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Total joint arthroplasty is a successful joint replacement treatment that improves joint function and overall quality of
life and provides pain relief. However, the prevalence of periprosthetic joint infection (PJI) has become prevalent with
the rise in the incidence of arthroplasty surgery. PJI occurs rarely following arthroplasty however presents with serious
complications, including high morbidity. The identification of causative microorganisms is essential for the treatment of
PJI. Managing PJI requires complex treatment strategies, including long-term antibacterial treatment, and significant
medical costs can be incurred. The American Academy of Orthopedic Surgeons, the Centers for Disease Control and
Prevention, and Surgical Care Improvement Project guidelines recommend that prophylactic antibiotics such as first-
generation cephalosporins be infused completely 1 hour before surgical incision. However, these preventative antibiotics
are very limited, therefore risk factors must be identified to diagnosis and treat patients effectively. Moreover, determining
antimicrobial susceptibility during artificial joint surgery and choosing the most appropriate treatment strategy following
an accurate diagnosis of microbial infections are essential. In the present review, we describe the management, including
the etiology, diagnosis, and classification of PJI, and approaches to its diagnosis using the available novel molecular

diagnostic methods.
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INTRODUCTION
Definition of periprosthetic joint infection

Periprosthetic joint infection (PJI) is a terrible complication
after total joint arthroplasty. It occurs in 0.8% to 1.9% of
knee arthroplasties and 0.3% to 1.7% of hip arthroplasties

(Frisch et al., 2017). PJI has a negative influence on joint
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function as it reduces quality of life and is associated with
increased morbidity and mortality (Watanabe et al., 2021).
In 2011, the Society for Musculoskeletal Infections and the
Society for Infectious Diseases developed standardized
criteria to define PJI. However, in 2018, a new definition
was introduced for diagnostic purposes to address the limita-
tions of the previous version (Parvizi et al., 2018). Although

there is no universal definition of PJI, diagnostic accuracy
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Table 1. 2018 Evidence-based stepwise algorithm for diagnosis of PJI

Score Decision
Major criteria (at least one of the following)
Two positive cultures of the same organism
. . . o . . . Infected
Sinus tract with evidence of communication to the joint or visualization of the prosthesis
Minor criteria (preoperative)
Elevated CRP or D-dimer (serum) 2
Elevated ESR (serum) 1 >6 Infected
Elevated synovial WBC count or LE (synovial) 3 o
B ] ) 2~5 Possibly infected
Positive alpha-defensin (synovial) 3
Elevated synovial PMN (%) (synovial) 2 0~1 Not infected
Elevated synovial CRP (synovial) 1
Intraoperative diagnosis
Preoperative score - >6 Infected
Positive histology 3 .
B 4~5 Inconclusive
Positive purulence 3
Single positive culture 2 <3 Not infected

Data from the article of Parvizi et al. (J Arthroplasty. 2018. 33: 1309-1314.e2)
PJI: periprosthetic joint infection, CRP: C-reactive protein, ESR: erythrocyte sedimentation rate, WBC: white blood cell, LE: leukocyte

esterase, PMN: polymorphonuclear

and collaborative research have improved with the intro-

duction of the new criteria (Table 1).
Classification of periprosthetic joint infection

The classification of PJI is based on the time since the
primary onset of symptoms. In order to identify PJI, one or
more of the following criteria must be observed:

1. Growth of the same microorganism in two or more

cultures obtained via joint aspiration or during surgery

2. Inflammation and/or open wounds at the implant site

3. Granulocytes in the tissue surrounding the implant site

4. Joint effusion, prosthetic loosening, and/or the presence

of a sinus tract connection to the device

Microorganisms associated with periprosthetic joint

infection

A wide range of pathogens can cause PJI, including
aerobic and anaerobic bacteria and fungi (Peel et al., 2012;
Tande and Patel, 2014). Microorganisms that cause PJI are
divided into monomicrobial and polymicrobial species, and
their distribution is different. Monomicrobial PJlIs are pri-

marily caused by Staphylococcus epidermidis and S. aureus

.

followed by Streptococcus species, Gram-negative bacilli,
Enterococcus species, non-epidermidis coagulase-negative
Staphylococci (CoNS), Corynebacterium species, Granuli-
catella adiacens, and anaerobic Gram-positive bacteria,
among others. Polymicrobial PJIs have a different species
distribution compared to monomicrobial microorganisms
(Table 2) (Flurin et al., 2019). The initial infection is predom-
inantly caused by Staphylococci or Gram-negative bacillus.
Low-virulence infections are characterized by subtle or
absent symptoms. The most common type of infection is
caused by microorganisms with low toxicity such as S.
aureus, CoONS, and Streptococci. Late infection is caused
by hematoma dissemination and characterized by a sudden

increase in local joint pain due to inflammation.
Diagnosis of periprosthetic joint infection

Informations on the site for diagnose of PJI from the
included diagnosis-related meta-analysis methods were
found in papers (AlBuhairan et al., 2008). Histopathological
examinations, molecular diagnostic methods, sonication of
removed implants, alpha defensing, synovial fluid analysis,

and imaging studies from different samples have been



Table 2. Pathogens isolated from the hip and knee PJIs, sorted by monomicrobial and polymicrobial infection cases

Microorganism Monomicrobial infection Polymicrobial infection P value
Staphylococcus epidermidis 97 (35%) 19 (59%) 0.007
Staphylococcus aureus 58 (21%) 7 (22%) 0.9
Other coagulase-negative Staphylococci (CoNS) 17 (6%) 8 (25%) 0.0002
Enterococcus sp. 16 (6%) 9 (28%) <0.0001
Corynebacterium sp. 8 (3%) 5 (16%) 0.0007
Gram-negative bacilli 21 (8%) 3 (9%) 0.7
Streptococcus sp. 31 (11%) 2 (6%) 1
Granulicatella adiacens 6 (2%) 0(0%) -
Finegoldia magna 4 (1%) 6 (19%) <0.0001
Cutibacterium acnes 9 (3%) 3 (9%) 0.1
Others 11 (4%) 4 (12%) -

proposed for the most accurate diagnosis of PJI (Trampuz,
2003). Among the most frequently used diagnostic methods
are synovial fluid analysis (Balato et al., 2020), imaging
(Aggarwal et al., 2016), and the histological examination
of periprosthetic tissue cultures (Guilera et al., 2012).

1. Molecular diagnostic methods

An emerging PJI diagnostic approach is the molecular
diagnostic method, which uses polymerase chain reaction
(PCR) technology. Non-culturable PJI can be diagnosed and,
theoretically, tested rapidly using the PCR technique. PCR
analysis can be divided into two types, namely, a specific
PCR and a broad-range PCR. In particular, a specific quanti-
tative PCR (qPCR) assay can be used to perform a diagnostic
test and identify a target using PCR primer pairs designed
for laboratory and commercial use. These targets may include
a single bacterial species (e.g., S. aureus), a group of closely
related species (e.g., all staphylococcal species), or common
resistance genes (e.g. the mecA gene for methicillin-resistant
S. aureus) (Tarkin et al., 2003; Hartley and Harris, 2014,
Lourtet-Hascoétt et al., 2015). On the other hand, broad-
range PCR assays targeting the 16S rRNA gene sequence
are also an option. When the 16S rRNA gene is used, it is not
possible to detect specific bacteria, therefore an additional
analysis is required to identify specific bacteria. Additional
diagnostic methods include cloning PCR amplicons and

sequence analysis using next-generation sequencing (NGS)

techniques (Cazanave et al., 2013).

PJI can also be diagnosed through cultures following the
sonication of removed implants and periprosthetic tissues.
In this method, bacterial biofilm samples present on, for
example, the surfaces of implants in the hip, knee, or shoul-
der areas are used. In contrast, a standard specimen of peri-
prosthetic tissue cultured during surgery cannot be used to
sample the surface of the prosthesis where microorganisms
attach and form a biofilm (Trampuz et al., 2006). Notably,
sonication analysis using single specimens of a prosthesis
is more sensitive to PJI diagnosis than periprosthetic tissue
analysis, which requires multiple specimens (Piper et al.,
2009; Gandhi et al., 2017). The sensitivity of sonication fluid
cultures is 75% versus 54% for periprosthetic tissue, with
specificities of 87% and 98%, respectively (Trampuz et al.,
2006). A 2020 study demonstrated that sonication of
removed implants provided better microbial identification
in the diagnosis of PJI than conventional tissue cultures
(Trampuz et al., 2006). Importantly, the sensitivity for PJI
diagnosis was highest when both the sonication fluid cultures

and periprosthetic tissue cultures were used together.

2. Biomarker

2-1. Serum biomarkers and erythrocyte sedimentation
rate (ESR) and C-reactive protein (CRP)

An ideal biomarker for rapid diagnosis of PJI should be

-3-



reliable and reproducible in a variety of environments.
Although serological test results can improve diagnostic
accuracy, there are difficulties in drawing final conclusions
from a simply diagnostic method throughout the literature.
Currently, it is impossible to early diagnose PJI with the
level of WBC, ESR, CRP, and PCT, which are inflammatory
markers (Dodson et al., 2010; Piper et al., 2010; Perez-
Prieto et al., 2017). The sensitivity of synovial culture is
still 45% to 75% and the specificity is 95%, making it a
useful specimen for diagnosing PJI however synovial fluid
should be taken by invasive sample collection procedure
and it also could cause additional infection (Trampuz et al.,
2004; Tande and Patel, 2014). It has the other limitation
that it takes a long time for recovering pathogens that cause
PJI by culturing, especially it takes about 14 days to have a
final results and it could not detect some pathogen such as

Cutibacterium species (Hughes et al., 2001).
2-2 Alpha-defensin test

The alpha-defensin (a-defensin) test is one of the new
biomarkers for synovial fluid samples and can reportedly
diagnose PJI more accurately (Deirmengian et al., 2015).
Defensins are endogenous antimicrobial peptides released by
polynuclear leukocytes in response to pathogens in synovial
fluid. The o-defensin test can therefore be a suitable test
method for diagnosing PJI caused by various organisms
(Bingham et al., 2014; Deirmengian et al., 2014). In addition,
the a-defensin test has shown consistent results for PJI diag-
noses regardless of whether the type of organism is Gram-
positive or Gram-negative bacteria, yeast, oral bacteria and
virulent or less virulent organisms (Deirmengian et al.,
2015).

2-3 Diagnosis using synovial fluid

Pathogen isolation can be achieved by inoculating synovial
fluid into blood culture bottles and then culturing. Using
this method, the appropriate antimicrobial treatment can be
determined. Conventional inoculations were previously per-
formed using agar and/or broth methods; however, inocu-
lation into both aerobic and anaerobic blood culture bottles
has since been used to accurately diagnose PJI (Hughes et

al., 2001). Notwithstanding, synovial fluid samples have

4.

been found to be more positive in acute PJI than in chronic
PJI (Font-Vizcarra et al., 2010).

3. Imaging techniques

In general, imaging techniques are not included among
the various methods defined in the diagnostic guidelines
for PJI (Diaz-Ledezma et al., 2015). Current approaches for
patients with suspected PJI consist primarily of clinical and
laboratory testing in addition to imaging studies. The clinical
and laboratory tests include sampling by biopsy and joint
aspiration, while the imaging techniques include radioactive
material and nuclear medicine tests (Signore et al., 2019). The
imaging techniques include X-rays and magnetic resonance
imaging (MRI), among others. X-ray techniques are cur-
rently used as a general examination method for identifying
patients with suspected PJI, while MRI and nuclear imaging
techniques are more differentiated examination methods
and can specifically identify PJI. Accordingly, although there
are many imaging techniques for diagnosing PJI, MRI is
considered a potential diagnostic method that can confirm

the accuracy of a PJI diagnosis (Romano et al., 2020).

4. Histological examination

Histological examinations are conducted by collecting a
tissue samples from around the prosthesis that may have
become infected during surgery (Shah et al., 2016). The
examination criteria are based on the presence of neutrophil
infiltration. The development of acute inflammation with
neutrophil infiltration is strongly suggestive of PJI, and the
number of neutrophils per high-power field (HPF), which
is closely related to infection, varies from one to more than
five neutrophils per HPF (Bémer et al., 2018).

5. Antibiotic treatment

Twelve weeks of antibiotic treatment is recommended
for all surgical procedures. An effective antibiotic treatment
for implant-related infections caused by Staphylococci and
Propionibacterium sp. is rifampin, and ciprofloxacin, which
has biofilm activity against Gram-negative bacteria, is also
used. Table 3 summarizes the recommended antibiotic treat-

ment targeting other microorganisms (Li et al., 2018).



Table 3. Antimicrobial treatment

Microorganisms Antibiotics (dose)

Microorganisms

Antibiotics (dose)

Staphylococcus sp.

Gram-negative bacteria

Cefazolin(3%2 g, i.v.) +
Rifampin, (2°<450 mg, p.o.),
Duration 2 week

Oxacillin-/
methicillin-susceptible

Vancomyein (21 g, i.v.))" +
Rifampin (2X450 mg. p.o.),
Duration 2 week

Oxacillin-/
methicillin-resistant

Vancomycin (21 g, i.v.),

Rifampicin-resistant Duration 2 week

Enterobacteriaceae
(Escherichia coli, Klebsiella,
Enterobacter, etc.)

Nonfermenters
(Pseudomonas aeruginosa,
Acinetobacter sp.)

Ciprofloxacin-resistant®

Ciprofloxacin (2>X750 mg, p.o.)

Piperacillin/tazobactam (3><4.5
g, 1.v.) or Meropenem (31 g,
i.v.) or Ceftazidim (32 g, i.v.) +
Gentamicin (1240 mg, i.v.),
Duration 2~3 week

Depending on susceptibility:
meropenem (3X1 g), colistin
(3°<3 million U) and/or
fosfomycin (3<5 g), i.v.

Penicillin G (45 million U,
1.v.) or Cefiriaxon (12 g, 1.v.),
Duration 2 week

Streptococcus sp.

Anaerobes

Enterococcus sp.

Ampicillin (4X2 g, i.v) +
Gentamicin (260~80 mg, i.v.)¥,
Duration 2~3 week

Penicillin-susceptible

Gram-positive anaerobes
(Propionibacterium,
Peptostreptococcus,
Finegoldia magna)

Gram-negative anaerobes
(Bacteroides sp.)

Penicillin G (4><5 million U,
i.v.)" or Ceftriaxon (1X2 g, i.v.)
+ Rifampin (2>X450 mg, p.o.),
Duration 2 week

Clindamycin (3600 mg, i.v.),
Duration 2 week

Vancomycin (21 g, i.v.)" or +

Candida sp.

Gentamicin (2X60~80 mg, i.v.)},
Duration 2~4 week

Penicillin-resistant®

Fluconazole-susceptible®

Caspofungin (1<X50 mg, 1st day:
70 mg; i.v.), Duration 2 week

Total treatment duration: usually 2 weeks intravenously followed by oral administration
Dose-adjustment according to renal function and body weight (<40 kg or > 100 kg)

1.v.: intravenously; p.o.: per oral

Rifampin is administered only after the new prosthesis is implanted, wounds are dried and drains are removed; in patients aged >75 years,

the rifampicin dose reduced to 2><300 mg, p.o.

“In case of anaphylaxis (such as Quincke's edema, bronchospasm, anaphylactic shock) or cephalosporin allergy: vancomycin (21 g, i.v.)
Check vancomycin trough concentration (take blood before next dose) at least 1 time per week; therapeutic range, 15~20 pg/mL
iGive only, if gentamicin high-level (HL) is tested susceptible. In gentamicin HL-resistant enterococci: gentamicin is exchanged with

ceftriaxone (12 g, i.v.)

DISCUSSION AND CONCLUSION

A preoperative diagnosis of PJI is important when con-
sidering treatment outcomes. However, a definitive diag-
nostic method to identify the causative microorganisms or
the optimal treatment strategy for PJI have not been clearly
described in clinical studies.

Commercially available methods for diagnosis of PJI are
the ELISA test targeting alpha defensin and Elastase enzyme
released by neutrophil, the PCR test using universal 16S
rRNA gene and pathogen-specific PCRs, and microbio-

logical culture methods (Table 4). The diagnosis and proper
management of PJI are challenging, and it is unclear which
biomarker is the best for diagnosing PJI. Most PJI cases that
have developed within the first year after surgery and they
begin with a microbial infection at the time of surgery. These
infections could be also occurred through direct contact with
tissues surrounding the prosthesis or implant, or through
aerosol contamination.

According to a recent report, main causative agents of
PII are S. epidermidis and S. aureus, followed by Strepto-

coccus species, Gram-negative bacilli, Enterococcus species,



Table 4. Commercially available methods for diagnosis of PJI

. Diagnostic
Manufacturer Target Specimen methods

ZIMMER BIOMET Alpha defensin Synovial fluid ELISA test
ZIMMER BIOMET Elastase enzyme released by neutrophil Synovial fluid ELISA test

Microbial antigen (Staphylococcus sp., Candida sp., Bead-based
ZIMMER BIOMET Enterococcus sp. and Cutibacterium acnes (called P. acnes) Synovial fluid © 5¢

! . . method

in the synovial fluid

Crystal analysis- CPPD (calcium pyrophosphate dehydrate) . . Microscopic
ZIMMER BIOMET and/or MSU (monosodium urate) crystals. Synovial fluid observation
Thermo-Fisher Universal 16S rRNA gene and pathogen-specific PCRs Synovial fluid PCR assays
Calprest NG Calprotectin Synovial fluid ELISA test
Laboratory manual CoNS and Candida sp. Synovial fluid xig:::lomgl cal

non-epidermidis CoNS, Corynebacterium species, Granuli-
catella adiacens, and anaerobic Gram-positive bacteria,
including C. acnes, Finegoldia magna, and others (Flurin
et al., 2019). It is expected that the rapid identification of
these bacteria will reduce the incidence of PJI. According
to molecular diagnostic assays should be developed as novel
diagnostic approaches for more sensitive, specific, and
accurate diagnosis of PJI. Molecular diagnostic assay is a
highly sensitive and specific technology, and it could provide
bacterial and fungal species identification results and molec-
ular antimicrobial susceptibility test results such as methicillin
and vancomycin resistance. Therefore, it is considered that
it will be possible to reduce the abuse of antibiotics by
diagnosing the pathogenic bacteria causing PJI at an early
stage if the high cost of causing false-positive results and
susceptibility to contamination are overcome. In this review,
further research is needed to early and accurately bacterial
identification in synovial fluid using molecular diagnostics.
Therefore, it is necessary to develop in molecular diagnostics.
Currently, after PJI has occurred, clinical samples are col-
lected, causative pathogens of PJI are cultured to diagnose,
and various antibiotics are being treated to prevent infection.
Before PJI occurs, however, it is considered a very effective
infection prevention method. If the causative agent of PJI can
be diagnosed at an early stage using molecular diagnostics,
early treatment through appropriate antibiotic treatment. This
review covers molecular diagnostic tests for the diagnosis

of PJI, several reports including immunodiagnostic assays,

and effective infection prevention methods.

Further studies are therefore required to determine the
standard diagnostic methods for identifying pathogens and
their antibiotic resistance, and novel serum and synovial
biomarkers, with a particular focus on molecular, protein,
and metabolite biomarkers that can play an important role

in PJI screening and treatment strategies.
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