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Aims

Chronic periprosthetic joint infections (PJIs) caused by low-virulence pathogens can be
challenging to differentiate from aseptic failure. The aim of this study was to assess the
diagnostic accuracy of the most commonly used tests for diagnosing these Plls.

Methods

A consecutive series of 420 patients undergoing revision total hip or knee arthroplasty were
studied. Coagulase-negative staphylococci, Cutibacterium spp., enterococci, Actinomyces spp.,
and fungi were classified as low-virulence pathogens. Of the 207 PJls defined by the European
Bone and Joint Infection Society (EBJIS) criteria, 60 were chronic infections caused by low-viru-
lence pathogens. A total of 213 cases were classified as aseptic, resulting in a total of 273 cases
included in the analysis. The performance of established test methods was assessed using
receiver operating characteristic (ROC) curves.

Results

The calculated synovial fluid percentage of polymorphonuclear neutrophils (SF-%PMN) cut-off
of > 67% demonstrated the best preoperative performance with a sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV), and area under the curve (AUC) of 97.1%
(95% Cl 83.9 to 100), 97.2% (95% Cl 91.9 to 100), 97.1% (95% Cl 91.6 to 100), 97.2% (95% Cl 91.9
to 100), and 0.972 (95% Cl 0.933 to 1.000), followed by SF white blood cell count (SF-WBC) >
2,403 cells/pl with estimates of 85.4% (95% Cl 71.1 to 93.4), 100% (95% Cl 94.6 to 100), 100%
(100), 93.3% (95% Cl 88.0 to 98.5), and 0.927 (95% Cl 0.872 to 0.982). While a %PMN cut-off of >
67% outperformed the established threshold of > 80% (p = 0.010), the calculated SF-WBC cut-off
of > 2,403 G/I did not perform significantly better than the established threshold of > 3,000 G/I
(p = 0.266). Intraoperatively, permanent paraffin-fixed sections showed the best accuracy with
performance values of 89.3% (95% Cl 78.1 to 95.3), 100% (95% Cl 97.7 to 100), 100% (100), 97.1%
(95% Cl 94.8 t0 99.4), and 0.946 (95% Cl 0.906 to 0.987), followed by frozen sections (85.7% (95%
Cl 67.7 to 94.6), 99.2% (95% CI 95.1 to 100), 95.8% (95% Cl 87.8 to 100), 96.9% (95% Cl 94.0 to
99.9), and 0.922 (95% Cl 0.853 to 0.991)).

Conclusion

Synovial fluid %PMN and WBC, and permanent histological sections demonstrated the highest
diagnostic performance for diagnosing PJI caused by low-virulence pathogens. Intraoperative
frozen sections proved to be a valuable intraoperative tool, particularly in cases with unclear
preoperative diagnosis. A lower cut-off for SF-%PMN may be considered to more accurately
diagnose these infections.
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Article focus

* This study investigated the diagnosis of chronic peripros-
thetic joint infections (PJls) specifically caused by low-
virulence pathogens.

* The diagnostic accuracy of various established test meth-
ods (serum CRP, synovial fluid white blood cell count (SF-
WBC), percentage of polymorphonuclear neutrophils in
synovial fluid (SF-%PMN), conventional culture (synovial
fluid, tissue, sonication fluid), alpha-defensin, and histologi-
cal analysis) using the European Bone and Joint Infection
Society (EBJIS) definition as the reference standard.

Key messages

* Preoperatively, SF-WBC and SF-%PMN demonstrated the
highest diagnostic accuracy.

* Lower cut-off values (SF-WBC > 2,403 cells/pl, SF-%PMN >
67%) are strongly indicative of chronic PJI due to low-
virulence organisms.

* Histology provided the best diagnostic performance
among intraoperative methods.

Strengths and limitations

* This is the first study to comprehensively assess multiple
diagnostic tests for low-virulence chronic PJI within a single
cohort using the EBJIS definition.

* This study includes one of the largest cohorts focused
specifically on low-virulence pathogens.

e Limitations include its retrospective design and the lack of
a standardized definition for ‘low-virulence pathogens’ in
current literature.

Introduction

Periprosthetic joint infection (PJI) represents one of the most
severe complications after total hip or knee arthroplasty
and places a considerable burden on healthcare systems.'
Accurate diagnosis is essential to determine an appropri-
ate treatment strategy, minimize morbidity and mortality,
and preserve joint function and quality of life.”? With the
introduction of standardized infection definitions, substantial
improvements in diagnosis have been achieved.”® However,
infections caused by low-virulence pathogens (e.g. coagu-
lase-negative staphylococci and Cutibacterium spp.) continue
to pose a major challenge for orthopaedic surgeons and
clinicians.” While patients with PJI caused by high-virulence
pathogens often present with characteristic local and systemic
signs of infection (e.g. fever, pain, erythema, swelling, impaired
joint function, and wound dehiscence or effusion), patients
with infections caused by low-virulence pathogens often have
only unspecific and/or mild symptoms (e.g. chronic pain and
early loosening), which are difficult to distinguish from aseptic
complications. Due to the indolent clinical presentation
without the characteristic signs of an acute infection, some
surgeons may not perform pre- and/or intraoperative tests to
confirm or exclude PJI at all. However, if performed, diagnos-
tic tests may remain inconclusive,® potentially misinterpreting
these PJls as aseptic failure.

Low-virulence organisms are capable of forming
biofilms on implants or necrotic bone and tissue.*’ Mature
biofilms protect bacteria from the host immune system
reducing and inhibiting the production and release of
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inflammatory proteins and, hence, the overall immune
response. Concentrations of inflammatory parameters (e.g.
CRP, interleukin-6, white blood cell count) in the blood,
synovial fluid, and tissue of the affected joint may be
completely normal or minimally elevated, making the
diagnosis difficult.

The lack of diagnosis or the inconclusive results may
lead to insufficient therapy of the hidden infection, signifi-
cantly increasing the risk of persistent infection or reinfec-
tion.'” Therefore, in all painful arthroplasties, PJI should be
considered during preoperative workup and planning.'®"

To date, little is known about the exact diagnostic
value of commonly used diagnostic tests in chronic PJls
caused by low-virulence organisms, and only very few studies
have specifically considered these infections when calculat-
ing diagnostic accuracies.'”” Most studies do not differentiate
between specific causative microorganisms in their analy-
SeS.B'M

The aim of this study was to assess the diagnostic
accuracies of established serum and synovial fluid parameters,
cultures, and histology for diagnosing chronic PJI caused by
low-virulence pathogens.

Methods
Study design
This study was conducted in accordance with the World
Medical Association’s Declaration of Helsinki and the
guideline for diagnostic studies at a single tertiary hospital
specialized in treating PJIL.'>'° Ethical approval by the
Medical University of Vienna institutional ethical review
board was obtained (EK 2172/2023). Between January
2015 and December 2023, a consecutive series of patients
who underwent revision surgery following total hip (THA)
and knee arthroplasty (TKA) was retrospectively included.
Patients who had undergone surgery within the last six
weeks or at the second stage of a two-stage exchange
procedure, an antibiotic-loaded cement spacer in place, and
periprosthetic fractures were excluded. PJI was diagnosed
according to the European Bone and Joint Infection Society
2021 definition.” Prior to revision surgery, a standardized
diagnostic workup was initiated at our institution. Accord-
ingly, demographic data, comorbidities, clinical features
(e.g. sinus tract, pus, fever, local signs of infection), blood
samples, synovial fluid analysis, microbiology, histology, and
radiographs were documented. For cases treated before
2021, the diagnosis was retrospectively reassessed using the
EBJIS criteria to ensure consistency across the entire cohort.
A chronic PJI was defined as symptom duration of more
than four weeks. Coagulase-negative staphylococci, Cutibacte-
rium spp., enterococci, Actinomyces, and fungi (e.g. Candida
spp.) were classified as low-virulence pathogens.’ The presence
of at least two positive samples with the same pathogen was
required for diagnosis.

Diagnostic tests

Clinical features (sinus tract, visible purulence surrounding
the prosthesis) were documented upon admission. Blood
samples were collected one to three days preoperatively,
and CRP was quantified using lithium-heparin plasma and
automated particle-enhanced immunoturbidimetric analysis
(cobas8000 c702 module; Roche Diagnostics International,
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Revision surgery
following THA and
TKA (n=748)

/

Exclusions:

- surgery within the last six weeks (acute
postoperative revisions, n=46)

- antibiotics-loaded cement spacer in place (n=44)
- second stage of a two-stage revision
(reimplantation, n=166)

- periprosthetic fractures (n=72)

&

Septic/aseptic
revisions (n=420)

Exclusions:

- acute haematogenous PJI (n=61)

- PJI caused by high-virulent microorganisms (n=33)
- culture-negative PJI (n=53)

273 included patients

Fig. 1

Flowchart illustrating patient selection. PJI, periprosthetic joint infection; THA, total hip arthroplasty; TKA, total knee arthroplasty.

Switzerland). Under sterile conditions, synovial fluid samples
were obtained preoperatively. Furthermore, synovial fluid
white blood cell count (SF-WBC) and percentage of poly-
morphonuclear neutrophils (SF-%PMN) were quantified by
flow-cytometry (XN-9100; Sysmex K. K., Japan). Intraopera-
tively, an alpha-defensin lateral flow test (Synovasure; Zimmer
Biomet, USA) was conducted using synovial fluid obtained
prior to capsulotomy. At least three tissue samples were
collected intraoperatively for cultures and histopathological
analysis. Explanted prosthesis components were sent for
sonication. Cultures of synovial fluid, tissue samples, and
sonication fluid were incubated on aerobic and anaerobic
culture media for at least 14 days using a pre-described
procedure.'” Histopathological analysis (frozen and permanent
sections) was performed by a specialized pathologist (see
Acknowledgements). At least five high-power fields (HPFs)
were assessed in each sample.”® Frozen section results were
communicated to the orthopaedic surgeon 15 to 30 minutes
after dispatch, during the revision surgery.

Demographic data

The patient selection process is illustrated in Figure 1. Of the
273 included patients, 60 were classified as chronic PJI caused
by low-virulence pathogens, and 213 as aseptic. Demographic
details of the entire study cohort are given in Table I.

Statistical analysis

Continuous variables are given as median and IQR, categori-
cal variables are described as absolute and relative frequen-
cies (percentages). Chi-squared test, independent-samples
t-test, and Fisher’s exact test were used wherever statistically
suitable. Calculation of diagnostic accuracies was based on
the receiver operating characteristic (ROC) analysis using the
EBJIS definition as the gold-standard reference. A two-sided
z-test was used to compare AUCs of all included parame-
ters. Furthermore, sensitivity, specificity, accuracy, positive
(PPV) and negative predictive value (NPV), and positive (LR+)
and negative likelihood ratio (LR-) were determined for all
parameters. When calculating diagnostic performance, the
respective variable was excluded from the definition to avoid
incorporation bias. For metric test methods, the performance
of the recommended cut-offs in both the EBJIS confirmatory
and likely categories was analyzed. Additionally, the optimal
cut-off was determined using the Youden Index. For all tests,
a p-value of < 0.05 was regarded as significant. Statistical
analysis was performed using XLSTAT version 2023.1.2.1406
(Lumivero, USA).

Results

All analyzed diagnostic tests showed significant differences
between the septic and aseptic groups, with higher concentra-
tions or a higher number of positive cases in the septic group.
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Demographics of all included patients.

Chronic PJIs caused by low-viru-

Demographics lence pathogens (n = 60) Aseptic cases (n =213) p-value Total (n=273)
Median age, yrs (IQR) 74.0 (60.8 to 78.3) 71.0(61.0to 78.0) 0.353* 72.0(61.0to 78.0)
Female sex, n (%) 32(53.3) 135 (63.4) 0.1581 167 (61.2)

Median BMI, kg/m? (IQR) 28.6 (24.3 t0 32.0) 27.6 (24.0t0 31.9) 0.584* 27.7 (24.1 t0 32.0)
ASA grade = Ill, n (%) 35(58.3) 101 (47.4) 0.135% 136 (49.8)
Localization, n (%) 0.025t

Hip 38(63.3) 100 (46.9) 138 (50.5)

Knee 22 (36.7) 113 (53.1) 135 (49.5)
Preoperative antibiotics, n (%) 11(18.3) 2(0.9) <0.001% 13 (4.8)
Rheumatoid arthritis, n (%) 3(5.0) 13 (6.1) > 0.9991 16 (5.9)

Sinus tract, n (%) 13(21.7) 0(0.0) <0.001% 13 (4.8)
Intraoperative purulence, n (%) 7 (13.5) 0(0.0) <0.001% 7 (3.4)

Median CRP, mg/I (IQR) 28.1(10.9to 60.7) 28(1.2t06.3) <0.001* 3.7(1.5t012.1)
Median SF-WBC, cells/ul (IQR)§ 21,831 (6,216 to 39,140) < 1,000 (N/A) <0.001* 1,000 (1,000 to 5,095)
Median SF-%PMN, % (IQR) 90.0 (81.5 to 94.5) 26.0 (17.0 to 48.0) <0.001% 85.0 (62.3 t0 94.0)
Positive SF culture, n (%) 29 (55.8) 3(2.1) <0.001% 32(16.6)

Positive a-defensin, n (%) 11(57.9) 0(0.0) <0.001% 11 (9.6)

Positive tissue culture, n (%) 45 (78.9) 11(6.4) <0.001t 56 (24.5)

Positive sonication fluid culture, n

(%) 49 (86.0) 21(10.6) <0.001+ 70 (27.3)

> 1 culture(s) positive, n (%) 58 (96.7) 22(10.6) <0.001t 80 (29.9)

Positive histology - permanent
sections, n (%) 49 (89.1) 0(0.0) <0.001% 49 (19.1)

Positive histology - frozen
sections, n (%) 22 (84.6) 1(0.8) <0.001% 23(15.0)

*Independent-samples t-test.

tChi-squared test.

fFisher's exact test.

§The lowest value given by our laboratory is 1,000 cells/ul, lower values are given as < 1,000 cells/pl.

ASA, American Society of Anesthesiologists; N/A, not available; %PMN, percentage of polymorphonuclear neutrophils; SF, synovial fluid; WBC, white blood
cell count.

Of the 60 PJI cases, coagulase-negative staphylococci
(CoNS) were most frequently isolated (n = 27; 45%). Cutibacte-
rium spp. were found in 11 cases (18.3%); seven infections
(11.7%) were caused by Enterococcus spp., three (5.0%) by

Distribution of microorganisms in revision total hip and knee
arthroplasty.

. . IR fnees n IOtaI n Candida albicans, and one by Actinomyces neuii (Table II).
Microorganism 38) =22) p-value =60) i o .

Overall, 11 cases were polymicrobial infections, but only low-

;Za%UIlzi%::g:Ez;i Y R — virulence organisms were cultured in these cases (one case

I, 0, b g 5 d . . . .

Py each of: Enterococcus faecalis/Candida albicans, CoONS/Actino-

Cutibacterium spp.,n (%)  8(21.1)  3(13.6) 0731t  11(18.3) myces neuii; and two cases each of: Enterococcus faecalis/CoNS,

Enterococcus spp.n (%)  4(105)  3(13.6) 0.700t 7(11.7) CoNS/Candida albicans, CoNS/Aspergillus fumigatus, and three

Actinomyces neuii,n (%) 1(26)  0(0.0) >0999t 1(1.7) cases of CoNS/Cutibacterium acnes).

Candida spp., n (%) 2(5.3) 1(4.5) >0.9991t 3(5.0) Diagnostic accuracies

Polymicrobial, n (%) 6(15.8) 5(22.7) 0.503* 11(18.3) Performance metrics are presented in Table I, and the
corresponding ROC curves are illustrated in Figure 2. All
confirmatory criteria of the EBJIS definition showed > 99%
specificity.

*Chi-squared test.
tFisher's exact test.
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a) Receiver operating characteristic (ROC) curves for accuracy of CRP, clinical features (sinus tract, pus), alpha-defensin, synovial fluid (SF) cell count
(white blood cell count (WBC), percentage of polymorphonuclear neutrophils (%PMN)), and b) cultures (synovial fluid, tissue culture (single positive
sample, two concordant samples), cultures overall (single positive sample, two concordant samples)), sonication, and histology (definitive histology,
frozen section) in diagnosing chronic periprosthetic joint infection caused by low-virulence pathogens. CFU, colony-forming units.

Diagnostic accuracy of metric variables at their calculated ideal cut-off values for diagnosing chronic periprosthetic joint infections caused

by low-virulence pathogens.

Sensitivity  Specificity Youden’s PPV NPV LR+ LR- LIS

Parameter (95% Cl) (95% Cl) index (95% ClI) (95% ClI) (95% CI) (95% Cl) (95% ClI)

CRP (> 76.7 (64410 84.1(785t0 0.582 (0.474 to 0.926 (0.889to  4.832(3.430to 0.277 (0.175to 0.804 (0.745 to
9.8 mg/l) 85.6) 88.5) 0.608 0.691) 0.963) 6.807) 0.440) 0.863)

SF-WBC (> 85.4(71.1to 1.000 (1.000 to 0.933 (0.880 to 0.146 (0.070to 0.927 (0.872 to
2,403 cells/ul) 93.4) 100 (94.6 to 100) 0.854 1.000) 0.985) -() 0.307) 0.982)
SF-%PMN (> 97.1(839to 97.2(91.9to 0.971 (0.916 to 0.972(0.919to 34.971 (5.059 to 0.029 (0.004to 0.972 (0.933 to
67) 100) 100) 0.944 1.000) 1.000) 241.753) 0.203) 1.000)
Sonication (> 78.8(65.7to  96.9 (93.3 to 0.872(0.777 to 0.945 (0.914to 25.756 (11.570 0.218(0.129to 0.879 (0.822 to
4 CFU) 87.8) 98.7) 0.758 0.968) 0.977) t0 57.339) 0.369) 0.936)

AUC, area under the curve; CFU, colony-forming units; LR+, positive likelihood ratio; LR-, negative likelihood ratio; NPV, negative predictive value; %PMN,
percentage of polymorphonuclear neutrophils; PPV, positive predictive value; SF, synovial fluid; WBC, white blood cell count.

Using the established cut-off values, the best preopera-
tive test method was SF-%PMN > 65% with a sensitivity,
specificity, PPV, NPV, and AUC of 97.1% (95% Cl 83.9 to 100),
94.4% (95% Cl 80.7 to 99.3), 94.4% (95% Cl 87.0 to 100), 97.1%
(95% ClI 91.6 to 100), and 0.958 (95% Cl 0.911 to 1.000),
followed by SF-WBC > 3,000 cells/ul with performance
estimates of 80.5% (95% Cl 65.6 to 89.9), 100% (95% Cl 94.6 to
100), 100% (100), 91.2% (95% Cl 85.4 to 97.0), and 0.902 (95%
Cl1 0.841 to 0.964). The best intra- or postoperative test method
was permanent section of deep tissue samples showing
estimate values of 89.3% (95% Cl 78.1 to 95.3), 100% (95% Cl
97.7 to 100), 100% (100), 97.1% (95% Cl 94.8 to 99.4), and 0.946
(95% C1 0.906 to 0.987).

Frozen section showed a similarly high performance
with accuracy estimates of 85.7% (95% Cl 67.7 to 94.6), 99.2%
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(95% Cl 95.1 to 100), 95.8% (95% Cl 87.8 to 100), 96.9% (95%
Cl 94.0 to 99.9), and 0.922 (95% Cl 0.853 to 0.991). When
frozen sections were performed, in eight out of nine cases
(88.9%) with an unclear diagnosis before surgery but definitive
postoperative infection diagnosis, infection diagnosis could
be made with the results of frozen sections. In 109 aseptic
cases, only one patient had positive frozen sections (0.9%),
demonstrating high negative agreement.

Ideal cut-off values were calculated for all metric
variables (CRP, SF-WBC, SF-%PMN, and sonication) and are
shown in Table IV. ROC curves are given in Figure 3. Nota-
bly, for all parameters, lower cut-off values yielded higher
diagnostic accuracies. CRP at 9.8 mg/l showed the best AUC
but did not perform significantly better compared to the
established cut-off of 10 mg/l (p = 0.582). When assessing
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Receiver operating characteristic (ROC) curves for accuracy of metric variables (CRP, synovial fluid white blood cell count (SF-WBC), synovial fluid
percentage of polymorphonuclear neutrophils (SF-%PMN), sonication fluid culture) in diagnosing chronic periprosthetic joint infection caused by

low-virulence pathogens, calculating ideal cut-off values. CFU, colony forming units.

SF-WBC, 2,403 cells/pl yielded the highest AUC (0.927 (95% Cl
0.872 to 0.982)), however no significant differences between
the three values were observed (1,500 cells/ul vs 2,403 cells/pl,
p = 0.097; 1,500 vs 3,000, p = 0.433, 2,403 vs 3,000, p = 0.266).
In SF-%PMN, the lower cut-offs of > 65% and 67% showed
a significantly higher AUC than the established cut-off of >
80% (> 65% vs > 67%, p = 0.578; > 67% vs > 80%, p = 0.010;
> 65% vs > 80%, p = 0.045). In sonication fluid culture, the
calculated ideal cut-off of > 4 CFU showed the highest AUC
0.879 (95% Cl 0.822 to 0.936); both the > 1 CFU and the >
4 CFU cut-off significantly outperformed the 50 CFU cut-off (p
< 0.001). Of the 38 patients with a sonication fluid culture
result between 1 and 50 CFU, ten patients (26%) showed
identical microbial growth in tissue culture(s) and/or synovial
fluid culture(s).

Two concordant positive samples of any culture
(synovial fluid, tissue, sonication fluid) demonstrated a higher
AUC than one single positive tissue culture (0.890 vs 0.863, p
= 0.078, two-sided z-test) and two concordant tissue cultures
(0.890 vs 0.786, p < 0.001, two-sided z-test).

Discussion
Preoperatively, SF-%PMN demonstrated the highest diagnostic

accuracy for detecting chronic PJI caused by low-virulence
pathogens in our cohort. A cut-off of > 67% demonstrated
high sensitivity (97%), specificity (97%), PPV (97%), and NPV
(97%), providing excellent discriminatory value in our study.
Furthermore, this cut-off outperformed the established cut-off
of > 80% (AUC 0.972 vs 0.900, p = 0.010). Similar results
were observed in the literature. Ghanem et al'® investigated
the value of %PMN in chronic knee infections (n = 161/429
revision surgeries), showing a high sensitivity (95%) and
specificity (95%) when applying the cut-off of > 64%. Trampuz
et al”® observed equal performance values (sensitivity: 97%,
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specificity: 98%) in a cohort of 133 revisions (34 chronic PJls)

at a cut-off of > 65%. In a study of 405 revision cases with 111

chronic Plls, the cut-off of > 67% demonstrated the highest
sensitivity (86%) and specificity (89%).”' Kheir et al* calcula-
ted in their study of 1,202 revision cases (549 chronic Plls) a
sensitivity of 91% and specificity of 86% when a cut-off of >
65% PMN was used. Therefore, it seems that the percentage
of PMN is lower in PJI caused by low-virulence microorgan-
isms. Due to their low virulence characteristic, these microor-
ganisms induce a reduced immunological response compared
to high-virulence organisms, such as Staphyloccocus aureus,
Streptococcus spp., and Gram-negatives, potentially limiting
diagnostic value of several synovial biomarkers."* Based on our
results and those in the literature, a lower cut-off value (>
67%) should be strongly considered as indicative of chronic
PJI caused by low-virulence pathogens. The EBJIS definition
of PJI proposes that a cut-off of > 65% indicates a likely
infection.” Our results support this threshold and suggest that
such values are frequently associated with infections caused
by low-virulence organisms.

The SF-WBC demonstrated a high accuracy in the
preoperative diagnosis of PJI caused by low-virulence
microorganisms as well. The established cut-off of >
3,000 cells/ul yielded high specificity (100%) along with
good sensitivity (81%) in our cohort, which is in line with
the literature. In a study evaluating the SF-WBC in diag-
nosing chronic PJI (n 567/1,220 revisions), this cut-off
showed a sensitivity of 82% and specificity of 95%.” Kheir
et al*’ calculated similar performance values (sensitivity: 83%,
specificity: 94%) when applying the same cut-off, while Baker
et al** showed a higher sensitivity (sensitivity: 92%, specificity:
99%). However, other studies assessed the optimal SF-WBC
cut-off for accurate diagnosis of chronic PJIs and calculated
lower cut-off values. In a study by Shohat et al,”* the optimal
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cut-off was > 2,533 cells/ul. In another study by Zahar et al,”*
it was > 2,582 cells/ul, while it was > 2,479 cells/ul in a cohort
of 405 revision surgeries including 111 chronic PJIs.?" In our
cohort, a similar lower optimal cut-off value of > 2,403 cells/ul
was observed. At this SF-WBC count, sensitivity was 85%
and specificity 100%. However, this optimal cut-off value (>
2,403 cells/pl) did not outperform the established cut-off of >
3,000 cells/pl (AUC 0.927 vs 0.902; p = 0.266). Therefore, we
recommend continuing to apply the previously established
cut-off, but lower values need to be interpreted with caution
and in conjunction with other diagnostic test results.

In general, preoperative synovial fluid analysis can be
recommended in all revision arthroplasty cases. In patients
presenting with indolent symptoms and lacking characteris-
tic signs of acute infection, where the clinical presentation
may suggest an aseptic failure, SF-WBC > 2,403 cells/ul and
SF-%PMN > 67% should be considered indicative of possible
chronic PJI caused by low-virulence pathogens. These findings
should prompt the surgeon to pursue further diagnostic
evaluation to confirm or rule out infection.

Histology has shown high accuracies in the diagnosis
of PJI.?*?” Although some concerns exist within the scientific
community regarding its sensitivity in CoNS and Cutibacterium
spp.,**® histological analysis proved to be the most reliable
intra-/postoperative method for diagnosing chronic peripros-
thetic joint infections caused by low-virulence microorganisms
in our cohort. A threshold of > 5 PMN in > 5 high-power-
fields, permanent sections showed an excellent performance
(sensitivity: 89%, specificity: 100%, AUC 0.946). With similar
performance values (sensitivity: 86%, specificity: 99%, AUC
0.922), frozen sections demonstrated an additional advantage
in preoperative unclear cases in our study. In 89% of these
cases, the diagnosis of infection could be accurately estab-
lished based on frozen section results alone, highlighting its
intraoperative utility. Due to the excellent accuracy of frozen
and permanent sections, we highly recommend collecting
deep tissue samples in all revision cases for histological
examination, especially in cases where the diagnosis (septic
vs aseptic) is inconclusive.

Sonication fluid culture has become a valuable
adjunct-tool to other traditional culture methods, especially in
low-virulence microorganisms capable of forming biofilm.?*°
Overall, sensitivities and specificities of tissue culture and
sonication were comparable in our study, and no significant
differences were found between the ‘likely’ and ‘confirmatory’
criteria for each test (single positive tissue sample vs > 1 CFU
in sonication and two concordant positive tissue samples vs >
50 CFU in sonication; p > 0.05). The calculated ideal, lower
cut-off value of > 4 CFU performed significantly better than
the established cut-off of > 50 CFU (AUC 0.879 (95% Cl 0.822 to
0.936) and 0.789 (95% Cl 0.725 to 0.854); p < 0.001). Sensitivity
was markedly higher at 79% vs 58%, while specificity remained
high (97% vs 100%). These results are comparable to Trampuz
et al’® and Holinka et al.”® Notably, in 26% of our patients with
a sonication fluid culture between 1 and 50 CFU (n = 10/38),
the identical microorganism was cultured in tissue samples
and/or synovial fluid culture. Therefore, a positive sonication
culture with 1 to 50 CFU should be interpreted with caution, as
this positive result may represent the true causative microor-
ganism.
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Furthermore, > two positive cultures of any sample
(synovial fluid, tissue, and sonication fluid) increased accu-
racy compared to using individual culture methods alone (p
< 0.001). This combined evaluation led to a sensitivity of
78% (SF-culture: 56%; two positive tissue samples (concord-
ant): 57%; > 50 CFU in sonication: 58%), without compromis-
ing specificity (100%). A total of 35 cases (16.4%, 35/213)
categorized as ‘likely’ infected based on the EBJIS definition
showed a single microbiological growth without leading to
a definitive diagnosis of PJI. In 16 of those cases, CoNS
were cultivated, Cutibacterium spp. in seven cases, Corynebac-
terium spp. in four, Aspergillus spp. in three, Bacillus spp. in
two, and Acinetobacter baumanii, Paenibacillus lucanolyticus,
and Micrococcus luteus in one case, respectively. Therefore,
one positive culture sample should always be interpreted in
conjunction with other diagnostic test methods within the
criteria, as recommended in the EBJIS definition.*

CRP demonstrated only moderate accuracy (sensitivity:
75%, specificity: 84%, AUC 0.796) in our cohort, consistent
with findings from Akgiin et al’' and Pérez-Prieto et al.’”* Both
groups reported high false-negative rates in cases involv-
ing low-virulence microorganisms (36% and 32%). In those
false-negative cases, Cutibacterium spp. and CoNS accounted
for 86% and 70% of cultivated microorganisms. Due to the
inadequate immune response in Plls caused by these low-
virulence microorganisms, a normal CRP level cannot reliably
exclude an infection.'*** Hence, CRP is not a suitable screening
tool in these infections. Grzelecki et al** demonstrated that
CRP cut-off values vary by pathogen virulence, with 9 mg/I
optimal for low-virulence and 13.8 mg/l for high-virulence
organisms. Our data support a similar trend, the optimal CRP
cut-off of 9.8 mg/l in our cohort yielded a higher AUC but
did not perform significantly better than the widely used
threshold of 10 mg/I (p = 0.582), supporting the continued
clinical utility of the established cut-off.

The EBJIS definition itself proved to be highly relia-
ble for diagnosing PJI caused by low-virulence pathogens
in our study. All confirmatory criteria specified in the EBJIS
definition demonstrated a specificity of > 99%, indicating
excellent accuracy for confirming infection. Therefore, this PJI
definition can be strongly recommended for clinical prac-
tice in diagnosing these challenging cases. It should be
noted, however, that different diagnostic standards (e.g. ICM
2018, MSIS 2013,°° IDSA 2013°) may influence sensitivity and
specificity outcomes.

This study has several limitations. First, its retrospec-
tive nature. Additionally, not all parameters were available
for every patient, a common challenge in clinical practice.
The definition of ‘low-virulence pathogens’ also remains
inconsistently addressed in the literature. In this study, we
adopted the classification proposed by Boyle et al,’ who
define low-virulence organisms based on their indolent clinical
course, biofilm-forming ability, and frequent association with
chronic PJI. Other studies may use slightly different classi-
fications, which can affect comparability. Furthermore, the
relatively small sample size may limit the generalizability of
our findings. Nevertheless, to our knowledge, this is the first
study to evaluate the diagnostic performance of multiple
tests for chronic PJI caused by low-virulence pathogens
within a single cohort, and the first to apply the EBJIS
definition in this context. While a previous study has examined
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low-grade infections, it did not clearly distinguish between
low- and high-virulence organisms.’” Most existing studies and
diagnostic criteria are based on mixed cohorts and frequently
overlook these differences. By focusing exclusively on PJls
caused by low-virulence pathogens, our study addresses this
important gap and may help to refine diagnostic approaches
for this particularly challenging subgroup. Our findings
suggest that lower cut-off values, especially for SF-%PMN,
are required to accurately diagnose these cases. Notably, our
study includes one of the largest cohorts of PJI cases attrib-
uted specifically to low-virulence pathogens.

Preoperatively, SF-%PMN and SF-WBC are the most
accurate test methods to diagnose chronic PJls caused
by low-virulence pathogens. Cut-offs of > 67% and >
3,000 cells/ul can be recommended to accurately identify
this challenging group of patients. Intra- and postoperatively,
definitive histology (permanent sections) and frozen sections
at = 5 PMN in = 5 HPFs showed the highest accuracies in
our study. Additionally, frozen sections proved to be a reliable
intraoperative tool, particularly in cases with unclear preopera-
tive diagnosis.
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