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Abstract

Orthopaedic infections are complex conditions that require immediate diagnosis and accurate
identification of the causative organisms to facilitate appropriate management. Conventional
methodologies for diagnosis of these infections sometimes lack accuracy or sufficient rapidity.
Current molecular diagnostics are an emerging area of bench-to-bedside research in orthopaedic
infections. Examples of promising molecular diagnostics include measurement of a specific
biomarker in the synovial fluid, polymerase chain reaction—based detection of bacterial genes, and
metabolomic determination of responses to orthopaedic infection.

Surgical site and postoperative infections are among the most common and severe
complications that affect orthopaedic patients. Universal diagnostics for these infections are
still lacking. Although blood-based tests (eg, C-reactive protein [CRP] level, cell count) can
suggest the presence of infection, they are not able to determine the species or antibiotic
sensitivities of infecting organisms. Culture of tissue or fluid remains the current standard of
care for diagnosing infections, but this method is not sensitive and can be time-consuming.
In some cases, cultures produce false-negative results because of the use of empiric
antibiotics or because low-virulence bacteria require specific nutrients to be grown in
cultures. Accurate and rapid diagnosis of an infection is still sometimes the most difficult
aspect of managing orthopaedic infections. Here, we present the current applications of
molecular diagnostic tests as well as their advantages, limitations, and future directions for
the diagnosis and personalized treatment of orthopaedic infections.
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Current Applications of Molecular Techniques

Recent advances in molecular diagnostics are beginning to shift from basic research to
clinical reality. Some of the most popular and cost-effective diagnostic tests in medicine are
based on quantification of a specific protein and are used frequently in hospitals across the
world. For example, detection of f-human chorionic gonadotropin in blood or urine is used
to diagnose pregnancy, and the detection of cardiac troponin is used to diagnose myocardial
infarction. Currently, the CRP test is one of the most universally used blood biomarker tests
for clinical infections.12 CRP is also an archetypal blood biomarker for periprosthetic joint
infections (PJIs). This test has been available for years and is commonly used by surgeons. It
is sometimes regarded as nonspecific for diagnosis of infections because the CRP level may
be increased by other inflammatory processes. However, studies have shown that a threshold
blood CRP level of 10 mg/L provides a sensitivity and specificity of approximately 70% to
90% for detection of chronic PJI.1:2

The term proteomics describes a contemporary approach of analyzing proteins to identify
diagnostic biomarkers for a disease. For the past decade, proteomics research has been
active in the field of orthopaedics, with researchers attempting to identify biomarkers for PJI
in blood and synovial fluid. Because infection-related biomarker levels in synovial fluid
should be much greater than those in blood, it makes sense to specifically target the
biomarkers in synovial fluid.3 Several studies have systematically examined the synovial
fluid proteome in relationship to PJI and have identified two protein families that provide a
good diagnostic value for PJI: antimicrobial peptides and cytokines.3-6 Described
biomarkers include a-defensin, interleukin-1, interleukin-6, and neutrophil elastase, among
others.” These studies have demonstrated the detection of specific synovial proteins as
diagnostic biomarkers for PJI.

Detection of causative organisms, which is directly relevant to antibacterial treatment,
remains an important challenge in the management of orthopaedic infections. However,
treatment currently relies mainly on microbiological cultures. With strong demand for more
appropriate and rapid detection of organisms, new technology is redefining how we
diagnose infections and expanding our knowledge of the organisms involved in colonizing
and infecting wounds and prostheses. In 1999, Tunney et al® used molecular detection
methods to diagnose prosthetic hip infections and found evidence of bacterial colonization
in >60% of retrieved arthroplasty samples from 120 patients. Standard microbiologic tests
diagnosed infection in <25% of these patients. In this study, sonication of the components
and the release of bacteria in biofilm were major technological advances. Biofilm detection
and the observation of nonculturable bacteria continue to be emerging areas of research in
orthopaedic surgery.

Detection of bacterial genes with a polymerase chain reaction (PCR)-based technique has
been used clinically to improve the diagnostic accuracy and determination of the causative
organisms involved in orthopaedic infections.>~11 PCR is a molecular biology technique
used to amplify a single copy of a piece of DNA to generate thousands to millions of copies
of a particular DNA sequence, thus enabling ready detection.12 PCR-based techniques are
typically real-time PCR assays, with the amplified DNA detected as the reaction progresses
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in real time. This is accomplished by the use of nonspecific fluorescent dyes that intercalate
with any double-stranded DNA and/or sequence-specific DNA probes that consist of
oligonucleotides that are labeled with a fluorescent reporter detected as a function of
hybridization of the probe with its complementary sequence.13 PCR could determine drug
resistance by detecting encoding genes of multidrug resistance (eg, mecA gene).10.11.14 pCR
also substantially reduces the time required to identify the causative organism,14 as
represented in clinical detection of tuberculosis.1®16 Molecular detection has also led to an
increased understanding of the nature and biology of orthopaedic infections. In a study of 11
patients with infected shoulder arthroplasties, Proprionibacterium acnes was isolated in
more than a third of patients.1” This organism can take up to 2 weeks to grow in culture and
is thus particularly suitable for molecular detection because it has a substantially higher
sensitivity than that of traditional techniques. The recognition of atypical, difficult-to-culture
bacteria species as infecting organisms has led researchers to suggest long-term (2 weeks)
cultures of specimens as standard practice. This approach facilitates detection of additional
infecting organisms that may be missed with traditional cultures of shorter duration.

PCR-based molecular diagnostics have also been used in the form of reverse transcription-
PCR (RT-PCR) to quantify the levels of messenger or ribosomal RNA (MRNA or rRNA,
respectively), which relates to the level of protein synthetic activities. In two studies,
bacterial RNA isolated from synovial fluid was measured after reverse transcription to DNA
to detect active PJI and determine the causative bacterial species.1819 Because RNA rapidly
degrades upon cell death, RT-PCR can detect only living bacteria and is thus able to
estimate the viable bacterial load. Interestingly, a recent study has suggested that mRNA
levels of Toll-like receptors 1 and 6 in periprosthetic tissue correlate well with PJI, although
this pilot study included small numbers of patients, and their samples were limited to
intraoperative specimens.20

Molecular diagnostics are a battery of widely applied, powerful, and sensitive techniques
used to identify biologic markers in a genome and proteome by detecting bacterial genes
(with PCR-based techniques) and measuring expressed bacterial infection—specific proteins
(with enzyme-linked immunosorbent assay [ELISA] and proteomics). It is noteworthy that,
metabolomics, a systematic study of the end-products of cellular processes (metabolites),
has recently become a useful tool for understanding the body’s response to various diseases
and is being used to develop screening and diagnostic tools for cancer and other
diseases.?122 With its highly sensitive response system, metabolomics may also become a
valuable tool for analysis of orthopaedic infections.

Advantages, Limitations, and Future Applications of Molecular Diagnostics

PCR

PCR has been used clinically to detect infection and identify causative organisms. In
contrast to conventional culture-based methods, PCR techniques target and rely on
fragments of bacteria instead of viable culturable cells to make a diagnosis. The first PCR-
based studies centered on the amplification of bacterial genetic material (DNA), specifically
the 16S rRNA gene.23 Despite its high sensitivity, the validity of this technique is limited by
the number of false-positive results caused by both the high magnification power of DNA
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amplification and the persistence of bacterial DNA long after bacterial death.24 Detection of
a target whose status better reflects the viability of bacteria is needed. Recently, propidium
monoazide and ethidium bromide monoazide have been used to mitigate these false-positive
results.25 In theory, these chemicals do not penetrate intact cytoplasmic membranes in living
bacterial but inhibit amplification of DNA in dead or membrane-compromised bacteria.
However, the current methodologies may not inhibit all dead bacterial DNA, therefore, these
techniques are not yet applicable for clinical use.26

mRNA has also been used as a marker of infection in simulated infections.1® As transient
carrier molecules of the genetic material in bacterial cells, mRNAs quickly degrade after cell
death and are present only in active infections. However, the low number of copies of
mMRNAs and the lack of a universal target sequence for all bacteria somewhat limit its use as
a sufficiently sensitive marker of infection.

More recently, rRNA has been explored as a marker of infection.1® rRNA is a component of
ribosomes, which are abundant, integral structural subunits inside the bacterial cell involved
in protein synthesis. Because of its abundance, the use of rRNA as a detection target offers
sensitivity similar to that of DNA, but the abundance of rRNA declines rapidly with cell
death. Although having universal sequences common to nearly all bacterial species allows
the use of common primers for amplification, rRNA also has nucleotide sequences that are
unique to specific bacteria and can be used in PCR-based identification. In clinical samples,
as a diagnostic test, rRNA detection for PJI assessment had accuracy similar to that of cell
count with differential and was more accurate than intraoperative cultures.19 Importantly,
the rRNA-based test was positive for infection in cases where cultures were negative, and
the test had the potential to identify bacteria based on DNA sequencing. Several research
groups are currently exploring molecular methods to detect periprosthetic infection and have
had success in experimental and clinical settings.8:9.10.18.20.27

PCR-based amplification technology may be combined with other molecular techniques for
more efficient diagnosis of bacterial infection, including quantification of bacterial load in
patients with open fractures. The combination of this technology and mass spectrometry
analysis may allow for direct determination of the types and quantity of bacterial
colonization.?” This approach exploits the ability of mass spectrometry to determine the
sequence identity and the quantity of the amplified DNA fragments, thereby permitting
bacterial speciation without a lengthy DNA sequencing step.

The detection and identification of bacterial orthopaedic infections is an ongoing biomedical
challenge. Culture-positive cases may represent only a small percentage of infecting
organisms and knowing the proper bacterial species and antibiotic sensitivity is crucial to
effective treatment. Molecular techniques, including PCR- and microarray-based methods,28
have shown early promise but need to be proven useful and cost-effective compared with
other methods of infection detection before widespread adoption. In the future, information
derived from these modalities may be prospectively compared to treatment outcomes to
evaluate how molecular diagnosis may be applied and to assess antibiotic regimen and
débridement courses for these orthopaedic wounds.
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ELISA and Proteomics

Quantification of a specific protein with an ELISA is now a popular, cost-effective
diagnostic test in medicine. Given the readily available platforms to conduct protein
immunoassays in hospitals, it is no surprise that protein targets are highly desired for the
diagnosis of orthopaedic infections. For the past decade, proteomics research in the field of
orthopaedics has attempted to identify biomarkers for PJI in blood and synovial fluid
samples. Diagnosis of PJI is currently dependent on the interpretation of a multitude of
diagnostic results, including blood and synovial fluid tests. However, the advent of
proteomics and the identification of biomarkers specific to PJI have the potential to make
the diagnosis of orthopaedic infections simpler, more consistent, and more cost-effective. In
the future, a biomarker test in conjunction with a molecular test to identify the pathogen may
be the best combination to diagnose orthopaedic infections.

Blood Tests—Detection of a biomarker in the blood is likely the most accessible and
convenient method of testing. The availability of phlebotomists combined with the general
tolerability of a blood draw makes a blood test for PJI a desirable goal. A blood CRP level
>10 mg/L is highly accurate for diagnosis of chronic PJI.1-2 The use of a blood biomarker
(eg, interleukin-6) for detection of infection has been explored in the literature.2® However,
among surgeons, this test has not become the standard of care and requires further research
to be used appropriately?? because of the substantial drawbacks of a blood test. One
drawback is that blood tests reflect the systemic state of disease and can be confounded by
other diseases and metachronous infections. Another drawback is that systemic treatments
may affect blood tests in a way that does not accurately reflect the local state of disease.
Therefore, although blood testing for orthopaedic infections is an ultimate goal, there are
inherent limitations to the development of accurate blood tests.

Synovial Fluid Tests—Detection of a biomarker in synovial fluid has the main advantage
of reflecting the local state of disease. Although synovial fluid is more difficult to obtain
than blood, the advantages and potential increase in testing accuracy may make synovial
fluid testing the best method for diagnosis of PJI. Importantly, the expression levels of
biomarkers in synovial fluid are greater than those in blood3 and may be less susceptible to
perturbation by variation in the systemic levels of biomarkers. Recent studies have found
that the measurement of antimicrobial peptides and cytokines in synovial fluid provides a
sensitivity and specificity of >95% for diagnosis of PJ1.4~7

The a-defensin biomarker test is highly accurate for diagnosis of PJI.4:8 This antimicrobial
peptide is the natural local tissue response to infection. In the setting of PJI, the level of a-
defensin in the synovial fluid increases substantially, achieving levels that can be detected
easily by immunoassay. The results of the a-defensin test mirror the Musculoskeletal
Infection Society criteria for infection, which is currently considered the standard of care for
diagnosis of PJ1.4 One study demonstrated that the a-defensin test for PJI outperformed the
leukocyte esterase test strip.* Additionally, elevated a-defensin levels appear to be a general
indicator of infection, responding to the wide variety of organisms that have been found to
cause PJI.
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Metabolomics

Metabolomics is the scientific study of chemical processes involving metabolites.30:31
Metabolites are the end products of many cellular processes, and their levels can be regarded
as the ultimate response of biologic systems to genotype, phenotype, and environmental
conditions.32 There are two basic methods for using metabolomics for analysis:
chemometric (profiling) and quantitative (targeted) methods.33 The chemometric method is
an all-inclusive systematic review that uses principal component analysis to identify
potential biomarkers from the pool of all potential metabolites. Once these potential markers
are identified, they can be further analyzed using the targeted method. The quantitative
(targeted) method can be used to determine the baseline level of expression of a specific
biomarker in the standard population and establish standard deviations within healthy
patients compared with biomarker levels in patients with PJI. This step is required when
developing a diagnostic tool because biomarkers used for diagnosis need to have a
predictable response to orthopaedic infections.

Metabolomics could be a powerful tool for diagnosis of orthopaedic infections or to help
guide the optimal time for prosthethic reimplantation. Candidate metabolites may be
conveniently identified by analysis of blood, urine, and synovial fluid. Drawbacks of
metabolomics-based diagnosis include the time needed to analyze the samples and the
current cost. There is a paucity of research on metabolomics and orthopaedic infections in
the published literature, and this exciting field is wide open for potential breakthroughs in
diagnosis and treatment.33

Personalized Medicine via DNA Profile

Diagnosis of orthopaedic infections is often inaccurate, with high numbers of false-negative
culture results; personalized medicine and molecular diagnostics may play an important role
in diagnosis of these infections. The cause of false-negative culture results has been debated,
and classic microbiological tests have been expanded to include many different media and
culture conditions to try to increase sensitivity and accuracy. Classic culture methods may
not be effective for a subset of organisms because the conditions are not identical to those of
an in vivo environment. In addition, infection can exist with low levels of pathogens;
therefore, molecular techniques have become more popular for diagnosis of infection.

Levine et al®* and others3>:36 optimized RNA extraction from synovial joints and used PCR-
based technology to detect specific bacterial contaminants. These early tests were limited by
potential false-positive results and insufficient information on the gene sequences of
different bacterial species. Recent approaches based on RT-PCR have allowed more
accurate assessment of the viable bacterial load.18:1° The PCR-based method has also been
used for detection of bacteria in the setting of chronic osteomyelitis.3” New PCR technology
and sequence information on the 16S rRNA genes of hundreds of different bacterial species
and strains have facilitated analysis of whole genomes of a subset of bacteria; it is now
possible to undertake identification of all bacterial species in a particular infection.38:39 |n
orthopaedics, this technology has been used to retrospectively identify contaminating
organisms in arthroplasty cases.*? The sequence information has revealed the presence of
bacteria common to deep infection (eg, Staphylococcus aureus and coagulase-negative
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staphylococci) as well as Sreptococcus, Enterococcus, and Acinetobacter. To date,
application of these molecular techniques to tailor clinical therapy in orthopaedics has not
yet been attempted and potentially involves a strategy that uses preoperative and
intraoperative sampling and perioperative treatment.

The use of nucleic acid analysis has been most successful in the setting of treatment of
chronic wounds that affect elderly and diabetic patients.*1 Deep sequencing or multiplex
analysis has allowed identification of multiple pathogens present in the wound. This nucleic
acid-based strategy has been used by Rhoads et al*! at the Southwest Regional Wound Care
Center for a personalized approach to treatment of chronic wound infections. Importantly,
there is ready access to the biofilm-contaminated bacteria in a chronic wound, ensuring
accurate identification of pathogens. Based on nucleic acid sequencing analysis,
combination antibiotic therapy was devised for the wound bed, resulting in a marked
decrease in wound size and depth. Another study found that, when treated with either an
improved selection of antibiotics or customized therapeutics based on the results of
molecular tests, the time to complete wound closure decreased by 26% and 45.9%,
respectively.#? It is important to note that, at the present level of infection control,
identification of biofilm pathogens does not ensure that the therapeutic intervention
(however well-targeted to the individual pathogens) will be able to eradicate the biofilm
bacteria. The use of the appropriate antibiotics at the required therapeutic levels will be more
efficacious and prevent bacterial resistance.

Additional challenges are also presented in the context of total joint surgery, specifically
with regard to tissue sources for sampling. Accuracy in identifying the bacterial pathogen
can be increased by effective sampling of the biofilm itself, not just the wound fluid.
Sampling of the synovium is also required and, in patients undergoing revision surgery, a
sample from the implant itself must be obtained, as well. Therefore, optimization of
sampling method and timing will impact the success of this nucleic acid based strategy for
diagnosis, detection, and perioperative eradication of pathogens in patients with infected
total joint arthroplasty. The use of deep sequencing to provide important information about
the state of joint infection is still in its early stages but can aid the physician in tailoring a
personalized antimicrobial regimen.

Molecular diagnostics have contributed to improved diagnosis of orthopaedic infections.
PCR-based techniques are capable of identifying bacterial DNA or RNA, which can aid
determination of pathogenic organisms and drug resistance, even in orthopaedic infections
that are not culturable or have a low virulence. These techniques can be used to assess viable
bacterial load. Measurement of specific host proteins in synovial fluid, such as cytokines and
antimicrobial peptides, also represents an attractive strategy for effective detection of
orthopaedic infections. Recent advances in metabolomics provide another means to
understand the biological basis of orthopaedic infections and new parameters for infection
diagnosis. Finally, DNA profiling with deep sequencing technology may be used to tailor
personalized antimicrobial regimens for patients with orthopaedic infections.
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