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Enhancing Diagnostics in Orthopedic Infections
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ABSTRACT Accurate diagnosis of orthopedic infection is crucial in guiding both
antimicrobial therapy and surgical management in order to optimize patient out-
comes. A variety of microbiological and nonmicrobiological methods are used to es-
tablish the presence of a musculoskeletal infection. In this minireview, we examine
traditional culture-based and newer molecular methodologies for pathogen detec-
tion, as well as systemic and localized assays to assess host response to maximize
diagnostic yield.
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he clinical spectrum of orthopedic infection is broad, and enhancing diagnostics is

crucial to ensure accurate diagnosis, treatment, and improved outcomes. Prompt
recognition of the clinical syndrome with appropriate diagnostic sampling and treat-
ment with antimicrobial therapy are cornerstones of management. Obtaining repre-
sentative samples can be challenging and often requires invasive sampling. Host fac-
tors such as comorbid inflammatory conditions and immunosuppressive medications
make recognizing and detecting infection more difficult. The central tenets of diagnos-
tics in orthopedic infection revolve around two core principles: detection of the patho-
gen and detection of the host inflammatory response (Fig. 1). In general, accurate diag-
nosis hinges upon a patient-centric combination of these approaches.

PATHOGEN DETECTION

Optimizing culture-based techniques. Optimal sampling is crucial in the diagno-
sis of bone and joint infections. Peripheral blood cultures are an important diagnostic
tool, but confirming a diagnosis of orthopedic infection generally requires synovial
fluid, bone, or periprosthetic tissue sampling. The goal is to obtain samples in a way
which minimizes contamination by skin flora. Samples should be taken using strict
aseptic technique and avoid passage of the needle through sinus or fistula tracts,
which may lead to contamination. In the case of prosthetic joint infections (PJI), multi-
ple periprosthetic samples should be obtained using separate sterile instruments to
avoid cross contamination. Larsen et al. (1) outlined an “all in a box” approach as a
logistical tool to improve sampling process where the necessary surgical implements,
transport vials, and labels necessary are organized in a kit to standardize sampling
processes. Use of swabs for culture specimens is unhelpful in diagnosis of orthopedic
infection, as the sensitivity is lower than that of tissue samples (2) and microbiologic
concordance of superficial swabs with deeper samples is poor (3). Sensitivity of Gram
stain for pathogen detection in orthopedic samples is low (4). Fungal and mycobacte-
rial cultures should be done on orthopedic samples in select cases based on clinical
suspicion and are not necessary as a routine practice (5). Presampling antibiotic ther-
apy reduced yield of culture specimens and is the most important risk factor for cul-
ture-negative infection (6). Whenever possible, systemic antibiotics should be withheld
for at least 2 weeks prior to culture ascertainment.
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FIG 1 Principles of diagnostics in orthopedic infections.

Distinguishing contaminants from true pathogens is particularly challenging with PJI
where common commensal organisms can also be implicated in infection. Identification of
these organisms in multiple separately obtained samples may help to distinguish patho-
gen from contaminant. In their prospective study to evaluate the optimum number of
samples required to diagnose PJI, Atkins et al. (7) used histology of samples from patients
undergoing revision surgery as a reference standard for infection diagnosis. Mathematical
modeling determined that obtaining 5 to 6 surgical specimens for culture was necessary
to obtain acceptable sensitivity and specificity. More recent studies (8, 9) utilized clinical
rather than histopathological criteria as well as inoculation of tissue samples into blood cul-
ture bottles. While five tissue samples had the highest sensitivity in the study by Peel et al.
(8), this was at the cost of specificity. Using Bayesian latent class modeling, they demon-
strated the greatest accuracy for PJI diagnosis when three periprosthetic tissue specimens
were obtained and inoculated into blood culture bottles. Bémer et al. (9) concluded that
four samples instead of five had no impact on the clinical effectiveness of the microbiologi-
cal diagnosis for PJI. Current Infectious Diseases Society of America (IDSA) guidelines for PJI
recommend obtaining at least three and optimally five or six periprosthetic samples (10).

Inoculation of synovial fluid samples into blood culture bottles instead of agar has
been demonstrated in multiple studies to increase yield (11, 12). Given that the micro-
bial load in synovial fluid may be low, it is possible to inoculate larger amounts of fluid
into blood culture bottles. Lytic agents contained in blood culture bottles may allow
for detection of phagocytized bacteria, and the dilutional effect of placing the sample
in a liquid medium may reduce inhibitory effects (12). Inoculation of periprosthetic tis-
sue samples (13) into blood culture bottles has also been shown to increase yield.

Duration of bacterial culture incubation is of particular interest in PJI where slow-
growing organisms such as Cutibacterium acnes may be implicated. A study of peri-
prosthetic samples at revision arthroplasty in 2008 found that a substantial proportion
of patients (26.4%) were classified as being infected when the period of culture was
14 days but would not have been classified as such had the duration of culture been
only 7 days (14). A more recent retrospective study (15) found that an incubation pe-
riod of 7 days was sufficient to identify 56 of 58 cases (96.6%). However, there was a
small number of upper limb revision arthroplasties included in this cohort, and C. acnes
was the causative agent in only 3 of the 58 cases. A study from Jeverica et al. (16)
looked specifically at C. acnes isolates (n = 99) from orthopedic samples and compared
anerobic blood culture bottle inoculation (using Bactec, Lytic/10 Anaerobic/F, Plus
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FIG 2 Process of implant sonication.

Anaerobic/F and BacT/Alert) with culture utilizing conventional media (thioglycolate
broth, Schaedler agar, and chocolate agar). They found that anaerobic Schaedler agar
and thioglycolate broth detect C. acnes faster and more reliably than automated blood
culture systems. Thus, optimal culture methods for periprosthetic joint samples likely
require a multimodal approach.

The role of biofilm in orthopedic implant-related infections can make obtaining rep-
resentative samples challenging. Biofilms are intricate communities of microorganisms
encased within an extracellular matrix which attach to foreign surfaces or, in relation
to orthopedic infection, implants (17). Within biofilms, bacteria can evade the host
immune response and are relatively protected from standard antibiotic therapy.
Biofilm also complicates the diagnosis of infection, as the involved pathogens are con-
centrated within the biofilm on the surface of the prosthesis and can elude detection
by culture of periprosthetic tissue or synovial fluid. Disrupting the bacteria within bio-
film from the surface and thus enabling detection and enhancing sensitivity of diag-
nostic techniques is the premise underlying sonication.

Tunney et al. described use of this technique in 1998 (18) to disrupt adherent biofilms
from explanted prostheses. This technique was subsequently modified with an additional
vortexing step as well as utilization of polypropylene containers and evaluated as a diag-
nostic tool in a prospective trial of 331 patients (19). They demonstrated a sensitivity higher
than that of tissue culture (79% versus 61%, respectively) with retained specificity (99%).
Sonication-vortexing (Fig. 2) as a diagnostic tool has been evaluated in multiple domains
of prosthetic joint infection, as well as other orthopedic implant-associated infections. The
majority of published literature reports increased sensitivity with use of sonication in PJI. In
their prospective study, Dudareva and colleagues (20) found tissue culture to have a sensi-
tivity higher than that of sonication fluid (69% versus 56%, respectively), although com-
bined sensitivity of both techniques was higher than that of either alone. Notably, this
study defined a positive sonicate fluid culture as =50 CFU per milliliter (CFU/mL), and with
a reduced threshold of 10 CFU/mL, the sensitivities of tissue and sonication fluid culture
were 77% (71 to 82) and 72% (66 to 77), respectively (P = 0.063). The threshold for positiv-
ity used affects both the sensitivity and specificity of sonication fluid culture. A 2014 meta-
analysis of 12 studies (21) found that compared with 1, 20, or 50 CFU, a threshold of 5 CFU
for diagnosing PJI had the highest sensitivity at 82% (76 to 87) and the highest specificity
at 99% (98 to 100).

Identification of organisms detected by culture-based techniques has been trans-
formed by the advent of MALDI-TOF (matrix-assisted laser desorption/ionization time-of-
flight) mass spectrometry (MS). Utilizing proteomics for identification of microorganisms
allows for rapid identification and has replaced more time- and cost-intensive traditional
biochemical assays. Prompt pathogen identification is an important tool of antimicrobial
stewardship to ensure antimicrobials are appropriate and minimize duration of empirical
rather than pathogen-directed therapy. A recent study by Kuo et al. (22) looked at use of
MALDI-TOF MS directly on synovial fluid inoculated in blood culture bottles, an approach
which circumvents the need for subculture of specimens prior to identification.
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Comparing direct and routine MALDI-TOF MS on synovial fluid samples in this study, the
direct approach had a faster turnaround time but a lower pathogen identification rate
than a standard approach. Direct MALDI-TOF MS identified 85.3% of Gram-positive
organisms and 92.3% of Gram-negative organisms compared with standard approach.
The lower performance with regard to detection of Gram-positive organisms is particu-
larly significant in relation to orthopedic infection, where the most common causative
organisms are Gram positive.

MOLECULAR TECHNIQUES

PCR. PCR has been utilized in multiple domains of infection diagnostics. Use of PCR
in the diagnosis of bone and joint infections generally adopts one of two approaches: (i)
PCR using primers to target a single organism or a multiplex panel of common causative
organisms or (ii) broad-range 16S PCR followed by either sanger or next-generation
sequencing (NGS) to identify the causative agent of positive results. The broad-range
approach exploits primers targeting highly conserved regions of the bacterial 16S ribo-
somal subunits. These subunits also contain variable regions which differ between species,
allowing identification of bacteria (23). PCR as a diagnostic technique has multiple poten-
tial advantages. The speed of bacterial identification can allow prompt initiation of appro-
priate pathogen-directed antimicrobial agents. Given that the technique can detect both
viable and nonviable bacteria, the sensitivity should be less affected by antibiotic adminis-
tration prior to sampling. It may also detect difficult-to-culture or fastidious organisms.

One disadvantage of the multiplex versus broad-range technique is that the panel
will detect only what has been predefined by primer inclusion and, thus, will miss
more unusual causes of bone and joint infections. The utility of broad-range PCR with
sanger sequencing is lower for polymicrobial infections than that with standard culture
or NGS techniques, as presence of multiple organisms results in overlapping reads
which are difficult to interpret (24). The role of pathogen-specific PCR depends on the
clinical context. Kingella kingae is an important pathogen in pediatric osteoarticular
infection, and K. kingae-specific PCR has been demonstrated to have a higher yield in
detecting this organism higher than 16S PCR (25). Different PCR techniques have been
studied in synovial, tissue, and periprosthetic/sonicate samples with various results. A
study by Cazanave et al. (26) designed a PCR panel targeting PJI pathogens and
applied it to sonicate fluid samples from hip or knee at revision or resection arthroplas-
ties. Defining positive tissue cultures as those with growth in two or more samples,
sonicate fluid PCR was more sensitive than tissue culture and, in the patient cohort
who received antibiotics within 14 days of surgery, was also more sensitive than soni-
cate fluid culture. However, further study of this multiplex assay on tissue samples (27)
demonstrated that the sensitivity of PCR on tissue (16%) was much lower than that of
tissue culture (69%), synovial fluid culture (72%), and sonicate fluid culture (77%).
There are several commercially available multiplex PCR panels which differ in the num-
ber and type of primers included. Performance of these assays varies in studies, but
they have been reported to have a sensitivity similar to (28) or even lower than (29)
that of standard culture. However, there were cases in both studies where multiplex
PCR identified organisms not detected by culture methods.

Broad-range PCR followed by Sanger sequencing has been evaluated in diagnosis
of PJI on both periprosthetic tissue (30) and sonicate fluid (31). Bémer et al. (30) found
a lower sensitivity with PCR than that with standard culture technique, with notably
poor sensitivity for polymicrobial infections with almost a quarter of polymicrobial PJls
yielding negative PCR results. Gomez et al. (31) found PCR and culture of sonicate fluid
equivalent. More recent studies have looked at 16S PCR combined with NGS. Tarabichi
et al. utilized this approach in their study of samples collected at revision and primary
arthroplasty (32). While the sensitivity profile in confirmed infection was favorable with
microbes detected by NGS in 25 of 28 infected cases, there were also microbes
detected in 9 of 36 patients undergoing revision arthroplasty who did not meet infec-
tion criteria and had negative cultures. Flurin et al. (33) assessed this technique
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retrospectively compared with standard culture of sonicate fluid from total elbow
arthroplasty. Their study found the combined approach of 16S PCR and NGS more sen-
sitive than standard culture of sonicate fluid for detection of PJI with a specificity of
98%. The higher specificity seen in this study likely relates to the quantification thresh-
old used to differentiate pathogens from background noise.

Given the significant burden of orthopedic infections and potential pitfalls of treatment
without pathogen identification, there is certainly a role for these techniques. However, fur-
ther research guiding patient selection, sampling, and interpretation of results is needed to
optimize utilization of this technique in widespread clinical practice. Considering diagnostic
stewardship in the approach to their utilization may reserve their use to situations in which
blood cultures or preoperative sampling cultures are negative or when cultures are likely
to be affected by antecedent antibiotics.

Shotgun metagenomics. Shotgun metagenomic next-generation sequencing (mNGS)
is a technique in which all nucleic acid in the sample can be detected and then sequenced to
identify all organisms present. This approach allows for agnostic pathogen detection and has
the potential to significantly enhance diagnostics. The benefits are not limited to this broad
capacity for detection of microbes; it can also provide additional information for strain identifi-
cation, surveillance data, and prediction of antimicrobial resistance (34). Metagenomic NGS
strategies may utilize either a DNA- or RNA-based approach or, indeed, both. A DNA-based
approach will detect the presence of all organisms other than RNA viruses which require an
RNA-based approach. Incorporating an RNA-based approach also allows determination of
which organisms are transcriptionally active (35).

Several studies have looked at utilization of this approach in relation to orthopedic
infection analyzing either synovial fluid or sonication fluid. Street et al. (36) compared
metagenomic sequencing with standard culture in 97 sonicate fluid samples from pros-
thetic joints or other orthopedic devices and reported a species level sensitivity of 88%
(61/69) and specificity of 88% (85/97). Thoendel et al. (37) identified known pathogens in
94.8% (109/115) of culture-positive Plls, and new potential pathogens were detected in
43.9% (43/98) of culture-negative PJls. These findings highlight the potential benefit of
this tool in “culture-negative” infections, where traditional culture methods fall short due
to either the fastidious nature of the organism or prior use of antibiotics.

In relation to PJI, preoperative synovial fluid analysis is an important evaluation tool
for defining a management strategy. A meta-analysis (38) evaluated preoperative aspi-
ration culture for diagnosing PJI and found a pooled sensitivity of 72% (95% confi-
dence interval, 65% to 78%). lvy et al. (39) evaluated metagenomic shotgun sequenc-
ing as a technique to detect and identify pathogens in synovial fluid. Techniques to
enhance preoperative diagnostic yield could significantly affect patient care. A total of
168 synovial samples were analyzed from total knee arthroplasties which had been
classified as culture-positive PJI, culture-negative PJI, or aseptic failure. Of the 25 syno-
vial fluid culture-negative PJIs, mMNGS detected pathogens in 4 cases, but in 2 of these
cases the organisms were subsequently found with culture of specimens other than sy-
novial fluid. It has been hypothesized that occult infection may play a role in aseptic
failures. Of 61 aseptic failure samples, there was 91% correlation with negative culture
result, but in four cases additional organisms were detected: Staphylococcus aureus,
two Acinetobacter spp., and Dolosigranulum pigrum. While all have previously been
implicated in PJI, Acinetobacter spp. and D. pigrum are also known potential contami-
nants. Sequencing failed to detect the pathogen in 14 of 82 culture-positive PJI classi-
fied samples. In five of these missed identifications, the known pathogen was present
in the metagenomic analysis but failed to meet the defined threshold. This highlights a
major challenge of this technique, as lowering thresholds for these reads may result in
increased sensitivity but at the cost of lower specificity. The overall sensitivity of mMNGS
in this study was lower than that of standard culture methods. It did yield additional infor-
mation in the culture-negative PJI and aseptic failures but only in small numbers. This is an
important consideration given that the method had a reported cost in the study of several
hundred dollars per specimen as well as complex associated methodology.
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Metagenomic next-generation sequencing has also been evaluated as a diagnostic
tool for bone and joint infection in the pediatric population, an area of significant im-
portance for enhancing diagnostics, given the relative frequency of bone and joint
infections and the challenges with invasive sampling. In their single site study of 42 op-
erative culture samples, Ramchandar et al. (40) found that the overall performance of
mNGS was similar to that of usual care testing, with mNGS identifying a pathogen in
26 cases (61.9%) and usual care identifying a pathogen in 24 cases (57.1%). There were
4 cases in which mNGS identified a pathogen (2 cases of Neisseria gonorrhoeae arthritis,
1 case of Brevundimonas vesicularis osteomyelitis, and 1 case of Kingella kingae osteo-
myelitis) where usual care testing (culture and PCR) was negative. There were two
cases in which standard diagnostics identified a pathogen (one case of Borrelia burg-
dorferi detected by PCR and one case of S. aureus detected by tissue culture) where
mNGS did not. However, the authors cite that failed detection of S. aureus may have
been related to sampling error. While the mNGS did identify a pathogen in a small
number of cases that would not otherwise have been detected, this did not translate
to a change in clinical management as the empirical antibiotic regimen provided
appropriate coverage.

While several studies have highlighted how this tool could be utilized to augment our
diagnostic approach, there are some drawbacks to overcome prior to widespread utiliza-
tion. With a shotgun sequencing approach, the vast majority of nucleic acid in the sample
will be human host derived, making pathogen detection difficult (34). Refinement of proc-
esses for microbial enrichment and DNA isolation is crucial to its diagnostic use. The tech-
nique is also susceptible to bacterial contamination at multiple steps during its processing.
Interpretation of such results is difficult, as many contaminating organisms are also poten-
tial pathogens in the context of PJls. Additionally, interpretation of mNGS reads requires
bioinformatic pipelines which are also limited by completeness of reference databases.
Widespread use of this technique is currently limited by its cost and the complex lab and
bioinformatic workflows it requires. In terms of diagnostic stewardship, optimal patient
selection, methodology, and interpretation of results, mMNGS remains to be fully elucidated
to allow the technique to be used in a cost-effective manner which positively affects
patient care.

DETECTION OF HOST RESPONSE

Serum biomarkers. Serum inflammatory markers such as erythrocyte sedimenta-
tion rate (ESR) and C-reactive protein (CRP) are relatively inexpensive and readily avail-
able. However, they lack the specificity of an ideal diagnostic test, as they may be ele-
vated in many systemic illnesses, inflammatory conditions, malignancy, or postsurgical
intervention. A normal value does not entirely preclude infection (41), particularly
when considering PJI, where the pathogen may be a more indolent organism. This ret-
rospective study from Mayo Clinic reviewed 538 total knee arthroplasties and 414 total
hip arthroplasties undergoing surgical intervention for PJI. The preoperative ESR and
CRP were normal in only 4% of cases. They report a sensitivity of 81% and 93% for ESR
and CRP, respectively, in this cohort.

Other biomarkers of interest in orthopedic infection include interleukin 6 (IL-6) and
procalcitonin. IL-6 is produced by activated monocytes and macrophages and stimu-
lates production of several other acute phase reactants. A systematic review of inflam-
matory markers in PJI (42) found IL-6 to have the highest diagnostic accuracy com-
pared with white cell count, ESR, and CRP, with a reported pooled sensitivity and
specificity for IL-6 of 97% and 91%, respectively. A small study evaluating procalcitonin
in PJI found that it was not useful in distinguishing infection from aseptic loosening
(43). However, a prospective evaluation of procalcitonin in the diagnosis of native joint
septic arthritis (44) found that using a cutoff of 0.25 ng/mL resulted in a higher sensitiv-
ity and specificity than CRP in diagnosis of septic arthritis. In current clinical practice,
available serum biomarkers serve as adjunctive tests which may support or lower clini-
cal suspicion of infection rather than definitive diagnostic tools.
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Synovial fluid analysis. Synovial fluid sampling is obtained as standard of care in
both suspected native and prosthetic joint septic arthritis. Synovial fluid white cell count of
50,000/uL is typically used as the cutoff for native joint septic arthritis (45). However, a
recent large study using receiver operating curve analysis suggested a lower threshold of
33,000 cells/uL and 16,000 cells/uL for patients who did or did not receive prior antibiotics,
respectively (46). The thresholds used for PJI are lower, and interpretation needs to con-
sider the joint involved, timing of implantation of the joint, and duration of symptoms. A
prospective study of patients undergoing revision total knee arthroplasty identified an
optimal cut off rate of 1,700 leukocytes/uL, giving a sensitivity of 94% and a specificity of
88% for diagnosing PJI (47). When applied to this study, increasing the cutoff to 2,500 leu-
kocytes/uL reduced sensitivity to 44%. In their retrospective review of synovial fluid aspi-
rates undertaken post total hip arthroplasty, Choi et al. (48) found that synovial fluid white
blood cell (WBC) count in arthroplasty patients with symptoms for up to 2 weeks was sig-
nificantly higher than that in patients with symptoms for more than 2 weeks. A 2018 meta-
analysis (49) evaluated accuracy and yield of synovial fluid analysis in PJI including both
hips and knees. Only 10 articles met inclusion criteria but reported an optimal threshold of
3,000 leukocytes/uL, concluding that lower cutoffs were associated with lower specificity.
However, they report that due to inadequate number of clinical studies involving total
knee replacements, precise assessment of accuracy of synovial fluid analysis in detecting
total knee arthroplasty infection was precluded. Interpretation of synovial fluid analysis in
both native and prosthetic joint arthritis is complicated in the setting of inflammatory
arthropathies. Thus, interpretation of synovial fluid analysis should consider the clinical
context, patient comorbidities, and immune status, and for prosthetic joints, the duration
of symptoms, timing relative to surgery, and joint involved.

Several biomarkers have been evaluated in synovial fluid assessing for the host inflam-
matory response at the site. Of the known biomarkers, leukocyte esterase and alpha defen-
sin have been studied extensively. Leukocyte esterase is an enzyme present in neutrophils
and is readily available as a colorimetric testing strip. A prospective evaluation (50) of leu-
kocyte esterase testing on synovial fluid aspirates from patients undergoing revision hip or
knee arthroplasty for either mechanical failure or infection assessed sensitivity and specific-
ity using Musculoskeletal Infection Society (MSIS) criteria as the diagnostic standard.
Utilizing ++ as a positive result, reported sensitivity and specificity were 66% and 97.1%,
respectively. This study acknowledges that this relatively low sensitivity does not support
its use as an independent screening method. The utility of leukocyte esterase testing strips
is significantly affected by presence of blood in sample (51), which is problematic, as many
synovial fluid samples will be contaminated with blood.

Defensins are peptides produced in response to microbes or proinflammatory cyto-
kines, and alpha defensin has been studied as a biomarker of PJI. The test is available as a
lateral flow test and enzyme linked immunosorbent assay (ELISA). The lateral flow test has
the advantage of use as a rapid point of care test with results available in 10 minutes. A
meta-analysis (52) of synovial biomarkers in 2018 reported a pooled sensitivity of 97% for
alpha defensin ELISA with a specificity of 97% and a sensitivity of 80% with specificity of
89% for the lateral flow test kits. While only four studies of alpha defensin ELISA were
included, a sensitivity higher than that of other biomarkers (synovial CRP, IL-6, and leuko-
cyte esterase) was reported, supporting its use as an adjunctive diagnostic test. A recent
study evaluated MALDI-TOF MS as a technique to measure alpha defensin in synovial fluid.
lorio et al. (53) evaluated samples from 138 patients undergoing revision for either infective
or aseptic cause and found that detection of alpha defensin using MALDI-TOF MS had a
sensitivity and specificity of 93% and 98%, respectively, using 2018 MSIS criteria as the ref-
erence standard. They did not compare the accuracy of this method with that of either lat-
eral flow or ELISA in the study samples, and further study with larger case numbers is
required to determine the reliability and reproducibility of MALDI-TOF MS in measurement
of alpha defensin in synovial fluid.

Histology. Histological analysis of bone and synovial specimens confirms presence
of inflammatory infiltrate and can provide important information regarding underlying
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FIG 3 Plain film (A) demonstrating chronic tibial osteomyelitis with intraosseus abscess. MRI images
from the same patient demonstrating intense peripheral enhancement consistent with a granulation
layer (B, axial sequence post gadolinium contrast administration) and internal fluid signal (larger
arrow) and marked peripheral edema (smaller arrow) again suggestive of intraosseus abscess (C,
sagittal T2 fat-saturated sequence).

cause. Histological analysis is also useful in PJI, particularly, as it is not as affected by
preoperative antibiotics. Various criteria have been used to define PJI from a histopa-
thologic perspective utilizing different thresholds of neutrophils per high-power field.
Morawietz et al. evaluated optimal thresholds to distinguish infection from aseptic
loosening on operative samples and concluded using receiver-operator curves that the
optimal threshold was =23 neutrophils per 10 high-power fields, giving a sensitivity of
77% and specificity of 97% compared with clinical diagnosis (54). Criteria based on ex-
amination of a larger number of high-power fields may avoid overcalling focal areas of
inflammation which may be seen with mechanical stress (54). These criteria were fur-
ther evaluated in a multicenter trial (55) comparing this criterion with previously pub-
lished criteria by the same group which subtyped changes in the periprosthetic mem-
brane into four different categories (56) and found that it had a slightly higher
sensitivity and specificity. Histological analysis of intraoperative frozen sections can be
used to guide decision-making regarding surgical approach; however, the sensitivity of
histopathology alone is not high enough to rule out prosthetic joint infection if there
are other factors suggesting infection.

Radiological imaging. Radiological imaging aids in both diagnosis of orthopedic
infection and assessment of complications. Particularly with implant-related infection
where clinical signs may be subtle, suggestive radiographic findings can be helpful in
providing evidence to support and guide further invasive diagnostic sampling.

In general, the yield of plain films is relatively low, but they are inexpensive, are widely
available, and may be useful for anatomic outlines and providing supportive evidence of
infection. Radiographic changes related to osteomyelitis (Fig. 3) can take several weeks to
develop but once established may demonstrate focal osteopenia, periostitis, and ultimately
development of a sequestrum within the bone. In relation to PJI, plain films are also useful
to evaluate for other causes of pain related to the implant, such as periprosthetic fracture,
dislocation, or implant loosening. Ultrasonography also has the advantage of widespread
availability as well as avoiding ionizing radiation. It is generally not helpful in the workup of
osteomyelitis but is useful in assessing joint effusions and can guide synovial fluid aspira-
tion, providing additional valuable diagnostic information.

Computed tomography (CT) provides enhanced spatial evaluation of both the soft
tissue and bone compared to conventional radiography but is less sensitive than mag-
netic resonance imaging (MRI) in the evaluation of osteomyelitis. It may demonstrate
soft tissue changes or fluid collections suggestive of infection. Both CT and MRI are
impeded by artefactual changes from prostheses in the setting of implant-associated
orthopedic infections. MRI is the imaging modality of choice in assessment of osteomy-
elitis; as well as enhanced sensitivity over CT, it can detect changes related to bone
marrow edema earlier in the course of infection. MRI changes can persist for weeks
and months posttreatment.
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TABLE 1 Summary of strengths and limitations of strategies used in detection of pathogen and host response

Detection strategy Strengths

Limitations

Detection of pathogen
Culture-based techniques Mainstay of pathogen detection in orthopedic
infection

Increased yield with inoculation of synovial fluid,
periprosthetic tissue, and sonicate fluid

samples into blood culture bottles

Allows for antimicrobial susceptibility profiling of
identified organisms

Widely available

PCR Facilitates rapid pathogen detection

Useful in culture-negative cases where there may
have been presampling antibiotic administration

Can be used to detect antimicrobial resistance
genes

Agnostic pathogen detection

Can provide additional information for strain
identification, surveillance data, and prediction
of antimicrobial resistance

Shotgun metagenomics

Detection of host response
Serum biomarkers Inexpensive

Widely available

Quantitative assessment of joint inflammation
useful in both native and prosthetic joint

infection

Synovial fluid cell count and differential

Synovial fluid biomarkers Alpha defensin available as both a lateral flow test
(result available within minutes) and an ELISA

Alpha defensin higher reported sensitivity
compared with CRP, IL-6, and leukocyte
esterase

Can confirm presence inflammation and give
further information regarding potential
etiology

Intraoperative frozen section can aid real-time
decision-making regarding surgical approach
in setting of revision of prosthetic implants

Useful in evaluation of noninfective causes of
symptoms

Can provide supportive evidence for infection

May guide invasive diagnostic sampling

Histology

Radiology

In setting of PJI, multiple samples required due
to low sensitivity of single sample as well as
difficulty distinguishing contaminants from
true pathogens

Yield diminished by presampling antibiotic
administration

Prolonged incubation required for detection of
fastidious organisms

Use of multiplex diagnostic panels will miss
atypical pathogens

Significant cost

Complex associated workflow

Technique susceptible to bacterial
contamination at multiple steps during

processing

Lack specificity in diagnosis of orthopedic
infection

Difficult to interpret in setting of inflammatory
arthropathies

Varies depending on presence of prosthesis,
duration of symptoms/time postimplantation/
joint involved

Utility of leukocyte esterase test affected by
presence red cells

Costly

Lateral flow alpha defensin lower sensitivity
compared to ELISA

Sensitivity not high enough to use as a stand-
alone “rule out test” for infection

Findings often nonspecific

Nuclear imaging may be utilized as a diagnostic adjunct in the evaluation of PJI, as it can
assess for changes associated with inflammation while avoiding artifact-related issues seen
with other modalities. Bone scintigraphy is one of the most widely utilized of these modal-
ities in assessment of prosthetic joints but reported accuracy ranges between 50 and 70%
(57). This imaging technique uses three phases, and abnormalities detected correlate with
the rate of bone turnover. This results in limited utility in diagnosis of PJI in the early postop-
erative period. Combined white blood cell and marrow imaging may also be used to differ-
entiate aseptic loosening from infection when other modalities are unavailable or nondiag-
nostic. Published data on use of ['®FIfluoro-2-deoxyglucose positron emission tomography
in diagnosis of PJI are variable (57), but if cost is not a barrier, in some cases it may be more
accessible and more convenient for patients than other nuclear medicine techniques.

CONCLUSION
Diagnostic approaches in orthopedic infection are multifaceted, and enhancing diag-
nostic yield requires a collaborative approach involving orthopedic surgeons, radiologists,
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microbiologists, and infectious diseases specialists. Strengths and limitations of various
diagnostic tests are summarized in Table 1. Despite significant advances, there is no one
single perfect diagnostic test. Culture-based techniques remain at the core of diagnostics,
but these must be preceded by a fastidious sampling approach and can be augmented by
molecular techniques in select cases. Future research should focus on further development
of novel molecular diagnostics. However, the use of existing culture-based diagnostics
must continue to be optimized and a stewardship mindset must be applied to any new
molecular diagnostic test. Careful assessment of the inflammatory response must include
radiologic imaging, blood, synovial fluid, and histologic testing to define the presence of
an infectious syndrome. Just as with molecular diagnostics, any new tool for evaluation of
the host inflammatory response should be carefully evaluated in comparison to already
available techniques. Ultimately, the future diagnosis of orthopedic infections will continue
to rely upon a global assessment of all available microbiological and nonmicrobiological
data.

ACKNOWLEDGMENT

Images in this review were created using https://biorender.com.

REFERENCES

1.

Larsen LH, Xu Y, Simonsen O, Pedersen C, Schenheyder HC, Thomsen TR,
PRIS Study Group. 2014. ‘All in a box’ a concept for optimizing microbio-
logical diagnostic sampling in prosthetic joint infections. BMC Res Notes
7:1-5. https://doi.org/10.1186/1756-0500-7-418.

. Aggarwal VK, Higuera C, Deirmengian G, Parvizi J, Austin MS. 2013. Swab

cultures are not as effective as tissue cultures for diagnosis of peripros-
thetic joint infection. Clin Orthop Relat Res 471:3196-3203. https://doi
.org/10.1007/s11999-013-2974-y.

. Tetreault MW, Wetters NG, Aggarwal VK, Moric M, Segreti J, Huddleston

1JI, Parvizi J, Della Valle CJ. 2013. Should draining wounds and sinuses
associated with hip and knee arthroplasties be cultured? J Arthroplasty
28:133-136. https://doi.org/10.1016/j.arth.2013.04.057.

. Gbejuade H, Elsakka M, Cutler L. 2019. How well does synovial fluid gram

staining correlate with cultures in native joint infections? Orthop Rev
(Pavia) 11:8156. https://doi.org/10.4081/0r.2019.8156.

. Tai DBG, Wengenack NL, Patel R, Berbari EF, Abdel MP, Tande AJ. 2022.

Fungal and mycobacterial cultures should not be routinely obtained for
diagnostic work-up of patients with suspected periprosthetic joint infec-
tions. Bone Joint J 104-B:53-58. https://doi.org/10.1302/0301-620X.104B1
.BJJ-2021-0876.R1.

. Berbari EF, Marculescu C, Sia |, Lahr BD, Hanssen AD, Steckelberg JM,

Gullerud R, Osmon DR. 2007. Culture-Negative Prosthetic Joint Infection.
Clin Infect Dis 45:1113-1119. https://doi.org/10.1086/522184.

. Atkins BL, Athanasou N, Deeks JJ, Crook DW, Simpson H, Peto TE, McLardy-

Smith P, Berendt AR, Group TOCS. 1998. Prospective evaluation of criteria for
microbiological diagnosis of prosthetic-joint infection at revision arthroplasty.
J Clin Microbiol 36:2932-2939. https://doi.org/10.1128/JCM.36.10.2932-2939
.1998.

. Peel TN, Spelman T, Dylla BL, Hughes JG, Greenwood-Quaintance KE,

Cheng AC, Mandrekar JN, Patel R. 2017. Optimal periprosthetic tissue
specimen number for diagnosis of prosthetic joint infection. J Clin Micro-
biol 55:234-243. https://doi.org/10.1128/JCM.01914-16.

. Bémer P, Léger J, Tandé D, Plouzeau C, Valentin AS, Jolivet-Gougeon A,

Lemarié C, Kempf M, Héry-Arnaud G, Bret L, Juvin ME, Giraudeau B,
Corvec S, Burucoa C, Centre de Référence des Infections Ostéo-articulaires
du Grand Ouest (CRIOGO) Study Team. 2016. How many samples and
how many culture media to diagnose a prosthetic joint infection: a clini-
cal and microbiological prospective multicenter study. J Clin Microbiol
54:385-391. https://doi.org/10.1128/JCM.02497-15.

. Osmon DR, Berbari EF, Berendt AR, Lew D, Zimmerli W, Steckelberg JM,

Rao N, Hanssen A, Wilson WR, Infectious Diseases Society of America.
2013. Diagnosis and management of prosthetic joint infection: clinical
practice guidelines by the Infectious Diseases Society of America. Clin
Infect Dis 56:e1-e25. https://doi.org/10.1093/cid/cis803.

. Font-Vizcarra L, Garcia S, Martinez-Pastor JC, Sierra JM, Soriano A. 2010.

Blood culture flasks for culturing synovial fluid in prosthetic joint infec-
tions. Clin Orthop Relat Res 468:2238-2243. https://doi.org/10.1007/
511999-010-1254-3.

June 2022 Volume 60 Issue 6

20.

21.

22.

23.

. Hughes JG, Vetter EA, Patel R, Schleck CD, Harmsen S, Turgeant LT, Cockerill

IIF. 2001. Culture with BACTEC Peds Plus/F bottle compared with conven-
tional methods for detection of bacteria in synovial fluid. J Clin Microbiol 39:
4468-4471. https://doi.org/10.1128/JCM.39.12.4468-4471.2001.

. Peel TN, Dylla BL, Hughes JG, Lynch DT, Greenwood-Quaintance KE,

Cheng AC, Mandrekar JN, Patel R. 2016. Improved diagnosis of prosthetic
joint infection by culturing periprosthetic tissue specimens in blood cul-
ture bottles. mBio 7:e01776-15. https://doi.org/10.1128/mBio.01776-15.

. Schéfer P, Fink B, Sandow D, Margull A, Berger |, Frommelt L. 2008. Prolonged

bacterial culture to identify late periprosthetic joint infection: a promising
strategy. Clin Infect Dis 47:1403-1409. https://doi.org/10.1086/592973.

. Schwotzer N, Wahl P, Fracheboud D, Gautier E, Chuard C, Patel R. 2014.

Optimal culture incubation time in orthopedic device-associated infec-
tions: a retrospective analysis of prolonged 14-day incubation. J Clin
Microbiol 52:61-66. https://doi.org/10.1128/JCM.01766-13.

. Jeverica S, El Sayed F, Camernik P, Kocjanci¢ B, Sluga B, Rottman M, Papst L.

2020. Growth detection of Cutibacterium acnes from orthopaedic implant-asso-
ciated infections in anaerobic bottles from BACTEC and BacT/ALERT blood cul-
ture systems and comparison with conventional culture media. Anaerobe 61:
102133. https://doi.org/10.1016/j.anaerobe.2019.102133.

. Tande AJ, Patel R. 2014. Prosthetic joint infection. Clin Microbiol Rev 27:

302-345. https://doi.org/10.1128/CMR.00111-13.

. Tunney MM, Patrick S, Gorman SP, Nixon JR, Anderson N, Davis RI, Hanna

D, Ramage G. 1998. Improved detection of infection in hip replacements:
a currently underestimated problem. J Bone Joint Surg Br 80:568-572.
https://doi.org/10.1302/0301-620x.80b4.8473.

. Trampuz A, Piper KE, Jacobson MJ, Hanssen AD, Unni KK, Osmon DR,

Mandrekar JN, Cockerill FR, Steckelberg JM, Greenleaf JF, Patel R. 2007.
Sonication of removed hip and knee prostheses for diagnosis of infection.
N Engl J Med 357:654-663. https://doi.org/10.1056/NEJM0a061588.
Dudareva M, Barrett L, Figtree M, Scarborough M, Watanabe M,
Newnham R, Wallis R, Oakley S, Kendrick B, Stubbs D, McNally MA,
Bejon P, Atkins BA, Taylor A, Brent AJ. 2018. Sonication versus tissue
sampling for diagnosis of prosthetic joint and other orthopedic de-
vice-related infections. J Clin Microbiol 56:e00688-18. https://doi
.org/10.1128/JCM.00688-18.

Zhai Z, Li H, Qin A, Liu G, Liu X, Wu C, Li H, Zhu Z, Qu X, Dai K, Carroll KC.
2014. Meta-analysis of sonication fluid samples from prosthetic compo-
nents for diagnosis of infection after total joint arthroplasty. J Clin Micro-
biol 52:1730-1736. https://doi.org/10.1128/JCM.03138-13.

Kuo F-C, Chien C-C, Lee MS, Wang J-W, Lin P-C, Lee C-H. 2020. Rapid di-
agnosis of periprosthetic joint infection from synovial fluid in blood
culture bottles by direct matrix-assisted laser desorption ionization
time-of-flight mass spectrometry. PLoS One 15:€0239290. https://doi
.org/10.1371/journal.pone.0239290.

Patel A, Harris KA, Fitzgerald F. 2017. What is broad-range 16S rDNA
PCR? Arch Dis Child Educ Pract Ed 102:261-264. https://doi.org/10
.1136/archdischild-2016-312049.

10.1128/jcm.02196-21 10


https://biorender.com
https://doi.org/10.1186/1756-0500-7-418
https://doi.org/10.1007/s11999-013-2974-y
https://doi.org/10.1007/s11999-013-2974-y
https://doi.org/10.1016/j.arth.2013.04.057
https://doi.org/10.4081/or.2019.8156
https://doi.org/10.1302/0301-620X.104B1.BJJ-2021-0876.R1
https://doi.org/10.1302/0301-620X.104B1.BJJ-2021-0876.R1
https://doi.org/10.1086/522184
https://doi.org/10.1128/JCM.36.10.2932-2939.1998
https://doi.org/10.1128/JCM.36.10.2932-2939.1998
https://doi.org/10.1128/JCM.01914-16
https://doi.org/10.1128/JCM.02497-15
https://doi.org/10.1093/cid/cis803
https://doi.org/10.1007/s11999-010-1254-3
https://doi.org/10.1007/s11999-010-1254-3
https://doi.org/10.1128/JCM.39.12.4468-4471.2001
https://doi.org/10.1128/mBio.01776-15
https://doi.org/10.1086/592973
https://doi.org/10.1128/JCM.01766-13
https://doi.org/10.1016/j.anaerobe.2019.102133
https://doi.org/10.1128/CMR.00111-13
https://doi.org/10.1302/0301-620x.80b4.8473
https://doi.org/10.1056/NEJMoa061588
https://doi.org/10.1128/JCM.00688-18
https://doi.org/10.1128/JCM.00688-18
https://doi.org/10.1128/JCM.03138-13
https://doi.org/10.1371/journal.pone.0239290
https://doi.org/10.1371/journal.pone.0239290
https://doi.org/10.1136/archdischild-2016-312049
https://doi.org/10.1136/archdischild-2016-312049
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.02196-21

Minireview

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wang C-X, Huang Z, Fang X, Li W, Yang B, Zhang W. 2020. Comparison of
broad-range polymerase chain reaction and metagenomic next-genera-
tion sequencing for the diagnosis of prosthetic joint infection. Int J Infect
Dis 95:8—12. https://doi.org/10.1016/j.ijid.2020.03.055.

Chometon S, Benito Y, Chaker M, Boisset S, Ploton C, Bérard J, Vandenesch F,
Freydiere AM. 2007. Specific real-time polymerase chain reaction places King-
ella kingae as the most common cause of osteoarticular infections in young
children. Pediatr Infect Dis J 26:377-381. https://doi.org/10.1097/01.inf
.0000259954.88139.f4.

Cazanave C, Greenwood-Quaintance KE, Hanssen AD, Karau MJ, Schmidt
SM, Gomez Urena EO, Mandrekar JN, Osmon DR, Lough LE, Pritt BS,
Steckelberg JM, Patel R. 2013. Rapid molecular microbiologic diagnosis of
prosthetic joint infection. J Clin Microbiol 51:2280-2287. https://doi.org/
10.1128/JCM.00335-13.

Ryu SY, Greenwood-Quaintance KE, Hanssen AD, Mandrekar JN, Patel R.
2014. Low sensitivity of periprosthetic tissue PCR for prosthetic knee
infection diagnosis. Diagn Microbiol Infect Dis 79:448-453. https://doi
.org/10.1016/j.diagmicrobio.2014.03.021.

Morgenstern C, Cabric S, Perka C, Trampuz A, Renz N. 2018. Synovial fluid
multiplex PCR is superior to culture for detection of low-virulent patho-
gens causing periprosthetic joint infection. Diagn Microbiol Infect Dis 90:
115-119. https://doi.org/10.1016/j.diagmicrobio.2017.10.016.

Malandain D, Bémer P, Leroy AG, Léger J, Plouzeau C, Valentin AS, Jolivet-
Gougeon A, Tandé D, Héry-Arnaud G, Lemarié C, Kempf M, Bret L,
Burucoa C, Corvec S, Cottin J, Ducellier F, Abgueguen P, Balan V, Stindel E,
Ansart S, Greves A, Aubin G, Touchais S, Gouin F, Boutoille D, Asseray N,
Happi L, Guinard J, Razanabola F, Mille C, Cognée AS, Gayet LE, Le Moal G,
Thomas C, Polard JL, Arvieux C, Meheut A, Bernard L, Rosset P, Gras G,
Druon J, Fevre K. 2018. Assessment of the automated multiplex-PCR Uny-
vero i60 ITl cartridge system to diagnose prosthetic joint infection: a mul-
ticentre study. Clin Microbiol Infect 24:83. e1-83-e6. https://doi.org/10
.1016/j.cmi.2017.05.017.

Bémer P, Plouzeau C, Tande D, Léger J, Giraudeau B, Valentin AS, Jolivet-
Gougeon A, Vincent P, Corvec S, Gibaud S, Juvin ME, Héry-Arnaud G,
Lemarié C, Kempf M, Bret L, Quentin R, Coffre C, de Pinieux G, Bernard L,
Burucoa C, Centre de Référence des Infections Ostéo-articulaires du
Grand Ouest (CRIOGO) Study Team. 2014. Evaluation of 16S rRNA gene
PCR sensitivity and specificity for diagnosis of prosthetic joint infection: a
prospective multicenter cross-sectional study. J Clin Microbiol 52:
3583-3589. https://doi.org/10.1128/JCM.01459-14.

Gomez E, Cazanave C, Cunningham SA, Greenwood-Quaintance KE,
Steckelberg JM, Uhl JR, Hanssen AD, Karau MJ, Schmidt SM, Osmon DR,
Berbari EF, Mandrekar J, Patel R. 2012. Prosthetic joint infection diagnosis
using broad-range PCR of biofilms dislodged from knee and hip arthro-
plasty surfaces using sonication. J Clin Microbiol 50:3501-3508. https://
doi.org/10.1128/JCM.00834-12.

Tarabichi M, Shohat N, Goswami K, Alvand A, Silibovsky R, Belden K,
Parvizi J. 2018. Diagnosis of periprosthetic joint infection: the potential of
next-generation sequencing. J Bone Joint Surg Am 100:147-154. https://
doi.org/10.2106/JBJS.17.00434.

Flurin L, Wolf M, Greenwood-Quaintance K, Sanchez-Sotelo J, Patel R.
2021. Targeted next generation sequencing for elbow periprosthetic joint
infection diagnosis. Diagn Microbiol Infect Dis 101:115448. https://doi
.org/10.1016/j.diagmicrobio.2021.115448.

Gu W, Miller S, Chiu CY. 2019. Clinical metagenomic next-generation
sequencing for pathogen detection. Annu Rev Pathol 14:319-338.
https://doi.org/10.1146/annurev-pathmechdis-012418-012751.

Simner PJ, Miller S, Carroll KC. 2018. Understanding the promises and hur-
dles of metagenomic next-generation sequencing as a diagnostic tool for
infectious diseases. Clin Infect Dis 66:778-788. https://doi.org/10.1093/
cid/cix881.

Street TL, Sanderson ND, Atkins BL, Brent AJ, Cole K, Foster D, McNally
MA, Oakley S, Peto L, Taylor A, Peto TEA, Crook DW, Eyre DW. 2017. Molec-
ular diagnosis of orthopedic-device-related infection directly from sonica-
tion fluid by metagenomic sequencing. J Clin Microbiol 55:2334-2347.
https://doi.org/10.1128/JCM.00462-17.

Thoendel MJ, Jeraldo PR, Greenwood-Quaintance KE, Yao JZ, Chia N,
Hanssen AD, Abdel MP, Patel R. 2018. Identification of prosthetic joint
infection pathogens using a shotgun metagenomics approach. Clin Infect
Dis 67:1333-1338. https://doi.org/10.1093/cid/ciy303.

Qu X, Zhai Z, Wu C, Jin F, Li H, Wang L, Liu G, Liu X, Wang W, Li H, Zhang
X, Zhu Z, Dai K. 2013. Preoperative aspiration culture for preoperative di-
agnosis of infection in total hip or knee arthroplasty. J Clin Microbiol 51:
3830-3834. https://doi.org/10.1128/JCM.01467-13.

June 2022 Volume 60 Issue 6

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Journal of Clinical Microbiology

Ivy MI, Thoendel MJ, Jeraldo PR, Greenwood-Quaintance KE, Hanssen AD,
Abdel MP, Chia N, Yao JZ, Tande AJ, Mandrekar JN, Patel R. 2018. Direct
detection and identification of prosthetic joint infection pathogens in sy-
novial fluid by metagenomic shotgun sequencing. J Clin Microbiol 56.
https://doi.org/10.1128/JCM.00402-18.

Ramchandar N, Burns J, Coufal NG, Pennock A, Briggs B, Stinnett R, Bradley J,
Arnold J, Liu GY, Pring M, Upasani VV, Rickert K, Dimmock D, Chiu C, Farnaes
L, Cannavino C. 2021. Use of metagenomic next-generation sequencing to
identify pathogens in pediatric osteoarticular infections. Open Forum Infect
Dis 8:0fab346. https://doi.org/10.1093/0ofid/ofab346.

. McArthur B, Abdel M, Taunton M, Osmon D, Hanssen A. 2015. Seronega-

tive infections in hip and knee arthroplasty: periprosthetic infections with
normal erythrocyte sedimentation rate and C-reactive protein level. Bone
Joint J 97-B:939-944. https://doi.org/10.1302/0301-620X.97B7.35500.
Berbari E, Mabry T, Tsaras G, Spangehl M, Erwin PJ, Murad MH, Steckelberg J,
Osmon D. 2010. Inflammatory blood laboratory levels as markers of pros-
thetic joint infection: a systematic review and meta-analysis. J Bone Joint
Surg Am 92:2102-2109. https://doi.org/10.2106/JBJS.1.01199.

Worthington T, Dunlop D, Casey A, Lambert R, Luscombe J, Elliott T. 2010.
Serum procalcitonin, interleukin-6, soluble intercellular adhesin mole-
cule-1 and IgG to short-chain exocellular lipoteichoic acid as predictors of
infection in total joint prosthesis revision. Br J Biomed Sci 67:71-76.
https://doi.org/10.1080/09674845.2010.11730294.

Hugle T, Schuetz P, Mueller B, Laifer G, Tyndall A, Regenass S, Daikeler T.
2008. Serum procalcitonin for discrimination between septic and non-
septic arthritis. Clin Exp Rheumatol 26:453-456.

Turner EH, Mc Daniel HL, Spiker AM. 2021. A narrative review of the last
decade’s literature on the diagnostic accuracy of septic arthritis of the
native joint. J Experimental Orthopaedics 8:3-11. https://doi.org/10.1186/
s40634-020-00315-w.

Massey PA, Clark MD, Walt JS, Feibel BM, Robichaux-Edwards LR, Barton
RS. 2021. Optimal synovial fluid leukocyte count cutoff for diagnosing
native joint septic arthritis after antibiotics: a receiver operating charac-
teristic analysis of accuracy. J Am Acad Orthop Surg 29:1246-e1253.
https://doi.org/10.5435/JAA0OS-D-20-01152.

Trampuz A, Hanssen AD, Osmon DR, Mandrekar J, Steckelberg JM, Patel R.
2004. Synovial fluid leukocyte count and differential for the diagnosis of
prosthetic knee infection. Am J Med 117:556-562. https://doi.org/10
.1016/j.amjmed.2004.06.022.

Choi H, Agrawal K, Bedair H. 2016. The diagnostic thresholds for synovial
fluid analysis in late periprosthetic infection of the hip depend on the du-
ration of symptoms. Bone Joint J 98-B:1355-1359. https://doi.org/10
.1302/0301-620X.98B10.37615.

De Fine M, Giavaresi G, Fini M, llluminati A, Terrando S, Pignatti G. 2018.
The role of synovial fluid analysis in the detection of periprosthetic hip
and knee infections: a systematic review and meta-analysis. Int Orthop
42:983-994. https://doi.org/10.1007/s00264-018-3865-3.

Tischler EH, Cavanaugh PK, Parvizi J. 2014. Leukocyte esterase strip test:
matched for musculoskeletal infection society criteria. J Bone Joint Surg
Am 96:1917-1920. https://doi.org/10.2106/JBJS.M.01591.

Wetters NG, Berend KR, Lombardi AV, Morris MJ, Tucker TL, Della Valle CJ.
2012. Leukocyte esterase reagent strips for the rapid diagnosis of peri-
prosthetic joint infection. J Arthroplasty 27:8-11. https://doi.org/10.1016/
j.arth.2012.03.037.

Ahmad SS, Hirschmann MT, Becker R, Shaker A, Ateschrang A, Keel MJB,
Albers CE, Buetikofer L, Maqungo S, Stockle U, Kohl S. 2018. A meta-analy-
sis of synovial biomarkers in periprosthetic joint infection: Synovasure™
is less effective than the ELISA-based alpha-defensin test. Knee Surg
Sports Traumatol Arthrosc 26:3039-3047. https://doi.org/10.1007/s00167
-018-4904-8.

lorio R, Viglietta E, Mazza D, Petrucca A, Borro M, lolanda S, Simmaco M,
Ferretti A. 2021. Accuracy and cost-effectivenss of a novel method for
alpha defensins measurement in the diagnosis of periprosthetic joint
infections. J Arthroplasty 36:3275-3281. https://doi.org/10.1016/j.arth
.2021.05.013.

Morawietz L, Tiddens O, Mueller M, Tohtz S, Gansukh T, Schroeder JH,
Perka C, Krenn V. 2009. Twenty-three neutrophil granulocytes in 10 high-
power fields is the best histopathological threshold to differentiate
between aseptic and septic endoprosthesis loosening. Histopathology
54:847-853. https://doi.org/10.1111/j.1365-2559.2009.03313 .x.

Bémer P, Léger J, Milin S, Plouzeau C, Valentin AS, Stock N, Jolivet-
Gougeon A, Moreau A, Corvec S, Quintin-Roue |, Tandé D, Héry-Arnaud G,
Rousselet M-C, Lemarié C, Kempf M, Michenet P, Bret L, de Pinieux G,
Burucoa C, for the CRIOGO (Centre de Référence des Infections Ostéo-

10.1128/jcm.02196-21 11


https://doi.org/10.1016/j.ijid.2020.03.055
https://doi.org/10.1097/01.inf.0000259954.88139.f4
https://doi.org/10.1097/01.inf.0000259954.88139.f4
https://doi.org/10.1128/JCM.00335-13
https://doi.org/10.1128/JCM.00335-13
https://doi.org/10.1016/j.diagmicrobio.2014.03.021
https://doi.org/10.1016/j.diagmicrobio.2014.03.021
https://doi.org/10.1016/j.diagmicrobio.2017.10.016
https://doi.org/10.1016/j.cmi.2017.05.017
https://doi.org/10.1016/j.cmi.2017.05.017
https://doi.org/10.1128/JCM.01459-14
https://doi.org/10.1128/JCM.00834-12
https://doi.org/10.1128/JCM.00834-12
https://doi.org/10.2106/JBJS.17.00434
https://doi.org/10.2106/JBJS.17.00434
https://doi.org/10.1016/j.diagmicrobio.2021.115448
https://doi.org/10.1016/j.diagmicrobio.2021.115448
https://doi.org/10.1146/annurev-pathmechdis-012418-012751
https://doi.org/10.1093/cid/cix881
https://doi.org/10.1093/cid/cix881
https://doi.org/10.1128/JCM.00462-17
https://doi.org/10.1093/cid/ciy303
https://doi.org/10.1128/JCM.01467-13
https://doi.org/10.1128/JCM.00402-18
https://doi.org/10.1093/ofid/ofab346
https://doi.org/10.1302/0301-620X.97B7.35500
https://doi.org/10.2106/JBJS.I.01199
https://doi.org/10.1080/09674845.2010.11730294
https://doi.org/10.1186/s40634-020-00315-w
https://doi.org/10.1186/s40634-020-00315-w
https://doi.org/10.5435/JAAOS-D-20-01152
https://doi.org/10.1016/j.amjmed.2004.06.022
https://doi.org/10.1016/j.amjmed.2004.06.022
https://doi.org/10.1302/0301-620X.98B10.37615
https://doi.org/10.1302/0301-620X.98B10.37615
https://doi.org/10.1007/s00264-018-3865-3
https://doi.org/10.2106/JBJS.M.01591
https://doi.org/10.1016/j.arth.2012.03.037
https://doi.org/10.1016/j.arth.2012.03.037
https://doi.org/10.1007/s00167-018-4904-8
https://doi.org/10.1007/s00167-018-4904-8
https://doi.org/10.1016/j.arth.2021.05.013
https://doi.org/10.1016/j.arth.2021.05.013
https://doi.org/10.1111/j.1365-2559.2009.03313.x
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.02196-21

Minireview

56.

articulaires du Grand Ouest) Study Team. 2018. Histopathological diagno-
sis of prosthetic joint infection: does a threshold of 23 neutrophils do bet-
ter than classification of the periprosthetic membrane in a prospective
multicenter study? J Clin Microbiol 56:€00536-18. https://doi.org/10
.1128/JCM.00536-18.

Morawietz L, Classen R-A, Schréder JH, Dynybil C, Perka C, Skwara A,
Neidel J, Gehrke T, Frommelt L, Hansen T, Otto M, Barden B, Aigner T,

June 2022 Volume 60 Issue 6

57.

Journal of Clinical Microbiology

Stiehl P, Schubert T, Meyer-Scholten C, Kénig A, Strébel P, Rader CP,
Kirschner S, Lintner F, Rither W, Bos |, Hendrich C, Kriegsmann J, Krenn V.
2006. Proposal for a histopathological consensus classification of the peri-
prosthetic interface membrane. J Clin Pathol 59:591-597. https://doi.org/
10.1136/jcp.2005.027458.

Palestro CJ. 2014. Nuclear medicine and the failed joint replacement: past, pres-
ent, and future. World J Radiol 6:446-458. https://doi.org/10.4329/wjr.v6.i7.446.

10.1128/jcm.02196-21 12


https://doi.org/10.1128/JCM.00536-18
https://doi.org/10.1128/JCM.00536-18
https://doi.org/10.1136/jcp.2005.027458
https://doi.org/10.1136/jcp.2005.027458
https://doi.org/10.4329/wjr.v6.i7.446
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.02196-21

	PATHOGEN DETECTION
	MOLECULAR TECHNIQUES
	DETECTION OF HOST RESPONSE
	CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES

