However, no
difference was observed in another observational study using
chlorhexidine wipes 1 h before surgery (454). Neither of these
studies would be expected to result in the same reduction in bac-
terial burden on the skin as a more traditional 5-day decoloniza-
tion protocol. The lack of a consistently observed benefit, the risk
of selection of bacterial resistance to mupirocin or chlorhexidine,
and the possibility of adverse reactions to either antiseptic must be
considered prior to implementing this strategy.

Perioperative Antimicrobial Prophylaxis
Surgical site infection is a well-established risk factor for subse-
quent PJI (9, 22, 24, 26, 48), and perioperative antimicrobial pro-
phylaxis for joint arthroplasty has been shown to reduce the risk of
surgical site infection by #80% (455, 456). Many of the practices
that are effective for other types of surgery apply to joint arthro-
plasty and are well outlined in recent surgical site infection guide-
lines (447). Because of its antistaphylococcal activity, availability,
and cost, cefazolin is widely used, although glycopeptides have not
been conclusively demonstrated to be inferior to cephalosporins
and may be indicated for patients with known MRSA colonization
(455). While the use of dual-antimicrobial prophylaxis with both
cefazolin and vancomycin may be beneficial for patients with

TABLE 5 Suggested antimicrobials for treatment of PJIa

Microorganism(s) Preferred treatment Alternate treatment Combination therapyb

Methicillin-susceptible staphylococci Cefazolin or nafcillin Vancomycin, daptomycin, or linezolid Rifampin for DAIR and one-stage exchange
Methicillin-resistant staphylococci Vancomycin Daptomycin or linezolid Rifampin for DAIR and one-stage exchange
Penicillin-susceptible enterococci Penicillin or ampicillin Vancomycin, daptomycin, or linezolid Consider aminoglycoside
Penicillin-resistant enterococci Vancomycin Daptomycin or linezolid Consider aminoglycoside
Pseudomonas aeruginosa Cefepime or meropenem Ciprofloxacin or ceftazidime Consider aminoglycoside or fluoroquinolone
Enterobacter species Cefepime or ertapenem Ciprofloxacin No
Enterobacteriaceae Beta-lactam or ciprofloxacin No
Beta-hemolytic streptococci Penicillin or ceftriaxone No
Propionibacterium acnes Penicillin or ceftriaxone No
a All antimicrobials are to be given intravenously, except ciprofloxacin or linezolid. (Adapted from reference 60 by permission of Oxford University Press/Infectious Diseases
Society of America.)
b DAIR, debridement, antibiotics, and implant retention.
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MRSA colonization, it does not appear to significantly decrease
the incidence of surgical site infection overall (457).

Patients with a reported "-lactam allergy should be identified at
the presurgical visit, and the nature and history of adverse reac-
tions should be carefully evaluated. The majority of these patients
can safely receive cefazolin for perioperative prophylaxis, reduc-
ing the use of alternate agents (458). Patients with a positive pen-
icillin skin test or with a history compatible with a type I hyper-
sensitivity reaction should not receive cefazolin; vancomycin or
clindamycin is often used instead. When cefazolin is used, the first
dose should be given within the 60 min prior to the incision in
order to achieve optimal tissue concentrations, while vancomycin
should be given 60 to 120 min prior (447). Adequate tissue and
bone concentrations are maintained throughout surgery with a
single preoperative dose, unless there is excessive blood loss or the
procedure is longer than 4 h, in which case a second intraoperative
dose should be given (459). A second dose of vancomycin is not
necessary, unless the procedure lasts more than twice the expected
half-life of the medication. Antimicrobial prophylaxis beyond 24
h postoperatively does not appear to be beneficial (460).

Perioperative antimicrobials are approached differently for pa-
tients undergoing arthroplasty revision. For patients undergoing
revision for PJI, perioperative antimicrobials are typically with-
held until operative cultures are obtained, unless antimicrobials
are required for treatment of systemic infection (102). This is done
to optimize the yield of intraoperative cultures to obtain a correct
microbiological diagnosis. Administration of antimicrobials prior
to revision for presumed aseptic failure may potentially decrease
the detection of preoperatively occult PJI. However, data should
conclusively demonstrate that the potential benefits of withhold-
ing antimicrobials outweigh the known benefits of correctly timed
perioperative prophylaxis before this practice is widely adopted.

Laminar Airflow and Body Exhaust Suits
It would seem logical that creating “ultraclean” air within the op-
erating room would decrease operative contamination and subse-
quent PJI, but this has not been the case. Laminar airflow, in which
a positive-pressure ventilation system moves air at a uniform ve-
locity through the operating room in either a horizontal or vertical
flow pattern, results in a marked decrease in the amount of con-
taminated particles in the air (461). When combined with a body
exhaust suit, early studies suggested a reduction in the rate of PJI
in the first year after implantation (461). However, only 25% of
patients in that early study received perioperative antimicrobials,
and subsequent large studies have not shown a benefit when mod-
ern infection control practices are also used (17, 18, 26, 462). In
fact, there was a correlation between the use of laminar airflow and
body exhaust suits and subsequent revision for infection in the
first 6 months among #85,000 primary arthroplasties in the New
Zealand Joint Registry (462). However, these factors were not an-
alyzed independently, and only limited multivariate analysis was
performed. Overall, there do not appear to be robust data to sup-
port the use of these technologies when other more proven infec-
tion control measures are used.

Antimicrobial-Loaded PMMA at Prosthesis Implantation
The purpose of including antimicrobials in the PMMA used to
secure the prosthesis is to prevent the development of infection
following primary arthroplasty or aseptic revision or to give addi-
tional local antimicrobial therapy to continue treatment of estab-

lished infection in arthroplasty exchanges for PJI. Smaller
amounts of antimicrobials per 40 g of PMMA are used, typically
0.5 to 1 g of antimicrobials for primary arthroplasty implantation
or aseptic revision and 1 to 2 g of antimicrobials for reimplanta-
tion following arthroplasty exchange for PJI (409). Commercially
available products in the United States contain 0.5 to 1 g of anti-
microbial per 40 g of PMMA. The decreased mechanical strength
when larger amounts of antimicrobials are used (463) is not suit-
able for long-lasting prosthesis fixation.

In some countries, #90% of cemented primary arthroplasties
are secured by using antimicrobial-loaded PMMA (6), despite a
lack of high-level evidence to support the effectiveness of this
practice. A meta-analysis of six nonrandomized studies found a
nearly 50% reduction in deep infection among #20,000 primary
or aseptic hip revision surgeries with this practice (464). However,
some of the included studies did not use systemic perioperative
antimicrobial prophylaxis (465). Two small, randomized modern
studies using systemic antimicrobial prophylaxis found a decrease
in deep infection in diabetics (466) and low-risk nondiabetics
(467) undergoing primary knee arthroplasty with 2 g of cefu-
roxime in 40 g of PMMA. However, the rate of infection in the
control arms was high in both studies, 13.5% in the diabetics and
3.1% in the nondiabetics, limiting the generalizability of these
results to populations with lower rates of infection. A larger study
that randomized 2,948 patients undergoing primary knee arthro-
plasty to receive erythromycin- and colistin-loaded PMMA or
plain PMMA found no difference in the deep infection rates at 1
year (47). As acknowledged by the authors of that study, these
results cannot be generalized to other, more frequently used anti-
microbials. Until further data are available, the use of antimicro-
bial-loaded PMMA for primary prophylaxis for PJI will remain
controversial (468).

Antimicrobial-loaded PMMA is used for prosthesis reimplan-
tation in the majority of patients undergoing one-stage (93, 173,
385, 386, 388) or two-stage (128, 407, 417) arthroplasty ex-
changes. The data to support this practice are largely retrospective
(419). There does not appear to be a lower risk of reinfection when
an uncemented revision is performed for PJI (362).

Antimicrobial Prophylaxis Prior to Dental Procedures
For a number of years, the orthopedic surgery and dental commu-
nities recommended antimicrobial prophylaxis prior to dental
procedures for some patients with in situ joint arthroplasties
(469). This was based on anecdotal data (189, 190, 195, 196),
cohort studies with small numbers of PJIs (190, 470), and extrap-
olation from clinical practice with endocarditis. More recent evi-
dence from rigorous case-control studies suggests that there is no
increased risk of PJI following either low- or high-risk dental pro-
cedures (24, 471). Furthermore, antimicrobial prophylaxis given
before dental procedures does not decrease the risk of subsequent
PJI (24). A finding that deserves special emphasis with patients is
that there was a trend toward a lower risk of PJI in patients with
good oral hygiene. These data have led the American Dental As-
sociation and the American Academy of Orthopedic Surgery to
recommend that providers “consider changing the long-standing
practice of routinely prescribing prophylactic antibiotic for pa-
tients with orthopedic implants who undergo dental procedures”
(472). The available evidence does not support antimicrobial pro-
phylaxis prior to dental procedures. Patients should instead be
encouraged to maintain optimal oral hygiene through routine
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preventative dental visits rather than fear infection as a result of
dental visits.

Antimicrobial prophylaxis is also not indicated for prevention
of PJI in patients undergoing urologic or endoscopic gastrointes-
tinal procedures. A recent case-control study found, however, that
upper endoscopy with biopsy was associated with a 4-fold increase
in subsequent PJI, even after multivariate adjustment for other
risk factors (164). Other endoscopic procedures were not associ-
ated with an increased risk. This highlights the heterogenous na-
ture of these procedures and suggests that the approach to pro-
phylaxis needs to be individualized to each patient.

CONCLUSIONS AND A VIEW TO THE FUTURE
Joint arthroplasties are life-enhancing for millions of people
around the world. The diagnosis and management of infections
involving these devices require a specific approach, as summa-
rized in this review. Several organizations have proposed classifi-
cation schemes for PJI; it is anticipated that in the years to come,
these will be refined based on emerging data. Significant advances
have been made in defining the ideal approach to the diagnosis of
PJI, and there are now PJI-specific diagnostic methods. Further
improved diagnostics for PJI are anticipated over the years to
come, and the pathogenesis of what is today referred to as “cul-
ture-negative PJI” will, hopefully, be better defined. Although
large, high-quality, multi-institutional studies using a common
language will ideally be necessary to more accurately identify the
optimal approaches to treatment, the use of treatment algorithms
available today yields overall acceptable success rates. Given the
increasing numbers of individuals who will undergo joint replace-
ment surgery in the years to come, laboratorians and clinicians
should anticipate increasing numbers of PJIs. A great deal is now
known about the epidemiology of PJI; future studies should use
this knowledge to prospectively identify patients at high risk for
infection with a view to its prevention. Finally, advances in the
prevention of PJI will be needed to impact the anticipated in-
creased number of PJI cases over the years to come.
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