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Abstract: Background/Objectives: There is a lack of reliable biomarkers for diagnosis of infection
eradication prior to second-stage reimplantation in two-stage exchange arthroplasty for peripros-
thetic joint infections (PJIs). The aim of this study was to assess the diagnostic accuracy of rota-
tional thromboelastometry (ROTEM) for persistent infection in two-stage exchange arthroplasties.
Methods: A pilot, retrospective analysis was performed including 70 patients who underwent a
two-stage exchange arthroplasty for PJI. They were categorized as patients without (1 = 64) or pa-
tients with persistent infection (1 = 6) prior to reimplantation. Definition of persistent infection prior
to reimplantation was based on the 2018 ICM criteria. Conventional coagulation biomarkers and
ROTEM parameters were compared between groups. Results: Higher FIBTEM MCF values were
associated with persistent infection (odds ratio [OR], 1.30, 95% confidence interval [CI], 1.04-1.63;
p = 0.020), and FIBTEM MCEF had the highest diagnostic accuracy for persistent infection prior to
second-stage reimplantation (AUC, 0.907; 95% CI, 0.812-1.000). A cut-off value > 18 mm for FIBTEM
MCF was found to have 100.0% sensitivity and 73.4% specificity for diagnosing persistent infection
prior to second-stage reimplantation. Moreover, the diagnostic accuracy of FIBTEM MCF was higher
than that of fibrinogen levels (p = 0.036) and D-dimer (p = 0.006). Conclusions: Our findings indicate
that ROTEM parameters have the potential to identify persistent infections before reimplantation
in two-stage exchange arthroplasties for PJI. Such coagulation biomarkers could provide guidance
regarding the optimal timing for reimplantation. Further studies in larger populations are warranted
to validate the diagnostic accuracy of ROTEM parameters for persistent PJI.
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1. Introduction

The number of periprosthetic joint infections (P]Is) has been rising over the past
decades, with a reported rate of 1-4% following total knee and hip arthroplasties [1,2].
The preferred strategy for the treatment of these infections involves a two-stage exchange
arthroplasty; the infected implants are removed and replaced by antibiotic spacers during
the first stage, followed by a period of systemic antibiotics, while reimplantation of the
final implants is performed as a second stage, usually 2-3 months later. The rationale
for this approach is that complete eradication of the infection should be achieved prior
to reimplantation through a thorough irrigation and debridement during the first stage,
followed by a subsequent course of antibiotics. However, despite the advances in the
treatment strategy of these infections, the reported rate of reinfections is still high, estimated
to be up to 30% [3,4].

Blood biomarkers with high sensitivity and specificity for diagnosing persistent in-
fections prior to second-stage reimplantation would be of great value as this would guide
surgeons regarding the optimal time for proceeding to the second stage. However, diagno-
sis of persistent infection is challenging since the accuracy of the available set of biomarkers
is low [5-8]. Although joint aspiration and synovial fluid evaluation is considered the most
reliable method for diagnosis of PJI, there are certain drawbacks to this approach; in many
cases there are false negative results, especially in low-grade infections, while there are
often dry taps without any synovial fluid for evaluation. Moreover, serum inflammatory
markers such as erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) can re-
main elevated, even in proven cases of infection eradication; thus, their diagnostic accuracy
is limited [9].

Although there is a substantial body of literature linking infection and its associated
inflammatory process with a hypercoagulable state, studies regarding the relationship
between hemostatic derangements and PJI have been sparse until now [10-12]. Rotational
thromboelastometry (ROTEM) is a laboratory approach that evaluates the coagulation
mechanism through a thorough analysis of the viscoelastic properties of whole blood speci-
mens. Compared to conventional coagulation studies, ROTEM analysis has the advantage
of evaluating all phases of hemostasis from clot formation to clot breakdown, while it has
been shown to have a high diagnostic accuracy for detecting coagulation derangements
that are associated with various pathologies such as thromboembolic complications and
excessive bleeding [13].

The aim of this study was to examine whether ROTEM parameters are associated with
persistent joint infections prior to second-stage reimplantation, and also to investigate the
diagnostic accuracy of these parameters to detect persistent PJI.

2. Methods

A pilot, retrospective study was performed including patients who were diagnosed
with PJI following total knee or hip arthroplasty and underwent a two-stage exchange
arthroplasty between May 2019 and July 2022. Patients were evaluated following the
index arthroplasty due to pain, local signs of inflammation such as erythema, or wound
discharge and sinus tract development. Evaluation of these patients included imaging
studies (X-rays), laboratory assessment (complete blood count and inflammatory markers),
and joint aspiration for evaluation of the synovial fluid. The diagnosis of PJI was based
on the criteria of the International Consensus Meeting (ICM) for PJI in 2018 [14]. Patients
with coagulopathies or infections in other organs were excluded from the study. Based
on our treatment protocol for PJI, implants were removed, a thorough irrigation and
debridement was performed, and spacers were placed during the first stage, while all
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patients received prophylactic anticoagulation for 4 weeks and antibiotics for 6-8 weeks,
postoperatively. A two-week antibiotic holiday period was maintained before second-stage
reimplantation in all patients. Patients received antibiotics based on the pathogen that was
isolated during the first stage. The most commonly isolated pathogen was S. aureus, and the
most common antibiotics included vancomycin and clindamycin. The time of second-stage
reimplantation was decided based on the following criteria: a completely healed wound,
no pain or any clinical sign of infection, and a downward trend in serologic biomarkers
(ESR and CRP) after the first stage. These markers had to be within the normal range or
close to it. Moreover, 5 synovial tissue samples for histological analysis and culture were
collected during the second-stage reimplantation in all patients. The culture mediums for
the synovial tissue samples included blood agar and MacConkey agar, while cultures were
kept for 14 days before being declared negative.

The study population was categorized into two groups: patients with persistent in-
fection during the second-stage reimplantation (Group A) and patients without persistent
infection (Group B). Persistent infection was defined as an infection diagnosed intraopera-
tively during the second-stage reimplantation based on the ICM 2018 intraoperative criteria
for definite infection (positive histology and positive purulence with or without positive
culture) or inconclusive infection (at least a single positive culture and positive histology
and/or positive purulence), or as a new PJI based on the ICM 2018 that occurred during
the first postoperative year. Demographics, laboratory findings, and clinical characteristics
were recorded for each patient. The study received approval by the hospital’s Institutional
Review Board (Ref number: 199/23-03-2023), while all patients provided informed consent.

Laboratory assessment of the study population was performed prior to reimplantation
and included conventional coagulation studies (prothrombin time [PT], activated partial
thromboplastin time [aPTT], fibrinogen, D-dimer) and ROTEM analysis (Supplemental
Methods). For the ROTEM analysis, whole blood samples were analyzed in a ROTEM
analyzer (delta ROTEM, Tem Innovation GmbH, Munich, Germany). All samples were
analyzed within 90 min from the blood draw. ROTEM analysis included EXTEM, INTEM,
and FIBTEM assays for evaluation of the extrinsic coagulation pathway, the intrinsic
coagulation pathway, and the contribution of fibrinogen in coagulation, respectively. The
ROTEM parameters that were evaluated included the coagulation time (CT, s) indicating
the time from the beginning of the analysis to the formation of a clot of 2 mm in amplitude;
the clot formation time (CFT, s) which is the time from CT to formation of a clot of 20 mm
in amplitude; the clot amplitude at 10 min (A10, mm); the alpha angle (a®), which is the
angle between the horizontal line (x-axis) and the tangent to the ROTEM trace at 2 mm
clot amplitude; the maximum clot firmness (MCF, mm), which reflects the maximum clot
amplitude; and the lysis index at 60 min (LI60, %), which is the percentage of the residual
clot firmness at 60 min compared to MCE, indicating the fibrinolysis speed.

Statistical Analysis

Study data are presented as mean + standard deviation (SD), median and interquartile
range (IQR), or percentage when appropriate. The non-parametric Wilcoxon rank-sum test
and the chi-squared test were used to compare parameters between groups. Moreover, in
order to evaluate the independent association between the coagulation state, as reflected
by ROTEM parameters, and development of persistent infections, a multivariable logistic
regression analysis was performed with persistent infection as the dependent variable,
and the Body Mass Index (BMI), gender, age, smoking status, Charlson comorbidity index,
chronic anticoagulants, and ROTEM results as independent variables. Moreover, the
diagnostic accuracy of ROTEM parameters to detect persistent infections was assessed
using receiver operating characteristic (ROC) curves and their respective areas under these
ROC curves (AUC). To identify the optimal cut-off value for each ROTEM parameter, the
Youden Index was used. Finally, the Hanley and McNeil method was used to compare the
diagnostic accuracies of ROTEM parameters and conventional coagulation biomarkers [15].
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Two-tailed p < 0.05 was considered to indicate statistical significance. Stata statistical
software, version 15, was used for analysis.

3. Results

Seventy-two patients were considered eligible for the study. Two were excluded
because they had congenital coagulopathy (Factor V Leiden), and 70 patients were finally
included in the study (Figure 1).

( ) 72 patients were screened
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c — Coagulopathy, n=2
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—
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70 patients were analyzed:
— With persistent infection, n=6
~
— Without persistent infection, n=64

Figure 1. Flowchart of the study population.

There were 6 patients with persistent infection (Group A) and 64 without (Group B).
Among the six patients with persistent infection, for two the diagnosis was made intraoper-
atively during the second stage (positive intraoperative cultures and positive histology),
while the remaining four developed a new PJI during the postoperative period. The iso-
lated pathogens in these six patients with persistent infection included methicillin resistant
Staphylococcus aureus (n = 2), Coagulase-negative Staphylococcus species (S. epidermidis
n=2and S. lugdunensis n = 1), and Enterococcus species (n = 1). Patients with or without
persistent infections did not differ in terms of age (median: 64.5 vs. 70 years, p = 0.014),
gender (males: 50.0% vs. 42.1%, p = 0.51), smoking status (33.0% vs. 6.2% smokers, p = 0.07),
BMI (22.5 vs. 24.0 kg/m?, p = 0.28), or use of chronic anticoagulants (33.3% vs. 25.0%,
p = 0.48; Table 1).

The results of the factors of the conventional coagulation studies, such as platelets,
PT, aPTT, and D-dimer, were similar between patients with or without persistent infection
(Table 2). However, fibrinogen levels were higher in patients with persistent infection
(median: 413.0 vs. 330.0 mg/dL, p = 0.0029; Table 2). Regarding the inflammatory markers,
patients with and without persistent infection had comparable CRP (medians: 5.4 vs.
3.9mg/L, p =0.31) and ESR (medians: 15.5 vs. 12.0 mm/h, p = 0.38) levels.
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Table 1. Demographics and clinical characteristics of the study population (1 = 70).
With Persistent Without Persistent
Infection Infection p-Value
(n=26) (n=64)
68.5 £ 6.2;70
Age (years) 66.6 + 6.6; 64.5 (62-68) (66.5-72) 0.14
Gender (males, %) 3 (50.0) 27 (42.1) 0.51
BMI (kg/m?) 22.8 +2.0;22.5(21-25)  24.4 4 3.6; 24 (22-26) 0.28
CCI 43 +1.5;4(3-5) 40+14;4(3-5) 0.72
Smoking (%) 2(33.3) 4(6.2) 0.07
Operated joint (THA, %) 4 (66.6) 39 (60.9) 0.57
Anticoagulants (%) 2 (33.3) 16 (25.0)
Antiplatelets (%) 1 (16.6) 9 (14.0) 0.48
Vitamin K antagonists (%) 0(0.0) 1(1.5) ’
NOAC:sSs (%) 1 (16.6) 6(9.3)

Data are presented as mean + SD, median and interquartile range (IQR), or as absolute frequency (percentage)
when appropriate. The non-parametric Wilcoxon rank-sum test and the chi-squared test were used for comparison
between groups. Abbreviations: BMI, Body Mass Index; CCI, Charlson Comorbidity Index; THA, Total Hip
Arthroplasty; NOAC, Novel Oral Anticoagulant.

Table 2. Conventional laboratory assays of the study population (1 = 70).

With Persistent Infection =~ Without Persistent Infection

Variables 1= 6) (1 = 64) p-Value
261.8 + 58.1; 264.0 270.1 + 43.4; 271.0
3 ’ y
PLTs (x10°/mL) (216.0-295.0) (238.0-298.0) 0.67
aPTT (s) 331+ 338,325 (30.0-340)  32.3 + 4.9;32.0 (30.0-34.2) 0.58
PT (s) 131 +2.0; 135 (120-14.0) 1255 + 2.1, 123 (11.7-14.0) 0.46
D-dimers (mg/L) 0.6 + 0.3;0.8 (0.5-0.9) 0.6 + 0.7; 0.4 (0.1-0.8) 0.29
- 415.0 + 73.7; 334.0 + 79.2;

Fibrinogen (mg/dL) 413.0 (348.0-476.0) 330.0 (293.5-380.0) 0.029
CRP (mg/L) 5.5+ 0.6; 5.4 (5.2-6.2) 121 + 15.9;3.9 (3.3-17.0) 031
ESR (mm/h) 126 +69; 155 (4.0-17.0) 122+ 12.5;12.0 230-180)  0.38

Data are presented as mean £ SD or median and interquartile range (IQR). The nonparametric Wilcoxon rank-
sum test was used for comparison between groups. Abbreviations: PLTs, platelets; aPTT, activated partial
thromboplastin time; PT, prothrombin time; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate. Bold
indicates statistical significance at p value < 0.05.

3.1. ROTEM Parameters and Persistent Infection

The ROTEM parameters A10 and MCF differed between patients with or without
persistent infection. Specifically, EXTEM A10, INTEM A10, and FIBTEM A10 were higher
in patients with persistent infection (EXTEM A10, median: 61 vs. 52 mm, p = 0.030; INTEM
A10: 63 vs. 53 mm, p = 0.004; and FIBTEM A10: 17.5 vs. 11 mm, p = 0.023), while EXTEM
MCEF, INTEM MCE, and FIBTEM MCF were also higher in patients with persistent infection
(EXTEM MCE, median: 73 vs. 62 mm, p = 0.010; INTEM MCEF: 70.5 vs. 60.5 mm, p = 0.006;
and FIBTEM MCEF: 22.5 vs. 13.5 mm, p = 0.001; Table 3). An increased clot strength and
thrombin formation in patients with persistent infection was found, as indicated by the
higher MCF values.

The association between the higher coagulation potential as reflected by ROTEM
findings and persistent infection was also revealed by the findings of the multivariable
logistic regression analysis (Table 4). Specifically, persistent infection was associated with
higher INTEM and FIBTEM A10 (INTEM A10: OR, 1.22, 95% CI, 1.02-1.46; p = 0.030, and
FIBTEM A10: OR, 1.29, 95% CI, 1.004-1.66; p = 0.044), and higher EXTEM, INTEM, and
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FIBTEM MCF (EXTEM MCF: OR, 1.21, 95% CI, 1.02-1.43; p = 0.026, INTEM MCF: OR, 1.27,
95% CI, 1.02-1.57; p = 0.026, and FIBTEM MCEF: OR, 1.30, 95% CI, 1.04-1.63; p = 0.020).

Table 3. ROTEM parameters (prior to reimplantation) in patients with or without persistent peripros-
thetic joint infection.

Variables With Persistent Infection Withﬁ:lftezgzsriftent p-Value
(n=6) (n=64)

EXTEM CT (s) 72.3 +1.9;72.0 (71.0-74.0) 74.5 £ 33.1; 70.0 (64.0-75.0) 0.38
EXTEM CFT (s) 85.8 £ 10.3; 83.5(78.0-88.0)  81.1 £ 33.1; 85.0 (60.5-91.0) 0.52
EXTEM A10 (mm) 61.0 + 4.1;61.0 (57.0-64.0)  51.7 & 12.1; 52.0 (45.0-59.5) 0.030
EXTEM MCF (mm) 72.3 £ 6.1;73.0 (68.0-74.0) 60.8 £ 11.9; 62.0 (54.0-69.5) 0.010
EXTEM Alpha angle 72.6 + 8.5;73.5 (64.0-81.0) 70.9 £ 5.7, 72.0 (68.0-75.0) 0.65
EXTEM LI60 (%) 92.6 + 1.3; 92.5 (92.0-93.0) 93.1 + 5.1; 93.0 (90.0-97.5) 0.65
INTEM CT 5 His00isr0) Mleodses 0%
INTEM CFT (s) 70.3 + 6.9; 69.5 (65.0-75.0) 75.1 + 52.1; 69.0 (50.5-79.5) 0.75
INTEM A10 (mm) 64.0 + 4.3; 63.0 (62.0-68.0) 52.3 £+ 10.5; 53.0 (47.0-59.0) 0.004
INTEM MCF (mm) 70.3 + 4.3; 70.5 (68.0-74.0) 60.2 £ 9.5; 60.5 (54.5-67.5) 0.006
INTEM Alpha angle 77.1 +12.2;75.0 (70.0-80.0) 75.1 £5.7;76.5 (70.0-79.5) 0.98
INTEM LI60 (%) 91.8 +4.7;92.0 (90.0-95.0) 90.5 £ 4.7;92.0 (88.0-94.0) 0.59
FIBTEM CT (s) 49.1 £ 3.3; 48.5 (48.0-50.0) 50.0 £ 5.1; 50.0 (47.0-52.0) 0.48
FIBTEM A10 (mm) 17.3 4+ 5.2; 17.5 (12.0-19.0) 11.6 & 5.2; 11.0 (8.5-15.0) 0.023
FIBTEM MCF (mm) 245+ 7.4;225 (18.0-32.0) 13.4 + 5.6; 13.5 (9.0-17.0) 0.001

Data are presented as mean & SD or median and interquartile range (IQR). The non-parametric Wilcoxon rank-
sum test was used for comparison between groups. Abbreviations: CT, clotting time; CFT, clot formation time;
A10, clot amplitude at 10 min; MCE, maximum clot firmness; LI60, lysis index at 60 min. Bold indicates statistical
significance at p value < 0.05.

Table 4. Results of multivariable logistic regression analyses for persistent periprosthetic joint
infection (dependent variable) with ROTEM parameters, age, sex, BMI, Charlson comorbidity index,
smoking status, and chronic anticoagulants included in the models, as independent variables.

Persistent Infection

Variables OR 95% CI p Value
EXTEM A10 1.11 0.98-1.25 0.09
EXTEM MCF 1.21 1.02-1.43 0.026
INTEM A10 1.22 1.03-1.46 0.030
INTEM MCF 1.27 1.02-1.57 0.026
FIBTEM A10 1.29 1.004-1.66 0.044
FIBTEM MCF 1.30 1.04-1.63 0.020
Fibrinogen 1.01 1.006-1.03 0.041
D-dimer 0.95 0.27-3.35 0.94

Abbreviations: OR, odds ratio; CI, confidence interval; Al0, clot amplitude at 10 min; MCF, maximum clot
firmness. Bold indicates statistical significance at p value < 0.05.

3.2. Diagnostic Accuracy of ROTEM Parameters and Fibrinogen Levels for Persistent Infection

Among ROTEM parameters, FIBTEM MCF had the highest diagnostic accuracy for
persistent infection prior to second-stage reimplantation (AUC, 0.907; 95% CI, 0.812-1.000),
followed by INTEM A10 (AUC, 0.856; 95% ClI, 0.745-0.967) and INTEM MCF (AUC, 0.837;
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Sensitivity

0.25 0.50 0.75 1.00

0.00

95% CI, 0.701-0.973; Table 5). The cut-off value > 18 mm for FIBTEM MCF was found to
have 100.0% sensitivity and 73.4% specificity for diagnosing persistent infections prior to
second-stage reimplantation.

Table 5. Accuracy of ROTEM parameters and conventional studies for persistent infection.

Persistent Infection

Parameter (%Ao}j(én (C)E:“g;‘fl Sensitivity (%)  Specificity (%)
EXTEM A10 0.768 (0.648-0.881) >57 100.0 60.9
EXTEMMCF  0.816 (0.667-0.965) >65 100.0 54.6
INTEM A10 0.856 (0.745-0.967) >63 83.3 81.2
INTEMMCF  0.837 (0.701-0.973) >08 100.0 60.9
FIBTEM A10  0.830 (0.666-0.994) >17 66.6 85.9
FIBTEMMCF  0.907 (0.812-1.000) >18 100.0 734
Fibrinogen 0.769 (0.587-0.952) >340 100.0 437

D-dimer 0.628 (0.426-0.831) >0.6 83.3 54.6

Abbreviations: AUC, area under curve; CI, confidence interval; A10, clot amplitude at 10 min; MCF, maximum
clot firmness.

The diagnostic accuracy of FIBTEM MCF was similar to that of INTEM A10 (p = 0.48)
and INTEM MCEF (p = 0.35), while it was higher than that of fibrinogen levels (p = 0.036),
and D-dimer (p = 0.006; Figure 2). Finally, the diagnostic accuracy of FIBTEM MCF was
found to be higher than that of CRP (p < 0.001) and ESR (p = 0.005).

-
-t
-t
at®

FIBTEM MCF

— — — Fibrinogen
........... D-dimer

I I I I
0.25 0.50 0.75 1.00

1-Specificity

Figure 2. The areas under the receiver operating characteristic curve of FIBTEM MCE, fibrinogen
levels, and D-dimer levels for diagnosis of persistent infection prior to reimplantation.

4. Discussion

Several parameters, such as synovial fluid cultures, synovial white blood cell count,
and inflammatory markers, have been evaluated for their diagnostic accuracy in detecting
persistent joint infections prior to second-stage reimplantation [6-8]. However, due to the
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low diagnostic accuracy of these biomarkers, the search for the best diagnostic approach is
still underway. Based on the established close association between coagulation abnormali-
ties and infection, development of new coagulation-related biomarkers may be promising
for the identification of those cases in which infection eradication has not been achieved. In
line with this, the findings of this pilot study indicate that ROTEM parameters have the
potential to identify those cases of PJI following hip and knee arthroplasties in which the
first stage of revision surgery did not achieve eradication of the infection. Specifically, a
higher MCF value was associated with a higher risk of persistent joint infection, indicating
that persistent infections are related to a hypercoagulable state in which clot strength is
increased. Moreover, FIBTEM MCF was found to have the best detection accuracy for
persistent infections among all ROTEM parameters, with a FIBTEM value > 18 mm having
100% sensitivity and 73.3% specificity for detecting persistent infections.

The association between the inflammatory process involved in infections and a pro-
thrombotic state been shown in several studies [12,16]. Several pathogenetic mechanisms
are involved in this prothrombotic state, including extrinsic pathway activation, cytokine-
induced coagulation amplification, and fibrinolysis inhibition. However, as opposed to the
prothrombotic state with which less severe infections are associated, severe sepsis is associ-
ated with a hypocoagulable state. This was demonstrated in 2011 by Adamzik et al. [17].
In their study, Admazik et al. compared several ROTEM parameters between survivors
and non-survivors following severe sepsis, and the authors found significant differences in
CFT, MCE and « angle between survivors and non-survivors, with non-survivors showing
prolonged CFT, reduced MCE, and reduced « angle. Moreover, defining thromboelastome-
try values as normal or pathological based on median cut-offs, the study found a 30-day
survival rate of 85.7% when all thromboelastometry variables were normal, dropping
to 58.7% with at least one pathological variable. Multivariate analysis showed that the
presence of at least one pathological thromboelastometry variable was a better predictor
of 30-day survival than the SAPS II and SOFA scores, highlighting the significance of the
coagulation system in the prognosis of sepsis.

In orthopedics, Saxena et al. first described the effects of PJI on hemostasis [18]. The
authors of this study highlighted that infecting pathogens cause the release of multiple
inflammatory mediators resulting in overexpression of factor VIla, while bacterial toxins
lead to direct activation of the coagulation cascade through direct endothelial injury. These
findings are also supported by the results of our study, since higher MCF, which reflects
enhanced thrombin formation, was strongly associated with development of PJI. Another
interesting finding of our study is that FIBTEM parameters that reflect the contribution of
fibrinogen to coagulation were found to have the best diagnostic accuracy for persistent
infections compared to EXTEM and INTEM parameters. This could be explained by the
key role of fibrinogen as an activator and mediator of the inflammation process. Fibrinogen
has a strong proinflammatory function, which is mediated through its binding to several
receptors, such as the CD11b/CD18 integrin receptor on macrophages and other immune
cells. This binding results in the release of various inflammatory cytokines such as tumor
necrosis factor (TNF)-o or IL-13, which in turns leads to activation of the inflammatory
cascade [19]. The strong association between altered FIBTEM parameters and infection has
been also shown in other studies evaluating patients in various clinical settings, such as in
bacterial sepsis or in COVID-19 infection, highlighting the prominent role of fibrinogen in
infection-related coagulation derangements [20,21].

There are only a few studies evaluating the role of coagulation-related biomarkers such
as fibrinogen and D-dimer in the diagnosis of persistent joint infections following the first
stage of revision hip and knee arthroplasties [22-24]. Bin et al. assessed the preoperative
fibrinogen levels prior to second-stage final reimplantation in patients who underwent a
two-stage exchange arthroplasty to investigate whether they differed between those with
and without positive cultures at the second stage [23]. The authors found that preoperative
fibrinogen levels prior to the second stage were below the cut-off level (360 mg/dL) for PJI
in those patients in whom intraoperative cultures were negative during the reimplantation.
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This is in line with our results, since the median value of fibrinogen in our patients without
persistent infection was also below this cut-off value (334 mg/dL). However, Bin et al.
did not evaluate the diagnostic accuracy of fibrinogen levels for persistent infections. The
diagnostic accuracy of fibrinogen for persistent infection prior to reimplantation was also
evaluated in another study by Xu et al. [24]. The authors reviewed 129 hips treated with
two-stage exchange arthroplasty and compared fibrinogen levels between patients with
and without persistent infections. The diagnostic accuracy of fibrinogen in this study was
similar to the one found in our study (AUC: 0.773 vs. 0.769). Moreover, Xu et al. also found
that fibrinogen’s diagnostic accuracy was higher than that of D-dimer (AUC: 0.565), which
is also in line with our findings (AUC: 0.628). Last, Pannu et al. assessed the diagnostic
accuracy of D-dimer for persistent joint infection prior to reimplantation in 53 patients [22].
The authors reported that the diagnostic accuracy of D-dimer was low (AUC = 0.620),
similar to the AUC value of D-dimer in our study (AUC = 0.628). Overall, the results
of these studies indicate that fibrinogen has a higher accuracy for detecting persistent
infections among other coagulation-related biomarkers, probably due to its role as an acute
phase protein.

The evidence regarding the diagnostic role of viscoelastic studies in PJI is scarce.
A recent study by our group evaluated the diagnostic accuracy of ROTEM analysis for
PJIin 65 patients who underwent revision total hip and total knee arthroplasty due to PJI
or aseptic loosening [25,26]. The findings of this study indicated that development of PJI
was associated with higher EXTEM MCE, and that the combined diagnostic accuracy of
elevated EXTEM MCF and CRP is improved compared to that of CRP alone. In another
study, Yuan et al. conducted a retrospective study comparing thromboelastography (TEG)
parameters between 39 patients with aseptic loosening and 23 patients with PJI. The authors
of this study found that a TEG parameter called maximum amplitude (MA) had the highest
accuracy among all TEG parameters for PJI [27]. Interestingly, the TEG parameter MA is
similar to the ROTEM parameter MCF, which was found to have the highest diagnostic
accuracy for persistent joint infections in our study.

There are certain limitations in this study. First, the population of this study is rela-
tively small. However, this is the first study that, to the best of our knowledge, assessed the
diagnostic accuracy of ROTEM parameters for persistent infection prior to reimplantation
in two-stage exchange arthroplasties. Second, the comparison between the accuracy of
ROTEM parameters and that of inflammatory markers such as ESR and CRP for persistent
infection might be biased, since one of the prerequisites for reimplantation is a downward
trend in ESR and CRP levels. Therefore, the results of this comparison should be inter-
preted with caution. Third, other inflammatory markers such as procalcitonin were not
measured; therefore, the diagnostic accuracy of these markers was not compared to that of
ROTEM parameters.

5. Conclusions

The success of two-stage exchange arthroplasty for the treatment of PJI relies on
complete infection eradication prior to reimplantation. Unfortunately, this is not always
ensured as there are not any reliable biomarkers for detection of persistent infection prior to
reimplantation. In search of new diagnostic modalities for PJI, the bi-directional cross talk
between infection and coagulation can be proved to be a valuable diagnostic strategy. In
line with this, our findings indicate that ROTEM parameters have the potential to identify
persistent infections prior to reimplantation in two-stage exchange arthroplasties for PJI,
since a higher FIBTEM MCF value was associated with a higher risk for persistent joint
infection, with a high detection accuracy. Development of such coagulation biomarkers
would be of great value as they could provide guidance to surgeons, along with other
clinical and laboratory findings, regarding the optimal timing for reimplantation, decreasing
the risk of subsequent revision surgeries due to an insufficiently treated PJI. However, this
is a pilot study with a small population, while further studies with larger populations are
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needed to validate the diagnostic accuracy of ROTEM analysis for persistent periprosthetic
joint infections.

Author Contributions: Conceptualization, A.G.T. and D.V.P; Methodology, S.G., 1.G.T. and K.A.T,;
Validation, A.G.T., D.V.P. and PK.; Formal Analysis, CK., V.P. and A.G.V,; Investigation, D.P,,
G.K.N. and A.EM,; Data Curation, PJ.P.; Writing—Original Draft Preparation, A.G.T. and D.V.P;
Writing—Review and Editing, A.G.T.,, D.VP, S.G, LG.T.,, KA.T, PK, CK, VP, DP, GKN, PJ.P,
AFM., AG.V, S.B. and A.E.T; Supervision, A.E.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of Attikon University
Hospital (Ref number: 199/23-03-2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Koh, CK; Zeng, I.; Ravi, S.; Zhu, M.; Vince, K.G.; Young, S.W. Periprosthetic Joint Infection Is the Main Cause of Failure for
Modern Knee Arthroplasty: An Analysis of 11,134 Knees. Clin. Orthop. Relat. Res. 2017, 475, 2194-2201. [CrossRef] [PubMed]

2. Huotari, K,; Peltola, M.; Jamsen, E. The incidence of late prosthetic joint infections: A registry-based study of 112,708 primary hip
and knee replacements. Acta Orthop. 2015, 86, 321-325. [CrossRef] [PubMed]

3. Mortazavi, S.M.; Vegari, D.; Ho, A.; Zmistowski, B.; Parvizi, ]. Two-stage exchange arthroplasty for infected total knee arthroplasty:
Predictors of failure. Clin. Orthop. Relat. Res. 2011, 469, 3049-3054. [CrossRef] [PubMed]

4. Tan, TL.; Goswami, K,; Fillingham, Y.A.; Shohat, N.; Rondon, A ].; Parvizi, ]. Defining Treatment Success after 2-Stage Exchange
Arthroplasty for Periprosthetic Joint Infection. J. Arthroplast. 2018, 33, 3541-3546. [CrossRef] [PubMed]

5. Boelch, S.P; Weissenberger, M.; Spohn, F.; Rudert, M.; Luedemann, M. Insufficient sensitivity of joint aspiration during the
two-stage exchange of the hip with spacers. J. Orthop. Surg. Res. 2018, 13, 7. [CrossRef] [PubMed]

6. Newman, ].M.; George, ].; Klika, A K.; Hatem, S.F,; Barsoum, W.K.; Trevor North, W.; Higuera, C.A. What is the Diagnostic
Accuracy of Aspirations Performed on Hips with Antibiotic Cement Spacers? Clin. Orthop. Relat. Res. 2017, 475, 204-211.
[CrossRef] [PubMed]

7. Janz, V,; Bartek, B.; Wassilew, G.I; Stuhlert, M.; Perka, C.F.; Winkler, T. Validation of Synovial Aspiration in Girdlestone Hips
for Detection of Infection Persistence in Patients Undergoing 2-Stage Revision Total Hip Arthroplasty. J. Arthroplast. 2016, 31,
684-687. [CrossRef]

8.  Jiang, Q. Fu,J.; Chai, W;; Hao, L.B.; Zhou, Y.G; Xu, C.; Chen, ].Y. Changes in serum markers failed to predict persistent infection
after two-stage exchange arthroplasty. J. Orthop. Surg. Res. 2020, 15, 382. [CrossRef] [PubMed]

9. Sousa, R.; Carvalho, A.; Soares, D.; Abreu, M.A. Interval between two-stage exchanges: What is optimal and how do you know?
Arthroplasty 2023, 5, 33. [CrossRef]

10. Wang, R.; Zhang, H.; Ding, P.; Jiao, Q. The accuracy of D-dimer in the diagnosis of periprosthetic infections: A systematic review
and meta-analysis. J. Orthop. Surg. Res. 2022, 17, 99. [CrossRef]

11. Tarabichi, S.; Goh, G.S.; Baker, C.M.; Chisari, E.; Shahi, A.; Parvizi, J. Plasma D-Dimer Is Noninferior to Serum C-Reactive Protein
in the Diagnosis of Periprosthetic Joint Infection. J. Bone Jt. Surg. Am. 2023, 105, 501-508. [CrossRef]

12.  Semeraro, N.; Ammollo, C.T.; Semeraro, F.; Colucci, M. Coagulopathy of Acute Sepsis. Semin. Thromb. Hemost. 2015, 41, 650—-658.

13. Tsantes, A.G.; Papadopoulos, D.V.; Roustemis, A.G.; Trikoupis, I.G.; Piovani, D.; Tsante, K.A.; Mantzios, P.G.; Mavrogenis, A.F,;
Sokou, R.; Kokoris, S.I.; et al. Rotational Thromboelastometry Predicts Transfusion Requirements in Total Joint Arthroplasties.
Semin. Thromb. Hemost. 2023, 49, 134-144. [CrossRef]

14. Parvizi, J.; Tan, T.L.; Goswami, K.; Higuera, C.; Della Valle, C.; Chen, A.F.; Shohat, N. The 2018 Definition of Periprosthetic Hip
and Knee Infection: An Evidence-Based and Validated Criteria. J. Arthroplast. 2018, 33, 1309-1314. [CrossRef]

15. Hanley, J.A.; McNeil, B.J. A method of comparing the areas under receiver operating characteristic curves derived from the same
cases. Radiology 1983, 148, 839-843. [CrossRef]

16. Gando, S. Role of fibrinolysis in sepsis. Semin. Thromb. Hemost. 2013, 39, 392-399. [CrossRef]

17.  Adamzik, M.; Langemeier, T.; Frey, U.H.; Gorlinger, K.; Saner, F.; Eggebrecht, H.; Peters, J.; Hartmann, M. Comparison of

thrombelastometry with simplified acute physiology score II and sequential organ failure assessment scores for the prediction of
30-day survival: A cohort study. Shock 2011, 35, 339-342. [CrossRef]


https://doi.org/10.1007/s11999-017-5396-4
https://www.ncbi.nlm.nih.gov/pubmed/28573549
https://doi.org/10.3109/17453674.2015.1035173
https://www.ncbi.nlm.nih.gov/pubmed/25813645
https://doi.org/10.1007/s11999-011-2030-8
https://www.ncbi.nlm.nih.gov/pubmed/21866421
https://doi.org/10.1016/j.arth.2018.06.015
https://www.ncbi.nlm.nih.gov/pubmed/30100137
https://doi.org/10.1186/s13018-017-0703-z
https://www.ncbi.nlm.nih.gov/pubmed/29321073
https://doi.org/10.1007/s11999-016-5093-8
https://www.ncbi.nlm.nih.gov/pubmed/27672013
https://doi.org/10.1016/j.arth.2015.09.053
https://doi.org/10.1186/s13018-020-01923-z
https://www.ncbi.nlm.nih.gov/pubmed/32887615
https://doi.org/10.1186/s42836-023-00185-4
https://doi.org/10.1186/s13018-022-03001-y
https://doi.org/10.2106/JBJS.22.00784
https://doi.org/10.1055/s-0042-1753510
https://doi.org/10.1016/j.arth.2018.02.078
https://doi.org/10.1148/radiology.148.3.6878708
https://doi.org/10.1055/s-0033-1334140
https://doi.org/10.1097/SHK.0b013e318204bff6

J. Clin. Med. 2024, 13, 1942 11 0f 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Saxena, A.; Baratz, M.; Austin, M.S.; Purtill, ].J.; Parvizi, J. Periprosthetic joint infection can cause abnormal systemic coagulation.
J. Arthroplast. 2011, 26, 50-57.el. [CrossRef]

Gobel, K.; Eichler, S.; Wiendl, H.; Chavakis, T.; Kleinschnitz, C.; Meuth, S.G. The Coagulation Factors Fibrinogen, Thrombin, and
Factor XII in Inflammatory Disorders-A Systematic Review. Front. Immunol. 2018, 9, 1731. [CrossRef]

Bui-Thi, H.D.; Gia, K.T.; Le Minh, K. Coagulation profiles in patients with sepsis/septic shock identify mixed hypo-
hypercoagulation patterns based on rotational thromboelastometry: A prospective observational study. Thromb. Res. 2023, 227,
51-59. [CrossRef]

Yagi, T.; Fujita, M.; Harada, K.; Shin, M.; Esaki, Y.; Ayata, R.; Koga, Y.; Kaneda, K.; Tsuruta, R. Time Course of Coagulopathy
Evaluated with Rotational Thromboelastometry in Patients with Severe Coronavirus Disease 2019. Intern. Med. 2023, 62, 717-722.
[CrossRef] [PubMed]

Pannu, T.S,; Villa, ].M.; Engh, C., 3rd; Patel, A.; Levine, B.R.; Piuzzi, N.S.; Higuera, C.A.; Riesgo, A.M. Plasma D-dimer Does
Not Anticipate the Fate of Reimplantation in Two-stage Exchange Arthroplasty for Periprosthetic Joint Infection: A Preliminary
Investigation. Clin. Orthop. Relat. Res. 2021, 479, 1458-1468. [CrossRef] [PubMed]

Geng, B,; Yang, X.; Lu, F; Wang, S.; Xia, Y. Serum Fibrinogen Test Performs Well for the Diagnosis of Periprosthetic Joint Infection.
J. Arthroplast. 2020, 35, 2607-2612.

Xu, C; Qu, PE; Chai, W,; Li, R,; Chen, ].Y. Plasma fibrinogen may predict persistent infection before reimplantation in two-stage
exchange arthroplasty for periprosthetic hip infection. J. Orthop. Surg. Res. 2019, 14, 133. [CrossRef] [PubMed]

Tsantes, A.G.; Papadopoulos, D.V.; Goumenos, S.; Trikoupis, L.G.; Tsante, K.A.; Bellou, V.; Koulouvaris, P; Houhoula, D.;
Kriebardis, A.; Piovani, D.; et al. A Pilot Observational Study Evaluating the Diagnostic Capacity of Rotational Thromboelastome-
try in Periprosthetic Joint Infections. J. Bone Jt. Surg. Am. 2023, 105, 1980-1986. [CrossRef] [PubMed]

Berli, M.C. A New Aid in Diagnosing Periprosthetic Joint Infection with a Tool Already in Use?: Commentary on an article by An-
dreas G. Tsantes, MD, et al.: “A Pilot Observational Study Evaluating the Diagnostic Capacity of Rotational Thromboelastometry
in Periprosthetic Joint Infections”. J. Bone Jt. Surg. Am. 2023, 105, e58.

Yuan, T.; Wang, Y.; Sun, S. Thromboelastography parameters in diagnosing periprosthetic joint infection and predicting reimplan-
tation timing. BMC Musculoskelet. Disord. 2021, 22, 689. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.arth.2009.10.003
https://doi.org/10.3389/fimmu.2018.01731
https://doi.org/10.1016/j.thromres.2023.05.010
https://doi.org/10.2169/internalmedicine.0993-22
https://www.ncbi.nlm.nih.gov/pubmed/36543214
https://doi.org/10.1097/CORR.0000000000001738
https://www.ncbi.nlm.nih.gov/pubmed/33830953
https://doi.org/10.1186/s13018-019-1179-9
https://www.ncbi.nlm.nih.gov/pubmed/31088508
https://doi.org/10.2106/JBJS.23.00532
https://www.ncbi.nlm.nih.gov/pubmed/37903295
https://doi.org/10.1186/s12891-021-04578-x

	Introduction 
	Methods 
	Results 
	ROTEM Parameters and Persistent Infection 
	Diagnostic Accuracy of ROTEM Parameters and Fibrinogen Levels for Persistent Infection 

	Discussion 
	Conclusions 
	References

