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1. Introduction

1.1 Epidemiology of periprosthetic joint infection

Joint replacement is one of the most revolutionary procedures among all surgical
interventions. Arthroplasty remains the only treatment for damaged articulations,
which is able to completely relieve pain and restore function and thereby improve
quality of life of millions of people worldwide. Nowadays already being a frequently
performed procedure, the number of implanted prostheses is expected to continue to
rise due to increasing life expectancy (1). Despite considerable efforts to prevent
periprosthetic joint infections (PJI), the incidence of this severe complication was
shown to rise in multiple national registries (2, 3). The absolute number of PJI cases
will surely increase due to the growing number of primary implantations being
performed and the cumulative time the implants remain in place and consecutively are
at risk of infection. Due to heterogeneous definition criteria used, the reported
incidence of PJI varies widely among institutions and publications and is probably
largely underestimated (4). PJI incidence is reported to be 0.5-2% for primary hip and
knee prostheses and slightly higher for shoulder and elbow prostheses (5, 6). The
infection rate of revision prostheses is even higher. Since most joint replacements are
performed to treat degenerative cartilage damage in patients with osteoarthritis, the

affected population is of advanced age and generally holds multiple comorbidities.

1.2 Definition of periprosthetic joint infection
There is no unanimously accepted and validated definition to diagnose PJI in scientific

and clinical practice. To date, no single test provides absolute accuracy to confirm PJI.



Classification systems including various diagnostic criteria such as clinical findings,
systemic inflammatory markers, leukocyte count and biomarkers in synovial fluid,
histopathology of periprosthetic tissue and conventional culture of synovial fluid,
periprosthetic tissue and sonication have been proposed and used in different
publications (6-12). The two most commonly used classification systems in the United
States are the Infectious Disease Society of America (IDSA) - criteria (8), and the
Musculoskeletal Infection Society (MSIS) - criteria (9), which have been modified
repeatedly (10, 11, 13). Both definitions are not ideal for clinical use, as they are rather
specific than sensitive, and a considerable number of low-grade infections is probably
missed (10). In clinical practice, the sensitivity should be as high as possible, in order
not to miss any PJI.

Criteria published by the Swiss Orthopaedics and Swiss Society of Infectious
Diseases were increasingly used across Europe. In September 2017, they were
proposed to the European Bone and Joint Infection Society (EBJIS) in a modified
version as a working PJI definition for the society, and thereafter these definition
criteria have been referred to as “proposed EBJIS criteria” in many studies. In contrast
to the MSIS and IDSA criteria, the ,proposed EBJIS criteria“ also consider sonication
of the removed implant in the diagnosis and use lower cut-off values for synovial fluid
leukocyte count, allowing for better detection of low-grade PJI (12). In 2019, the
working draft was further modified and finally published in 2021 as “EBJIS criteria”
(14). The “proposed EBJIS criteria” were used at the institution, where this work was
conducted. Due to the time lag between conduction of the studies and the publication
of the definitive EBJIS criteria, the forerunning version of definition criteria served as

institutional criteria and were therefore used in all the projects.
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Table 1. Different definitions of PJI (modified from (12))

MSIS T (11, 15) IDSAZ (8) Institutional criteriag (16)
(21 of the 2 Major Criteria OR (21 of the Following 4 (21 of the Following 4
23 of 5 Minor Criteria) Criteria) Criteria)
Major criteria: Sinus tract communicating Purulence around the
with the prosthesis prosthesis or sinus tract
2 positive periprosthetic Purulence without other Increased synovial fluid
cultures etiology surrounding the leukocyte count
prosthesis
Sinus tract communicating | Acute inflammation seen on Positive histopathology
with the prosthesis histopathological examination
of the periprosthetic tissue
Minor criteria: 22 intraoperative cultures or Confirmatory microbial

combination of preoperative growth in synovial fluid,
Elevated CRPT and ESR aspiration and intraoperative | periprosthetic tissue, or
(>30 mm/hr) cultures yielding an sonication culture

indistinguishable organism

Elevated synovial fluid
leukocyte count or positive
leukocyte esterase strip
test (++ or +++)

Elevated synovial fluid
percentage of granulocytes
A single positive culture
Positive histological
analysis of periprosthetic
tissue

tFor the MSIS criteria, elevated CRP was indicated by >10 mg/L in chronic infections or >100
mg/L in acute infections; elevated synovial fluid leukocyte count, by >3,000 leukocytes/uL in
chronic infections or >10,000 leukocytes/uL in acute infections; elevated synovial fluid
percentage of granulocytes, by >80% in chronic infections or >90% in acute infections; and
positive histological analysis of periprosthetic tissue was defined as >5 neutrophils per high-
power field (HPF) in 5 HPFs observed on periprosthetic tissue at X400 magnification.

FFor IDSA, growth of a virulent microorganism (e.g., Staphylococcus aureus) in a single
specimen of a tissue biopsy or synovial fluid may also represent PJI.

8For the institutional criteria, increased synovial fluid leukocyte count was indicated by a
leukocyte count of >2,000/uL or >70% granulocytes; not interpretable within 6 weeks of
surgery, in rheumatic joint disease, or after periprosthetic fracture or dislocation. Positive
histopathology was defined as a mean of >23 granulocytes per 10 HPF (type Il or type ).
Confirmatory microbial growth in periprosthetic tissue culture was considered positive if 21
specimen was positive in highly virulent organisms or 22 specimens showed microbial growth
of a low-virulent pathogen, and sonication culture was considered positive if >50 colony-
forming units/mL of sonication fluid grew.



1.3 Classification and pathogenesis of periprosthetic joint infection

Traditionally, PJIs are classified according to their temporal appearance as early (< 3
months after surgery), delayed (3—24 months after surgery), and late infections (> 2
years after surgery) (7, 8). Early and delayed infections are mainly exogenously
acquired in the perioperative period, whereas most late PJIs are hematogenously
acquired. Hematogenous PJI represent a distinct subgroup of PJI and develop by
seeding of bacteria during bacteremia, mostly originating from another primary focus
or (para-)medical interventions (17). They account for approximately 20-35% of all PJI
and present predominantly as acute infections (7, 17, 18). Acute PJI are defined as
infections occurring within 3 - 4 weeks after surgery (in case of perioperative
infections) or with a symptom duration of less than 3 - 4 weeks in case of late
hematogenous infections. PJI presenting after 4 weeks or with symptoms lasting
longer than 4 weeks are considered chronic (7, 16). The acuity of infection is
particularly relevant in implant-associated infections, as the biofilm age (“maturity”)

guides the surgical management.

1.4 Microbiology of PJI

Most pathogens causing PJI originate either from the skin or mucosal surfaces of the
oral cavity, urogenital and intestinal tract which represent bacteria of the patient’s
microbiome. The majority of bone and joint infections are caused by gram-positive
cocci, predominantly by Staphylococcus spp. accounting for 50-60% of all infections
(6). The remaining percentages are compiled by Streptococcus spp, Enterococcus
spp, gram-positive anaerobes (e.g., Cutibacterium spp.) and gram-negative

anaerobes (e.g., Bacteroides spp.), and other rare pathogens such as fungi,
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mycobacteria or obligatory intracellular bacteria (19). The frequency of individual
pathogens depends on the pathogenesis of infection, the anatomic location and the
time of occurrence in case of postoperative infections. While hematogenous and early
postoperative PJlI are mainly caused by highly virulent pathogens such as
Staphylococcus aureus, streptococci and gram-negative rods, the causative agents of
delayed perioperative infections inherit a low virulence and include coagulase-
negative staphylococci or Cutibacterium spp.. They are known to cause low-grade
infections which present with subtle clinical signs and symptoms of infection and
therefore represent a considerable diagnostic challenge. They are frequently

misdiagnosed as aseptic failure (AF).

1.5 Diagnosis of periprosthetic joint infection

In view of the clear clinical findings, the diagnosis of acute PJls is straightforward with
most diagnostic tests inheriting a high sensitivity. In contrast, chronic low-grade
infections are difficult to differentiate from aseptic prosthetic failures. Therefore, a
comprehensive algorithmic approach combining preoperative and intraoperative
results is required to reliably confirm or exclude infection (Figure 1). The management
of PJI including diagnostic work-up and treatment require the cooperation of an
interdisciplinary team including orthopedic surgeons, infectious diseases specialists,
microbiologists and plastic surgeons. Therewith, the treatment outcome can be
significantly improved (20, 21). There are numerous errors regarding diagnostic
measures, their indication and interpretation, the treating team should be aware of and

do everything to avoid (22).



Figure 1. Diagnostic algorithm for periprosthetic joint infection (23)

+ Clinical examination
+ Laboratory testing (CRP)
+ Plain X-ray (prosthesis)

|

Patient with sepsis or fever yes Immediate arthrocentesis and
(>38°C)? blood cultures (BC)

no

no Sinus tract or yes : <12h! [BC positive ” BC negative |
{ purulent wound secretion? SRS

Hematogenous Contiguous
Arthrocentesis: infection: search infection: search
> . Leukocy{e count/differential for distant focus: for adjacen(

* Microbiology (culture) “TEE (vegetation) focus:

*OPG * Examination of
*Intravascular skin (cellulitis)
device (vascular || *Imaging of
Septic revision of catheter, CIED, abdomen/pelvis
Leukocyte count or culture | ves prosthesis® with prosthetic valve) | (abscess)and
consistent with infection?2 intraoperative +Urinalysis spine (vertebral

diagnostics* + X-ray of lung osteomyelitis)

" Consider other reasons:

* Aseptic loosening

+ Periprosthetic fracture
+ Dislocation

Muscular pathology
Wear of bearing
components
Metallosis

Other

Otherreasons:excluded?: [====r==m===s==smsfccsosssesssssssssomess *

yes

Persistent suspicion of - 5
infections or high level of ~ |-¥*% Loosening of o Consider arthroscopic or

suffering? prosthesis? open biopsy*

no

Repeat arthrocentesis
3 months later

" Surgery should be performed as soon as possible by an experienced orthopedic surgeon

2 Leukocyte count: >2000/pl leukocytes or >70% granulocytes; microbiology: for highly virulent organisms
(e.g. Staphylococcus aureus. Escherichia coli) already one positive sample confirms infection, for low-
virulent organisms (e.g. Staphylococcus epidermidis, Cutibacterium acnes) z2 positive samples are required
to confirm infection

2 According to the treatment algorithm for PJI

4Leukocyte count/differential, histopathology, microbiology (+/- sonication)

5Increased CRP, risk history (prolonged secretion or revision surgery after primary implantation), early
loosening of prosthesis

BC: blood cultures, TEE: transesophageal echocardiography, OPG: orthopantomogram, CIED: cardiac
implantable electronic device

1.5.1 Preoperative diagnostic methods
Every painful prosthetic joint should be assessed for infection, preferably before
revision surgery (16). Initial examinations include clinical examination of the patient,
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determination of systemic inflammatory parameters and imaging. Systemic
inflammatory parameters such as C-reactive protein (CRP), white blood cell (WBC)
count, erythrocyte sedimentation rate (ESR) are neither sufficiently sensitive nor
specific for the diagnosis of PJI (19, 24-27). Nevertheless, they represent a relevant
puzzle stone in the diagnostic work-up.

In patients presenting with chronic symptoms suggestive for periprosthetic joint
infection, the initial focus lies on the preoperative assessment, as ideally, the infection
is diagnosed (or excluded) before revision. Knowledge of the cause of failure allows
planning the most appropriate treatment strategy. In the preoperative setting, purulent
wound secretion and/or sinus tract communicating with the prosthetic joint confirm PJI
(8). In this case no further diagnostic measures are needed and revision surgery to
complete the diagnostic work-up to identify the pathogen should be scheduled. In
absence of confirmatory signs, the most important and sensitive diagnostic measure
in the preoperative setting is joint aspiration with a comprehensive analysis of the
harvested synovial fluid. It should be performed according to standard aseptic
technique, preferably in the operating or intervention room.

Culture of synovial fluid has a relatively low sensitivity, as only planktonic bacteria are
detected, and bacteria embedded in the biofilm on the implant surface remain
unrecognized (28). The positivity rate of culture considerably depends on the
underlying pathogen and its virulence, the acuity of the infection and the administration
of antimicrobials before joint aspiration (28). In a recent meta-analysis including 34
studies using heterogeneous definition criteria for PJI, the pooled sensitivity of
synovial fluid culture was 72% (29). In studies including more infections caused by

low-virulent pathogens such as Cutibacterium spp. and coagulase-negative
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staphylococci, the sensitivity is even lower (30, 31).

Synovial fluid leukocyte count analysis is more sensitive, as it reflects the host reaction
against the microorganisms. The absolute leukocyte count and the differential with a
special focus on the percentage of neutrophils are of interest. However, in situations
associated with aseptic inflammatory changes of the joint (i.e., healing process in the
first 4-6 weeks after surgery, inflammatory changes after trauma, recurrent
dislocations and underlying inflammatory arthropathies) the specificity is compromised
(12, 32). Furthermore, the optimal cut-off for the diagnosis of infection is subject to
debate and numerous cut-offs ranging from 1.000 to 4.200/ul for absolute leukocyte
count and 65-80% for neutrophils have been proposed (32-36). Generally, at this stage
of the diagnostic algorithm, a test with a high sensitivity is preferred, therefore lower
leukocyte count (e.g., 2.000/ul) is advocated, risking “overdiagnosing” rather than
underdiagnosing infection. Still, if infection is not confirmed in intraoperative diagnostic
tests, which are more accurate, the diagnosis and respective treatment should be

revised.

1.5.2 Intraoperative diagnostic methods

Intraoperative diagnostics including periprosthetic tissue histopathology and
microbiology as well as sonication fluid culture of the removed implants are more
sensitive than preoperative arthrocentesis, as the interface between bone and
prosthesis and the implant itself are accessible for diagnostic investigations.
Histopathology of periprosthetic tissue represents a standard procedure in the
intraoperative diagnosis of PJI. Granulocytes are detected through immuno-

histochemical techniques and validated using histopathological scores. A synovial-like
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interface membrane (SLIM) classification for periprosthetic joint infection assessing
the histopathological changes in periprosthetic membrane was introduced by Krenn
and Morawietz (37). Recently, the CD15 focus score was developed and validated
(38). The identification and quantification of neutrophil granulocytes by
immunohistochemical detection of antigen CD15 is considered a high-quality method
characterised by the ease of use to diagnose infection and subclassify infection into
low- and high-grade infection. High diagnostic accuracy with a sensitivity of 91% and
specificity of 92% was demonstrated when compared to microbiological findings (39).
Analysis of periprosthetic tissue from representative areas (i.e., bone-prosthesis
interface and joint pseudocapsule (“neosynovial membrane”) is one of the most
valuable components in the routine microbiological diagnosis of PJI. At least three to
five specimens should be harvested to attain a high diagnostic yield and allow for
discrimination of contaminants and real pathogens (8, 40). The sensitivity of
intraoperative tissue culture ranges from 65% to 94% (40, 41).

Sonication is a method using low-frequency ultrasound waves to detach the biofilm
and its microorganisms from the explanted prosthesis or its modular parts. The
resulting sonication fluid can be plated onto solid media (aerobic and anaerobic plates)
or inoculated into blood culture bottles (42-44). Sonication was shown to be a useful
additional method further improving the pathogen detection rate of intraoperative
diagnostics (40). The landmark study on sonication by Trampuz et al. showed a
sensitivity of 79% and specificity of 99% when using a cut-off of 50 colony-forming
units per millilitre (CFU/mI). It was significantly more sensitive in patients treated with
antibiotics within 2 weeks before sampling (75% versus 45%, p < 0.001) (42). A recent

analysis of the influence of the prosthesis biomaterial on microbial detection by
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sonication showed larger bacterial counts after sonication of polyethylene liners than
of metal alloys, suggesting intrinsic differences in the ability of microorganisms to form
biofilms on various biomaterials (45).

The pathogen detection rate in intraoperatively collected specimens is significantly
higher compared to synovial fluid culture in delayed and late infections, in mixed

infections and in infections caused by low-virulent pathogens (28).

1.6 Novel diagnostic methods

Diagnostic approaches target either the causative pathogen (i.e., cultures of different
specimens) or the inflammatory host response directed against the pathogen (i.e.,
systemic inflammatory serum markers, leukocyte count in synovial fluid or
histopathology of periprosthetic tissue). Routinely used diagnostic tests lack sensitivity
and specificity, having led to an enormous effort regarding exploration of novel
diagnostic methods in the past decades. Numerous new biomarkers reflecting the
host-response to infection were investigated in synovial fluid, among them most
promising interleukin-6 (IL-6) (46, 47), calprotectin (48, 49), C-reactive protein (50, 51),
alpha defensin (52-59) and leukocyte esterase (60-63) in synovial fluid. Regarding
pathogen detection, the focus has been set on molecular diagnostic methods such as
polymerase chain reactions detecting fragments of bacterial DNA and next generation
sequencing (64-67). Commercially available or home designed multiplex PCR-kits

were applied in synovial fluid, periprosthetic tissue and sonication fluid (59, 68-71).
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1.6.1 Alpha defensin in synovial fluid

Alpha defensin is an anti-microbial peptide, which is released by neutrophils in
response to the presence of bacterial pathogens. It induces depolarization of the
microbial cell membrane and thereby has antimicrobial activity against various
microorganisms (72). It has been proposed as novel diagnostic biomarker in synovial
fluid for the diagnosis of PJI by several research groups (52, 54-56, 73, 74). The
accuracy of two test methods using alpha defensin have been extensively investigated
in the last decade. Quantitative determination of alpha defensin using an enzyme-
linked immunosorbent assay (ELISA) showed high sensitivity (97%-100%) and
specificity (95%-100%) (54, 56, 57, 73, 74). However, this test method requires a
laboratory facility and has a long turnaround time. To overcome these drawbacks, a
qualitative bedside immunoassay test producing results within 10 minutes was
designed. With this advantage, this test method gained attention as a potential
decision aid during surgery. However, the performance of the qualitative alpha
defensin lateral flow (ADLF) test was shown to be poorer than the previously
demonstrated observations for the ELISA test with a sensitivity of 67-77% and
specificity of 82-94% (53, 59, 75). The accuracy of this novel biomarker was only
evaluated against the diagnosis of PJI using MSIS criteria. Its capability of diagnosing

low-grade infections has never been assessed.

1.6.2 D-lactate in synovial fluid

D-Lactate is a metabolite, almost exclusively produced by bacteria. Its L-rotatory and
D-rotatory isomers are both metabolic products of organisms, however, mammalian
cells can produce almost exclusively L-lactate, as they contain only the enzyme L-

lactate dehydrogenase (LDH). Consequently, the serum concentration of D-lactate in
15



humans is barely present (nanomolar to micromolar range) and if present, it is mainly
produced by intestinal microbiota (76). In contrast, bacterial species possess both D-
LDH and L-LDH enzymes and, therefore, produce measurable amounts of D-lactate
and L-lactate. Several studies were carried out to measure the D-lactate concentration
in primary sterile body fluids such as cerebrospinal and synovial fluids in order to
discriminate infection from aseptic inflammation (77-79). D-lactate was shown to be a
promising marker for the diagnosis of bacterial meningitis and native joint arthritis (77,
80). Two methods for D-lactate measurements are available, namely
spectrophotometry and chromatography. For the commercial D-lactate test kit, 50 pl
of synovial fluid is required, the turnaround time is 30 - 45min. To date, its ability to

discriminate septic from aseptic prosthetic failures has never been assessed.

1.6.3 Multiplex polymerase chain reaction (PCR)

Polymerase chain reaction is a non-culture-based method for detection of microbial
deoxyribonucleic acid (DNA), which has been investigated extensively for the
diagnosis of PJI in the past decade. Two recent meta-analyses reported an overall
sensitivity of 69-81% and a specificity of 91-94% (81, 82). Due to a high sensitivity and
short turnaround time, it has been considered a reliable and accurate method for
detection of PJI (82, 83). In addition, it requires a small amount of biologic material
and is not affected by antimicrobial pre-treatment since even non-viable
microorganisms are detectable (83). Different PCR assays have been elaborated in
recent years. Whereas specific PCR assays are only able to detect predefined
microorganisms, broad-range 16S ribosomal DNA PCR is prone to a lower specificity

due to DNA contamination and was shown to have a lower sensitivity (81).
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Furthermore, it was shown to inherit difficulties detecting polymicrobial infections and
requires subsequent sequencing (84-86). Multiplex PCR with a predefined primer set
allows simultaneous detection of most common pathogens of a specific infection.
Numerous commercial test kits have been developed for pathogen detection in
infections of the central nervous system, respiratory tract, gastrointestinal tract or
implant and tissue infections. Multiplex PCR assays were investigated in several
different specimens for the diagnosis of PJI, showing sensitivities and specificities of
56% and 92%, respectively, for synovial fluid (68), 31% and 100%, respectively, for
periprosthetic tissue (59), and 78-96% and 100%, respectively, for sonication fluid (69,
70). Based on previous results of clinical studies evaluating multiplex PCR Kkits,
manufacturers further improved test kits by including additional primers, modifying
existing primers and adjusting the detection threshold.

Another advantage of PCR method is the rapid detection of clinically relevant
genotypic resistances of identified pathogens to allow for early targeted antimicrobial
treatment. However, limited data exists on the performance of multiplex PCR of

antimicrobial resistance markers and their correlation with conventional culture (87).

1.7. Aim of the work

Despite considerable efforts in research to improve the accuracy of diagnostic
methods, it remains still a challenge to differentiate aseptic prosthetic failures due to
inflammatory or mechanical conditions from periprosthetic joint infection. Causing only
subtle clinical signs and symptoms, low-grade infections remain often unrecognized
and are mistaken for aseptic failures, which entails huge consequences for the patient

and the healthcare system. In addition, biofilm-associated infections are difficult to
17



diagnose, as traditional microbiological tests mainly detect planktonic (i.e., free-
floating) and not sessile (i.e., adherent) bacteria in the biofilm. The aim of this work
was to assess the diagnostic performance of the aforementioned novel diagnostic

tests and estimate their value for the diagnosis of PJI.
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2. Results

2.1 Alpha defensin
First, we scrutinized alpha defensin in synovial fluid, a host-specific marker, which was
previously extensively tested in cohorts, where infection was defined based on

definition criteria with insufficient sensitivity for low-grade infections.

2.1.1 Performance of alpha defensin lateral flow test for the diagnosis of PJI

By using more sensitive diagnostic criteria such as IDSA criteria and proposed EBJIS
(i.e., institutional) criteria, we aimed at assessing its performance in general and with
a special focus on low-grade infections. In addition, the accuracy of this novel test had

never been compared to the leukocyte count, which was a further aim of the work.

The following text corresponds to the abstract from the publication:

Renz N, Yermak K, Perka C, Trampuz A
Alpha defensin lateral flow test for diagnosis of periprosthetic joint infection.
Not a screening but a confirmatory test.

J Bone Joint Surg Am. 2018 May 2;100(9):742-5

https://doi.org/10.2106/JBJS.17.01005

“Background: Determination of alpha defensin in synovial fluid has shown promising
results for diagnosing periprosthetic joint infection (PJI). The purposes of our study
were to assess the performance of alpha defensin lateral flow (ADLF) test for the
diagnosis of acute and chronic PJI using 3 classification systems and to compare its

performance with the synovial fluid leukocyte count.
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Methods: Patients in whom aspiration of a prosthetic hip or knee joint was performed
before revision arthroplasty were prospectively included. In addition to standard
diagnostic tests, the ADLF test was performed in synovial fluid. Patients were
classified as having PJI or aseptic failure according to the definition criteria of the
Musculoskeletal Infection Society (MSIS), the Infectious Diseases Society of America
(IDSA), and the proposed criteria of the European Bone and Joint Infection Society
(EBJIS). The performance of the ADLF test and the leukocyte count was compared

using the McNemar chi-square test.

Results: Of 212 included patients, 151 (71%) had a knee prosthesis and 61 (29%)
had a hip prosthesis. PJl was diagnosed in 45 patients (21%) using the MSIS criteria,
in 55 patients (26%) using the IDSA criteria and in 79 patients (37%) using the
proposed EBJIS criteria. The sensitivity of the ADLF test was 84% (95% confidence
interval [Cl], 71% to 94%) with the MSIS criteria, 67% (95% CI, 53% to 79%) with the
IDSA criteria, and 54% (95% ClI, 43% to 66%) with the proposed EBJIS criteria. The
ADLF test showed high specificity using all classification criteria (96% to 99%) and
represented the most specific preoperative test for PJI, especially in the early
postoperative period (91%; 95% CI, 59% to 100%). Using the proposed EBJIS
definition criteria, the sensitivity of the leukocyte count was significantly higher than
that of the ADLF test (86% [95% ClI, 76% to 93%] compared with 54% [95% CI, 43%
to 66%]; p < 0.001), particularly in chronic PJI (81% compared with 44%, respectively;

p < 0.001).
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Conclusions: The ADLF test was rapid and highly specific for diagnosing PJI (>95%).
However, its sensitivity was limited (54% to 84%) and it should therefore not be used

for screening, but rather as a confirmatory test for PJI.”
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2.1.2 Comparison of qualitative and quantitative alpha defensin test
In the second article, we compared the performance of qualitative (ADLF) and

quantitative alpha defensin (ELISA) tests.

The following text corresponds to the abstract from the publication:

Sigmund IK, Yermak K, Perka C, Trampuz A, Renz N
Is the enzyme-linked immunosorbent assay more accurate than the lateral flow
alpha defensin test for diagnosing periprosthetic joint infection?

Clin Orthop Relat Res. 2018 Aug; 476(8):1645-1654

https://doi.org/10.1097/CORR.0000000000000336

“Background: Alpha defensin was proposed as a new biomarker in synovial fluid for
the diagnostic workup of failed joint prostheses. To our knowledge, no comparative
study of the performance of the quantitative enzyme-linked immunosorbent assay

(ELISA) and qualitative lateral flow alpha defensin test has been reported.

Questions/purposes: (1) Using the proposed European Bone and Joint Infection
Society (EBJIS) criteria for defining periprosthetic joint infection (PJI), is there a
difference in the diagnostic accuracy of quantitative ELISA and qualitative lateral flow
alpha defensin tests? (2) Is there a difference in the performance of the two alpha
defensin tests when using three definition classification systems (Musculoskeletal
Infection Society [MSIS], Infectious Diseases Society of America [IDSA], and proposed

EBJIS)?
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Methods: In this retrospective study of samples collected earlier as part of a related
longitudinal study, we included patients in whom aspiration of the prosthetic hip or
knee was performed as routine investigation before every revision arthroplasty.
Between October 2016 and April 2017, a total of 73 patients were eligible for inclusion.
As a result of an insufficient fluid volume for analysis (< 5 mL), two patients were
excluded. Among the 71 patients in the final analysis, 54 had a knee and 17 a hip
arthroplasty. Using the proposed EBJIS criteria, PJI was diagnosed in 22 patients
(31%) and aseptic failure in 49 (69%). The alpha defensin ELISA and lateral flow tests
were performed in synovial fluid. Patients were classified as having PJI or aseptic
failure using the MSIS, the IDSA, and the proposed EBJIS criteria. Sensitivity and
specificity of ELISA and the lateral flow alpha defensin test were calculated. Based on

receiver operating characteristic analysis, area under the curve values were compared.

Results: When measured against the proposed EBJIS criteria, the sensitivity of alpha
defensin ELISA and the lateral flow test was low and not different from one another
with the numbers available at 50% (95% confidence interval [Cl], 31%-69%) and 46%
(95% ClI, 27%-65%; p = 0.857), respectively, whereas both methods showed high
specificity (98% [95% CI, 88%-100%]; p = 1.000). For sensitivity, the highest values
were seen when compared against the MSIS criteria (ELISA: 85% [95% Cl, 56%-97 %],
lateral flow: 77% [95% CI]; p = 0.871), intermediate with IDSA criteria (ELISA: 73%
[95% CI, 48%-89%], lateral flow: 67% [95% CI]; p = 0.867), and lowest with proposed
EBJIS criteria (ELISA: 50% [95% ClI, 31%-69%)], lateral flow: 46% [95% CI]; p = 0.763).
Specificity, however, was high regardless of the criteria used, where ELISA and lateral

flow produced results that were not different (MSIS: 98% [95% CI, 90%-100%], IDSA:
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98% [95% ClI, 90%-100%], EBJIS: 98% [95% CI, 88%-100%]; p = 1.000). The area
under the curve of alpha defensin ELISA and the lateral flow test was similar,
regardless of the definition criteria used (EBJIS: p = 0.566; IDSA: p = 0.425; MSIS: p

= 0.339).

Conclusions: There is no difference between the quantitative and qualitative alpha
defensin test for confirmation of PJI, irrespective of applied definition criteria. Having
the advantage of providing results within 10 minutes without the need for a laboratory
facility, the qualitative test may be of interest in the intraoperative setting, however, at

a cost of higher test expense.”
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2.2 D-lactate

2.2.1 Performance of D-lactate in synovial fluid
Secondly, we evaluated the diagnostic performance of D-lactate - a pathogen-specific
biomarker - in synovial fluid and aimed to discover potential factors influencing the

accuracy of this test.

The following text corresponds to the abstract from the publication:

Yermak K, Karbysheva S, Perka C, Trampuz A, Renz N
Performance of synovial fluid D-lactate for the diagnosis of periprosthetic joint
infection: A prospective observational study.

J Infect. 2019 Aug;79(2):123-129

https://doi.org/10.1016/j.jinf.2019.05.015

“Objectives: Synovial fluid leukocyte count is the current standard test for diagnosing
periprosthetic joint infection (PJl). As D-lactate is almost exclusively produced by
bacteria, it represents a useful biomarker for bacterial infection. We evaluated the
performance of synovial fluid D-lactate for the diagnosis of PJl and compared it with

the synovial fluid leukocyte count.

Methods: Consecutive patients with joint aspiration of a prosthetic hip, knee or
shoulder joint were prospectively included. PJlI was diagnosed according to the
working criteria of the European Bone and Joint Infection Society (EBJIS). The
synovial fluid D-lactate was determined spectrophotometrically at 570 nm, synovial

fluid leukocytes were counted by flow cytometry. The receiver operating characteristic
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(ROC) analysis was performed to assess the diagnostic performance of investigated

parameters.

Results: Of 148 patients, 44 (30%) were diagnosed with PJl and 104 (70%) with
aseptic failure. For diagnosis of PJI, the sensitivity of synovial fluid D-lactate (at cut-
off 1.263 mmol/l) was 86.4% [95% ClI, 75.0-95.5%] and the specificity was 80.8% [95%
Cl, 73.1-88.5%]. The AUCs of D-lactate concentration and leukocyte count were
90.3% [95% CI 85.7-95.0%] and 91.0% [95% CI 85.1-96.8%)], respectively (p = 0.8).
Virulence of the pathogen did not influence the D-lactate concentration (p = 0.123).
The synovial fluid erythrocyte concentration correlated with D-lactate in patients with

aseptic failure (p = 0.339, p <0.01).

Conclusion: Synovial fluid D-lactate showed similar performance to the leukocyte

count for diagnosis of PJI. Advantages of D-lactate test are requirement of low synovial

fluid volume, short turnaround time and low cost.”
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2.2.2 Performance of D-lactate in synovial fluid with different classifications
Furthermore, we aimed at defining the optimal cut-off of this metabolite using different
definition criteria for the diagnosis of PJI and analysed the influence of the causing

pathogen on the detected D-lactate level.

The following text corresponds to the abstract from the publication:

Karbysheva S, Yermak K, Grigoricheva L, Perka C, Renz N, Trampuz A
Synovial Fluid d-Lactate-A Novel Pathogen-Specific Biomarker for the Diagnosis
of Periprosthetic Joint Infection.

J Arthroplasty. 2020 Aug;35(8):2223-2229.e2

https://doi.org/10.1016/j.arth.2020.03.016

“Background: Synovial fluid d-lactate may be useful for diagnosing periprosthetic
joint infection (PJI) as this biomarker is exclusively produced by bacteria. We
evaluated the performance of synovial fluid d-lactate using 2 definition criteria and

determined its optimal cutoff value for diagnosing PJI.

Methods: Consecutive patients undergoing joint aspiration before prosthesis revision
were prospectively included. Synovial fluid was collected for culture, leukocyte count,
and d-lactate concentration (by spectrophotometry). Youden's J statistic was used for
determining optimal d-lactate cutoff value on the receiver operating characteristic

curve by maximizing sensitivity and specificity.
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Results: A total of 224 patients were included. Using Musculoskeletal Infection
Society criteria, 71 patients (32%) were diagnosed with PJl and 153 (68%) with aseptic
failure (AF), whereas using institutional criteria, 92 patients (41%) were diagnosed with
PJl and 132 (59%) with AF. The optimal cutoff of synovial fluid d-lactate to differentiate
PJI from AF was 1.3 mmol/L, independent of the used definition criteria. Synovial fluid
d-lactate had a sensitivity of 94.3% (95% confidence interval [95% CI], 86.2-98.4) and
specificity of 78.4% (95% CI, 66.8-81.2) using Musculoskeletal Infection Society
criteria, whereas its sensitivity was 92.4% (95% ClI, 84.9-96.9) and specificity 88.6%
(95% CI, 81.9-93.5) using institutional criteria. The concentration of d-lactate was
higher in infections caused by Staphylococcus aureus (P < .001) and streptococci (P

=.016) than by coagulase-negative staphylococci or in culture-negative PJI.

Conclusion: The synovial fluid d-lactate showed high sensitivity (>90%) for diagnosis

of PJI using both definition criteria and correlated with the pathogen virulence. The

high sensitivity makes this biomarker useful as a point-of-care screening test for PJI.”
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2.3 Multiplex Polymerase chain reaction (PCR)

Third, we were interested in the performance of a commercially available multiplex
PCR test kit in different specimens. Previous generations of this fully automated test
with a short turnaround time (compared to conventional culture) were analysed by

other researchers and the test was further improved.

2.3.1 Multiplex PCR in synovial fluid
The purpose of the first study was to assess the ability of pathogen detection of

multiplex PCR in the preoperative setting, i.e., in synovial fluid.

The following text corresponds to the abstract from the publication:

Morgenstern C, Cabric S, Perka C, Trampuz A, Renz N
Synovial fluid multiplex PCR is superior to culture for detection of low-virulent
pathogens causing periprosthetic joint infection.

Diagn Microbiol Infect Dis. 2018 Feb;90(2):115-119.

https://doi.org/10.1016/j.diagmicrobio.2017.10.016

“Introduction: Analysis of joint aspirate is the standard preoperative investigation for
diagnosis of periprosthetic joint infection (PJI). We compared the diagnostic
performance of culture and multiplex polymerase chain reaction (PCR) of synovial fluid

for diagnosis of PJI.
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Patients and Methods: Patients in whom aspiration of the prosthetic hip or knee joint
was performed before revision arthroplasty were prospectively included. The
performance of synovial fluid culture and multiplex PCR was compared by McNemar's

chi-squared test.

Results: Atotal of 142 patients were included, 82 with knee and 60 with hip prosthesis.
PJI was diagnosed in 77 patients (54%) and aseptic failure in 65 patients (46%). The
sensitivity of synovial fluid culture and PCR was 52% and 60%, respectively, showing
concordant results in 116 patients (82%). In patients with PJl, PCR missed 6
highvirulent pathogens (S. aureus, streptococci, E. faecalis, E. coli)

which grew in synovial fluid culture, whereas synovial fluid culture missed 12
pathogens detected by multiplex PCR, predominantly low-virulent pathogens
(Cutibacterium acnes and coagulase-negative staphylococci). In patients with aseptic

failure, PCR detected 6 low-virulent organisms (predominantly C. acnes).

Conclusion: While the overall performance of synovial fluid PCR was comparable to
culture, PCR was superior for detection of low-virulent bacteria such as Cutibacterium
spp. and coagulase-negative staphylococci. In addition, synovial fluid culture required
several days for growth, whereas multiplex PCR provided results within 5 hours in an

automated manner.”
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2.3.2 Multiplex PCR in sonication fluid
The second study investigated the accuracy of multiplex PCR in the intraoperative

setting, i.e., in sonication fluid of retrieved prostheses.

The following text corresponds to the abstract from the publication:

Renz N, Feihl S, Cabric S, Trampuz A
Performance of automated multiplex PCR using sonication fluid for

periprosthetic joint infection: a prospective cohort.

Infection. 2017 Dec; 45(6):877-884

https://doi.org/10.1007/s15010-017-1073-5

“Purpose: Sonication of explanted prostheses improved the microbiological diagnosis
of periprosthetic joint infections (PJl). We evaluated the performance of automated
multiplex polymerase chain reaction (PCR) using sonication fluid for the

microbiological diagnosis of PJI.

Methods: In a prospective cohort using uniform definition criteria for PJI, explanted
joint prostheses were investigated by sonication and the resulting sonication fluid was
analyzed by culture and multiplex PCR. McNemar's Chi-squared test was used to

compare the performance of diagnostic tests.

Results: Among 111 patients, PJI was diagnosed in 78 (70%) and aseptic failure in
33 (30%). For the diagnosis of PJI, the sensitivity and specificity of periprosthetic

tissue culture was 51 and 100% of sonication fluid culture 58 and 100%, and of
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sonication fluid PCR 51 and 94%, respectively. Among 70 microorganisms,
periprosthetic tissue culture grew 52 (74%), sonication fluid culture grew 50 (71%) and
sonication fluid PCR detected 37 pathogens (53%). If only organisms are considered,
for which primers are included in the test panel, PCR detected 37 of 58 pathogens
(64%). The sonication fluid PCR missed 19 pathogens (predominantly oral
streptococci and anaerobes), whereas 7 additional microorganisms were detected

only by PCR (including Cutibacterium spp. and coagulase-negative staphylococci).

Conclusions: The performance of multiplex PCR using sonication fluid is comparable
to culture of periprosthetic tissue or sonication fluid. The advantages of PCR are short
processing time (< 5 h) and fully automated procedure. However, culture technique is
still needed due to the low sensitivity and the need of comprehensive susceptibility
testing. Modification of primers or inclusion of additional ones may improve the

performance of PCR, especially of low-virulent organisms.”
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2.3.3 Genotypic resistance testing with multiplex PCR

Furthermore, we were interested in the ability of detecting resistance genes by PCR,
which may have an impact on the accuracy of early antimicrobial treatment. Therefore,
we compared phenotypic and genotypic resistance testing of 3 prospective cohorts

including osteosynthesis-associated infections, septic arthritis and PJI (31, 88-90).

The following text corresponds to the abstract from the publication:

Sigmund IK*, Renz N* (equal contribution), Feihl S, Morgenstern C, Cabric S, Trampuz
A
Value of multiplex PCR for detection of antimicrobial resistance in samples
retrieved from patients with orthopaedic infections.

BMC Microbiology. (2020) 20:88

https://doi.org/10.1186/s12866-020-01741-7

“Background: The performance of multiplex PCR (mPCR) for detection of
antimicrobial resistance from clinical isolates is unknown. We assessed the ability of
mPCR to analyse resistance genes directly from clinical samples. Patients with
orthopedic infections were prospectively included. Phenotypical and genotypical
resistance was evaluated in clinical samples (synovial and sonication fluid) where

identical pathogens were identified by culture and mPCR.

Result: A total of 94 samples were analysed, including 60 sonication fluid and 34
synovial fluid samples. For coagulase-negative staphylococcus strains, mPCR

detected resistance to oxacillin in 10 of 23 isolates (44%) and to rifampin in none of 6
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isolates. For S. aureus isolates, detection rate of oxacillin and rifampin-resistance was
100% (2/2 and 1/1, respectively). Fluoroquinolone-resistance was confirmed by
mPCR in all 3 isolates of Enterobacteriaceae, in enterococci resistance to
aminoglycoside-high level was detected in 1 of 3 isolates (33%) and in streptococci
resistance to macrolides/lincosamides in none of 2 isolates. The overall sensitivity for
different pathogens and antimicrobials was 46% and specificity 95%, the median
concordance was 80% (range, 57-100%). Full agreement was observed for oxacillin
in S. aureus, vancomycin in enterococci, carbapenems/cephalosporins in

Enterobacteriaceae and rifampin in Cutibacterium species.

Conclusion: The overall sensitivity for detection of antimicrobial resistance by mPCR
directly from clinical samples was low. False-negative mPCR results occurred mainly
in coagulase-negative staphylococci, especially for oxacillin and rifampin. However,
the specificity of mPCR was high and a positive result reliably predicted antimicrobial
resistance. Including universal primers in the PCR test assay may improve the

detection rate but requires additional sequencing step.”
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3. Discussion

Knowledge of the underlying cause for prosthetic failure is of utmost importance and
considerably influences the treatment and its outcome. Since medical and surgical
treatment strategies of septic and aseptic failures vary widely, infection should be
confirmed or excluded preferably prior to revision surgery. As to date no reliable
diagnostic test exists to provide this crucial information, the scientific community made
huge efforts to find a novel discriminative test. Conventional tests such as leukocyte
count and culture of synovial fluid were shown to have limited accuracy in specific
situations, such as low-grade infections, in case of early postoperative period,
metallosis or in patients with underlying inflammatory conditions (e.g., rheumatic
disease) (12, 28, 32). In the past decade, several new biomarkers have been
investigated. However, none of them was exclusively assessed regarding its ability to
detect low-grade and early postoperative infections, which belong to the most
challenging entities regarding diagnosis.

A further drawback of current scientific data focusing on diagnostic tests is the lack of
uniformly accepted definition criteria and the insensitive character of proposed
definition criteria by different societies. While in clinical practice, the sensitivity should
be as high as possible in order not to miss any PJI, formally, definition criteria should
have a very high specificity for clinical studies to permit a reliable comparison of
published results. However, by using highly specific definition criteria in scientific
analyses of diagnostic tests, low-grade infections are neglected. This contrasts the
need of a discriminative test particularly in this specific and difficult-to-identify

subgroup of PJI.

90



Therefore, the aim of this work was to evaluate novel diagnostic approaches with a
special focus on low-grade infections. This information is only gained by using more
sensitive definition criteria such as the criteria used in our institution, where all the
studies were carried out. These criteria served as a basis for the development of the
EBJIS criteria, which were published 2021 after several modifications (14). For the
interpretation of the results and the implementation of the new information into the
clinical practice, one should consider, that septic failures are rather “overdiagnosed”
than underdiagnosed, and test performance is rather underestimated than

overestimated.

3.1 Alpha defensin in synovial fluid

In our prospective cohort study on prosthetic failures, we found a considerable
difference of the alpha defensin test sensitivity depending on the applied definition
criteria. The more sensitive the applied definition criteria were, the less sensitive was
the ADLF test (sensitivity of 84% with MSIS vs. 54% with institutional criteria). This
observation may be explained by the assumption, that institutional criteria to a larger
extent include also chronic low-grade infection compared to MSIS criteria. This
hypothesis was corroborated by the sub-analysis of the number of episodes reflecting
different situations according to their acuity. Whereas MSIS criteria only confirmed 26
chronic PJI cases (i.e., symptom duration of more than 4 weeks), institutional criteria
identified 59 chronic PJI. For acute infections (symptom duration of less than 4 weeks),
there was no considerable difference (16 with MSIS and 17 with institutional criteria).
The test sensitivity of ADLF was significantly lower in chronic infections that in acute

PJI when applying institutional criteria (44% vs. 88%). This concludes that the test is
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not useful to reliably detect or screen for chronic low-grade infections. Furthermore,
this observation explains the difference regarding test sensitivity reported in previous
studies ranging from 67-77% (53, 59, 75). However, due to the high specificity
irrespective of the applied definition criteria (96-99%), it may be used as arule in, i.e.,
confirmatory test. Whereas overall, the ADLF test had an inferior sensitivity compared
to leukocyte count (86% vs. 54%), it was found to be more specific for infection,
especially in the early postoperative setting. Infections within the first 6 weeks after
surgery are another diagnostic challenge, as the healing process may mimic infection
due to the physiologically high leukocyte count. In the subgroup analysis of this
subgroup ADLF demonstrated a significantly higher specificity than synovial fluid
leukocyte count. Consecutively, in this distinct setting of prolonged wound discharge,
ADLF may be helpful to discriminate early infection from aseptic conditions. This is a
relevant new finding, as to date, there is no accurate diagnostic test to confirm PJI at
this early stage (19). There are reports of false-positive results in case of metallosis
lowering specificity of ADLF in this specific setting (73, 91).

Advantages of ADLF test as a bedside test are the easy use without need of a
laboratory facility, the rapid turnaround time (approximately 10 minutes) and the lack
of interference with previous antimicrobial treatment or blood contamination (54, 55).
The latter is an important advantage compared to the leukocyte esterase strip test.
Leukocyte esterase strip test was proposed by several authors, however, its use is
limited by the inconclusive reading of the test result in case of admixed blood in
synovial fluid (60, 62, 63).

The ADLF test was developed based on the results of its forerunner, the laboratory

based, quantitative alpha defensin ELISA test. Previous studies showed high accuracy
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with 97-100% sensitivity and 95-100% specificity (52, 56, 57, 73), which is higher to
the performances shown for the qualitative ADLF test. However, no comparative study
of the two test modalities in the same patient population has been performed to date.
In our analysis, there was no significant difference between qualitative and qualitative
alpha defensin test for the diagnosis of PJI, irrespective of the used definition criteria.
In situations with inconclusive preoperative diagnostic work-up, a reliable
intraoperative test is needed. The ELISA test is not suitable due to the need of a
laboratory infrastructure and long turnaround time. Therefore, the rapid ADLF test was
developed to provide results within minutes. However, the costs are considerably
(approximately sevenfold) higher and only positive results should guide further
treatment strategies (based on the high specificity). The ELISA test may be of
advantage as a cost-saving approach especially in the pre-operative setting, where
the turnaround time is negligible. However, both tests cannot be used as a single test

to exclude PJI and cannot replace leukocyte count in synovial fluid in clinical routine.

3.2 D-lactate

In our two prospective studies we report first observations of and experiences with D-
Lactate as pathogen-specific diagnostic test for detection of PJI. Previous analysis
investigated its value for discrimination of septic and aseptic conditions in native joints
and reported a sensitivity of 86% and specificity of 96% (79). The performance in
prosthetic joints, which are more commonly affected by low-grade infections caused
by low-virulent pathogens than native joints, was unknown. The optimal cut-off for the
diagnosis of PJl was 1.3mmol/l in both our cohorts, irrespective of the used definition

criteria. Because D-lactate is determined quantitatively and is not a dichotomous
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positive/negative test, the physician is allowed to decide whether to use it as sensitive
(screening, “rule out”) or more specific (confirmatory, “rule in”) test by applying different
cut-off values.

The elaborated sensitivity was 86-92% with a specificity of 82-89%. Compared to
leukocyte count -the gold standard host-specific test in synovial fluid- D-lactate was
numerically more sensitive (86% vs. 80%) but less specific (82% vs. 89%). This trend
was observed predominantly in chronic infections. Both tests were more sensitive but
less specific in early infections than in delayed and late infections.

The low specificity was unexpected, as the marker is almost exclusively a product of
bacterial metabolism. Based on the positive correlation between erythrocytes and D-
lactate in the aseptic group, false-positive D-lactate test due to the similar absorbance
wave lengths of hemoglobin (i.e., 540nm for hemoglobin and 570nm for D-lactate) is
hypothesized. The poorer specificity in the early postoperative period might
corroborate this assumption, as in this setting residual blood in the operated joint is
present. Pre-test centrifugation of the sample might improve the specificity, however,
we did not elaborate this hypothesis in our study. Other explanations for false-positive
D-lactate test may be short bowel syndrome and severe uncontrolled diabetes mellitus
with insulin deficiency (92). Due to incomplete assessment of underlying comorbidities,
we could not elaborate these potential confounding factors. Therefore, further studies
exploring interfering conditions which explain the limited specificity are needed.

In previous reports, D-lactate production was described for several bacterial species
including Staphylococcus spp., Streptococcus spp., Enterobacterales and
Bacteroides fragilis as well as for Lactobacillales and gut microbiota (77, 93, 94). In

PJI caused by high-virulent bacteria such as S. aureus and streptococci, D-lactate
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concentration was higher as compared with PJI caused by low-virulent pathogens (i.e.,
coagulase-negative staphylococci), and no difference was observed comparing low-
grade PJls and culture-negative infections. The D-lactate concentration most likely
mirrors the virulence of the pathogen and the microbial burden.

Of note, increased D-lactate concentration (2.7 mmol/L) was detected in one patient
with PJI caused by Candida parapsilosis, although D-lactate is assumed to be specific
for bacteria. It was previously hypothesized, that local oxygen limitation may lead to
alcoholic fermentation in yeasts with resulting production of glycerol, pyruvate, and D-
lactate (95). Due to the low number of fungal PJI included in our analyses, the value

of D-lactate in this setting could not be explored. Further studies are needed.

3.3 Multiplex PCR

Knowledge of the causing pathogen is crucial not only for antimicrobial treatment but
also to determinate the best available treatment strategy. Many experts proclaim the
necessity of isolation of the microbial agent prior to revision surgery and suggest
repeating arthrocentesis until the pathogen is identified. As culture of synovial fluid has
only limited sensitivity (7), molecular diagnostics gained attention in recent years.

In our comparison of culture and PCR of synovial fluid harvested in preoperative
arthrocentesis, we found a similar performance of both tests with a poor sensitivity
(52-60%) but high specificity (89-98%) and a concordance of results in 82% (116 of
142 episodes). The short turnaround time of 5 hours represents a valuable advantage
in this context. By showing improved detection of low-virulent pathogens in synovial
fluid using multiplex PCR, we revealed another benefit since low-virulent pathogens

such as Cutibacterium spp. or coagulase-negative staphylococci usually require
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longer incubation periods due to their slow growth (30). In contrast, the missed high-
virulent pathogens indeed represent a concern. Whereas the missed identification of
Streptococcus mitis/oralis was expected due to the lack of a corresponding primer in
the test kit, the failure to detect the other missed isolates (S. aureus, E. coli, E. faecalis)
is not explained.

In addition, the poorer specificity, i.e., higher false-positive rate, when compared to the
gold standard of culture remains unclear. The challenge of positive microbiological
findings in presumed aseptic patients has been described in several previous studies
involving different medical devices (42, 96, 97). Whether the positive result represents
contamination in the laboratory or true “silent” colonization with development of clinical
symptoms at a later stage is unclear.

By combining two novel methods for pathogen detection, i.e., dislodgement of the
biofilm by sonication and consecutive analysis of the resulting fluid by multiplex PCR,
we expected an improvement of the pathogen detection rate. However, the sensitivity
of sonication fluid PCR was comparable to culture of sonication fluid (51% vs. 58%).
These results are in line with a similar recent cohort study assessing the same
multiplex PCR test kit (50%) (98). The limited sensitivity may be explained by the
multiplex PCR design, which allows only detection of pathogens, for which a primer is
included in the test kit. Therefore, by only considering organisms, for which primers
are included in the test kit, we additionally calculated the analytical performance, which
showed a numerically higher detection rate of 64% (as compared to 53%). To
overcome this test-set-up specific drawback of the test, an added universal primer for
broad-range 16S DNA could further increase the detection rate of the PCR Kkit.

However, this method requires an additional step for pathogen identification of the
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isolated pathogen (e.g., sequencing). Also detecting DNA from nonviable organisms,
we expected the PCR method to show a higher sensitivity than in conventional cultures.
One explanation for this could be the detection limit of the PCR method, estimated at
~ 10* DNA pathogen fragments/ml of specimen. In chronic, low-grade PJI with a low
bacterial burden, this threshold value might not be reached. Therefore, we (2017,
p.882) suggested, that “additional bacterial DNA concentration methods in sonication
fluid other than centrifugation (i.e., filtration of sonication fluid, DNA binding) may
increase the sensitivity of PCR and modified preanalytical processing to concentrate
DNA should be systematically tested in future studies” (89).

From the clinical standpoint, early pathogen identification and knowledge of its
susceptibility is of considerable relevance in order to optimize the antibiotic treatment
and therewith avoid development of resistance. In our analysis including isolates of 4
cohorts, the overall sensitivity of genotypic resistance detection for all pathogens was
46% and its specificity 95% with a median concordance of 80%. Whereas the
genotypic and phenotypic resistances for rifampin and oxacillin corresponded fully for
S. aureus isolates, the sensitivity was poor in coagulase-negative staphylococci (0%
and 44%). We (2020, p. 5) assume, that “the limited detection of oxacillin resistance
in coagulase-negative staphylococci by mPCR may be explained by the low microbial
burden usually seen in low-grade infections caused by less virulent staphylococci,
which probably does not reach the detection limit of the mPCR system of mecA and
mecC, estimated at ~ 104 and ~ 106 DNA copies/ml, respectively. This hypothesis is
corroborated by the fact, that the concordance in infections caused by S. aureus —
usually acute infections - was considerably higher. Furthermore, a great diversity of

the staphylococcal cassette chromosome mec in coagulase-negative staphylococci
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may contribute to a reduced detection rate of oxacillin resistance (99)” (100). In terms
of rifampin resistance, which is clinically highly relevant due to its impact on the
surgical strategy, the results were disappointing for coagulase-negative staphylococci.
However, the test kit is not validated for rifampin susceptibility testing for this subgroup
of staphylococci. When analysing only staphylococci, for which the system is
authenticated (i.e., S. aureus), a high concordance (93%) with a negative predictive
value of 100% was obtained. Analogously, fluoroquinolones are used to treat biofilms
in implant-associated infections due to gram-negative bacteria (101). For this
constellation (tested for E. coli in our analysis) the concordance was satisfying with an
agreement of 89% with a negative predictive value of 100%.

The high specificity of genotypical resistance testing (95%) is of clinical relevance, as
a positive test result corresponds mostly with resistance and may confirm a difficult to
treat infection (i.e., caused by a pathogen resistant to biofilm-active treatment) which
requires implant removal. In addition, it justifies the addition of toxic vancomycin in

case of infection caused by oxacillin-resistant staphylococci.

4. Summary and outlook

The prospective evaluation of alpha defensin and D-lactate in synovial fluid, and
multiplex PCR in synovial and sonication fluid in patients with prosthetic failure showed
no novel test to be superior compared to standard diagnostic tests (Table 2). Based
on our results, we do not recommend using the novel biomarker alpha defensin as a
routine screening test, as recently confirmed by other authors (102). Considering its

poorer performance and the higher costs, the leukocyte count analysis in synovial fluid
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cannot be replaced by this test. However, in specific situations, e.g., if the high

leukocyte count is not interpretable due to underlying rheumatologic diseases or the

healing process in the early postoperative setting, it can be used as a confirmatory

test. We did not find a difference regarding the test accuracy when comparing the

bedside lateral flow test and the laboratory ELISA test. The choice should be made

taking expenses, turnaround time and feasibility/infrastructure into account.

Table 2. Summary of all studies showing results of conventional (white) and novel

(grey) diagnostic tests using institutional criteria and other definition criteria (MSIS and

IDSA). If results of multiple cohorts are available, mean (and range) are shown.

Institutional criteria Other criteria
_ _ _ Sensitivity | Specificity | Sensitivity | Specificity
Specimen Diagnostic test
(%) (%) (%) (%)

Absolute leukocyte count 80 (73-88) | 95 (91-98) 85 93

% Granulocytes 71 (57-83) | 97 (92-100) | 81 95

Leukocyte count (combined) | 84 (80-86) | 92 (89-96) - -
Synovial Alpha defensin ELISA 50 98 79 (73-85)
fluid Alpha defensin ADLF 50 (46-54) | 99 (98-99) 76 (67-84) | 96

D-lactate 89 (86-92) | 86 (82-89) | 94 78

Culture 56 (46-69) | 98 (97-100) | - -

Multiplex PCR 60 89 - -
Periprosth. | Culture 46 (42-51) | 99 (96-100) | 79 100
tissue Histopathology 76 (72-80) | 100 88

Culture 59 (44-71) | 97 (91-100) | - -
Sonication

Multiplex PCR 51 94 - -
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D-lactate seems to be a promising and accurate diagnostic test for the diagnosis of
PJI. Its performance is comparable to the one of leukocyte count in synovial fluid. The
short turnaround time, the low amount of required synovial fluid and the low cost are
advantages of this novel biomarker. The causes for the low specificity should be further
investigated and based on new findings the assay should be further improved.
Alternative determination methods such as chromatographic or electrochemical
processes may improve the discrimination. Due to its high sensitivity but low specificity
the test may be used in combination with a highly specific test.

Multiplex PCR in sonication fluid and synovial fluid showed a comparable performance
to conventional cultures, having the advantage of being fully automated and providing
results within 5 h. It demonstrated a superior detection rate for low-virulent pathogens
in synovial fluid. Improvement of the primer setup, especially for additional species of
oral streptococci and anaerobes, and detection threshold for low-virulent pathogens
may increase the performance of PCR. The overall sensitivity for detection of
antimicrobial resistance by mPCR directly from clinical samples was low. False-
negative mPCR results occurred mainly in coagulase-negative staphylococci,
especially for oxacillin and rifampin. However, the specificity of mPCR was high and a
positive result reliably predicts resistance and for some pathogens and antibiotics full
agreement was observed. Including universal primers in the PCR test assay may
improve the detection rate but requires additional sequencing step.

Based on our results, multiplex PCR cannot replace conventional culture due to low

sensitivity and the need of reliable susceptibility testing.
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Novel innovations focus on other culture-independent technologies such as next-
generation sequencing, which has shown great promise in the diagnosis of PJI and
might be used as an effective tool for the identification of pathogens (64, 67, 103).
With the advantage of massively parallel DNA sequencing technologies, it has become
possible to rapidly and comprehensively sequence all the microbial genetic material
within a clinical sample (metagenomics). Pooled sensitivity and specificity of a recent
meta-analysis were reported at 81% and 94%, respectively (103). However, its value
for detection of pathogens of low-grade infections and its drawbacks are yet to be

determined.

Indeed, the use of highly sensitive definition criteria to confirm PJI in our institution for
clinical practice and studies has a considerable impact on the performance of
diagnostic tests. By using less sensitive criteria, i.e. MSIS or IDSA criteria, the
sensitivity of tests increased at cost of a lower specificity (see Table 2). This fact is
probably the main reason for discrepant results of our analyses compared to previous
studies. However, the impact of this observation is highly relevant in light of our goal
to focus on low-grade infections. Based on our results, the test accuracy of every new
test should be interpreted with regard to the used definition criteria. In our analyses,

none of the novel tests outperformed the current standard tests.
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