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Objective: Previous studies have suggested that the diagnostic biomarkers of periprosthetic joint infection (PJI) are largely influenced
by gender. In the present study, we aimed to evaluate the diagnostic value of traditional inflammatory biomarkers, fibrinolytic
biomarkers (fibrinogen and D-dimer), and C-reactive protein (CRP)/albumin for PJI in different genders.

Methods: A single-center retrospective analysis was performed on revision total hip or knee arthroplasty between June 2013 to
June 2021, and the study included 80 patients in the PJI group and 136 patients in the non-PJI group. PJI was diagnosed based on the
International Consensus Meeting (ICM) in 2018. The levels of CRP, fibrinogen, erythrocyte sedimentation rate (ESR), D-dimer, and
albumin count were determined. Receiver operating characteristic (ROC) curves and Youden’s index were used to evaluate the
diagnostic ability of various biomarkers.

Results: The levels of CRP, fibrinogen, D-dimer, ESR, and CRP/albumin were significantly higher in the PJI group (P < 0.001). In PJI
of females, the predictive value of CRP was the highest among the five biomarkers, with the area under the curve (AUC) of 0.98. The
optimal predictive cut-off for CRP was 8.86 mg/L, with a sensitivity and specificity of 90.2% and 95.7%, respectively. When
combined with the other four biomarkers, the AUC of CRP was 0.98, 0.99, 0.98, and 0.99, respectively. In PJI of males, the predictive
value of ESR was the highest among the five biomarkers, with an AUC of 0.92. The optimal predictive cut-off for ESR was 14.50 mm/
h, with a sensitivity and specificity of 84.6% and 86.6%, respectively. When combined with the other four biomarkers, the AUC of
ESR was 0.95, 0.94, 0.93, and 0.97, respectively.

Conclusion: CRP and ESR were excellent biomarkers for diagnosing PJI in female and male patients, respectively, and their
combined use with CPR/albumin could provide higher diagnostic value in different genders.
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Introduction
Periprosthetic joint infection (PJI) is a rare but severe complication after total joint infection (TJA), imposing a critical
economic burden on society and families.! Although many studies have reported the value of different biomarkers in the
diagnosis of PJI, there exists no single gold standard for PJI. In 2011, the American Musculoskeletal Infection Society
(MSIS) identified elevated serum C-reactive protein (CRP) and serum erythrocyte sedimentation rate (ESR) as secondary
criteria for its diagnosis.” CRP and ESR have long been used to detect infections. Although they are not specific to
a particular disease and both are increased after TJA and have limited diagnostic utility in acute PJI, ESR and CRP are
still considered to be the most routine inflammatory markers for the diagnosis of PJI.>

Accumulating evidence shows that gender can affect the levels of biomarkers, such as CRP, ESR, and so 0n,4’5 and
further impair the accuracy of the diagnosis of PJI, which is attributed to the difference in fat distribution between males
and females, the influence of sex hormones, and their effects on gene expression and immune system.®’ Sex-based
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differences in immunity contribute to differences in infection susceptibility between men and women.® In addition, there
are also differences in fibrinogen and D-dimer levels between males and females.”'® Moreover, it is also known that the
infection rate after TJA is significantly higher in male patients (1.9%) compared with female patients (1.4%).""

The current diagnostic criteria of PJI do not take demographic variables (such as gender) of patients into account
when calculating the positive threshold for biomarkers. Since biomarker levels are related to gender, it is reasonable to
speculate that the cut-off values are sex-dependent as well. However, the area under the curve (AUC) and optimal
predictive cut-off values reported by all the studies so far are unisex.

In the present single-center retrospective cohort study, we aimed to (1) determine the value of traditional inflamma-
tory biomarkers (CRP and ESR), fibrinolytic biomarkers (fibrinogen and D-dimer), and CRP/albumin for diagnosing PJI
in different genders; and (2) identify the most suitable combination of biomarkers for different genders.

Methods
Study Population

This study was approved by the institutional review board of our hospital, and the procedures used in this study complied
with the Declaration of Helsinki. A total of 271 patients who underwent revision hip or knee arthroplasty in our
institution from June 2013 to June 2021 were included in this single-center retrospective study. Patients diagnosed with
a periprosthetic fracture or prosthetic dislocation (n = 28) were first excluded, as these were more likely to be related to
trauma rather than infection. Moreover, 24 patients who had comorbidities, including autoimmune diseases (n = 5),
malignancies (n = 3), and hematological diseases, and used anticoagulants (n = 16) were also excluded. In addition,
patients with incomplete information (n = 3) were also excluded from the study cohort. Finally, there were 80 patients
with a preoperative diagnosis of PJI, and 136 patients received treatment for aseptic revision TJA. PJI was defined
according to the International Consensus Meeting (ICM) in 2018,'" and aseptic revisions were considered cases under-
going revision for aseptic loosening, joint instability, and unexplained pain.

Data Extraction

In the present study, all included patients were independently grouped by gender and then studied separately. The basic
information of all patients, including age, gender, joint, comorbidities, and treatments, and the laboratory test results were
extracted using the electronic medical record system of our institution. Fasting venous blood samples were collected on
the following day of admission and sent to the clinical laboratory of our hospital within 1 h for blood routine examination
and coagulation examination, including CRP, ESR, fibrinogen, D-dimer, and albumin.

The biomarker testing was performed as previously described.' Briefly, the levels of CRP, ESR, fibrinogen, D-dimer,
and albumin were assessed by nephelometric immunoassay, Westergren method, Clauss method, turbidimetric immu-
noassay, and colorimetry (Bromocresol Green, BCG), respectively. In addition, joint fluid/pus and periprosthetic tissues
or bone were collected intraoperatively and then sent to the laboratory for aerobic and anaerobic cultures and
histopathologic examination for patients with confirmed or suspected PJI.

Statistical Analyses

All statistical analyses were performed with the SPSS version 26.0 (IBM Inc., Armonk, NY, USA). The Kolmogorov—
Smirnov test was used to assess whether continuous variables conformed to a normal distribution. Normally distributed
data were expressed as mean =+ standard deviation (SD) and were investigated using the independent-sample t-tests. If
data did not follow a normal distribution, these data were expressed as median (interquartile range), and the log
transformation was applied, followed by independent-sample t-tests. A P less than 0.05 was considered statistically
significant. The receiver operating characteristic curves (ROC), AUC, and 95% confidence interval (CI) were used to
determine the diagnostic value of CRP, fibrinogen, D-dimer, ESR, and CRP/albumin. The optimal cut-off value, positive
predictive value (PPV), and negative predictive value (NPV) of biomarkers were determined using Youden’s index. The
AUC values were categorized into excellent (0.900—1.000), good (0.800-0.899), fair (0.700—0.799), poor (0.600-0.699),
and no diagnostic ability (0.500-0.599).'
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Results

Demographic Characteristics of All Patients

Of the 216 included patients, there were 110 females and 106 males. In females, there was no significant difference in age
between the PJI group (n=41) and the non-PJI group (n=69), while patients in the PJI group had a higher body mass index
(BMI) and a more significant proportion of knees compared with the non-PJI group (P=0.032, P=0.003). In males, there were
no significant differences in age and BMI between the PJI group (n=39) and the non-PJI group (n=67). Similar to females, the
proportion of knees in the PJI group was also higher compared with the non-PJI group (P<0.001) (Table 1).

Diagnostic Value of Biomarkers in Different Genders

Regardless of gender, biomarker levels and ratios (CRP/albumin) were significantly increased in the PJI group compared
with the non-PJI group (P < 0.001) (Table 2). In females, Figure 1A and Table 3 show that the AUC (95% CI) of the five
biomarkers was 0.98 (0.951, 1.000), 0.89 (0.826, 0.953), 0.79 (0.705, 0.879), 0.93 (0.882, 0.976), and 0.96 (0.914,
1.000), respectively. Based on the Youden’s index, the optimal cut-off for CRP was 8.86 mg/L with the highest sensitivity
(90.2%) and specificity (95.7%) among the five biomarkers, and the PPV and NPV were 92.5% and 94.3%, respectively,
while the sensitivity (65.9%) and specificity (79.7%) of D-dimer were the worst.

In males, Figure 2A and Table 4 show that the AUC (95% CI) of two traditional inflammatory biomarkers (CRP and
ESR) was 0.83 (0.824, 0.959) and 0.92 (0.874, 0.974), respectively. The AUC of CRP/albumin (0.91) was the second-
highest and only slightly lower than ESR. Additionally, the AUC of fibrinogen and D-dimer was 0.87 (0.799, 0.937) and
0.76 (0.662, 0.862), respectively. The optimal cut-off for ESR was 14.50 mm/L, with considerable sensitivity, specificity,
PPV, and NPV values of 84.6%, 86.6%, 94.7%, and 75.9%, respectively. The sensitivity of ESR was the highest,
followed by CRP/albumin (82.1%), while D-dimer had a sensitivity of only 46.2%. Surprisingly, the specificity of
D-dimer (97.0%) was better compared with the other four biomarkers.

Results of Multiple Combinatorial Tests for Traditional Biomarkers
In addition, to further improve sensitivity and specificity, we performed multiple combinatorial tests of traditional
biomarkers according to the above research results, including serial and parallel tests. The results showed that two

Table 1 Demographic Characteristics of All Patients

Female P value Male P value
PJI? (n=41) Non-PJI (n=69) PJI (n=39) Non-PJI (n=67)

Age (y) 65.00+10.39 66.00+9.98 0.622 64.21+9.73 64.21%9.50 0.998

BMI® (kg/m?) 26.14+4.36 24.39+3.43 0.032 25.49+3.85 25.02+3.54 0.536

Joint 0.003 <0.001
Knee 25 22 17 5
Hip 16 47 22 62

Abbreviations: *PJl, periprosthetic joint infection; °BMI, body mass index.
Table 2 Comparison of the Levels of Biomarkers in Different Genders
Female P value Male P value
PJI? (n=41) | Non-PJI (n=69) PJI (n=39) | Non-PJI (n=67)

CRP® (mg/L) 28.4(39.2) 1.4(3.0) <0.001 19.0(32.1) 2.9(4.5) <0.001
Fibrinogen (g/L) 4.5(1.7) 2.8(0.8) <0.001 4.5(1.7) 7.3(6.1) <0.001
D-dimer (ng/mL) | 750.0(870.0) 400.0(290.0) <0.001 910.0(940.0) 500.0(360.0) <0.001
ESR® (mm/h) 45.0(42.7) 12.0(10.9) <0.001 36.0(35.0) 7.3(6.1) <0.001
CRP/albumin 0.7(1.1) 0.1(0.1) <0.001 0.6(0.8) 0.1(0.1) <0.001

Abbreviations: *PJl, periprosthetic joint infection; "CRP, C-reactive protein; “ESR, erythrocyte sedimentation rate.
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Figure | The ROC curves of plasma CRP, fibrinogen, D-dimer, ESR, and CRP/albumin in female PJI. Among the biomarkers, the AUC of CRP was the largest, and that of
D-dimer was the smallest (A). CRP+ CRP/albumin had the best ability to diagnose PJI, while CRP+ESR was the worst (B).

traditional biomarkers (CRP and ESR) could provide higher diagnostic value in different genders when combined with
CRP/albumin, and all AUC values of combinatorial tests achieved “excellent”. In females, the AUC value of CRP in
combination with CRP/albumin (0.99) was the highest, and CRP in combination with ESR had the lowest AUC value
(0.98) (Figure 1B). In males, ESR in combination with CRP/albumin had the best ability to diagnose PJI (0.97), while
ESR in combination with D-dimer was the worst (0.93) (Figure 2B). Tables 5 and 6 show the sensitivity, specificity, PPV,
and NPV of combinatorial tests for PJI in different genders. Serial tests increased specificity and decreased sensitivity,
and parallel tests increased sensitivity and decreased specificity. Notably, in females, the specificity of D-dimer was
improved from the worst (79.7%) for a single biomarker to the best (100%) for a combined biomarker (with CRP).

Discussion

In this single-center retrospective study, we compared the diagnostic value of traditional biomarkers (CRP and ESR),
fibrinolytic biomarkers (fibrinogen and D-dimer), and a new biomarker CRP/albumin identified in our previous study for
PJI in different genders. To the best of our knowledge, it is the first time to evaluate the diagnostic value of biomarkers by
gender of patients. In the present study, CRP and ESR appeared to be excellent biomarkers for diagnosing PJI in female
and male patients, respectively. These two traditional biomarkers could further improve the diagnostic value when
combined with other markers, especially CRP/albumin.

Likely explanations for the different biomarker levels in females and males are discussed below. The first factor is the
gender difference in fat distribution. Females have more subcutaneous fat than males, who deposit fat in the abdominal
cavity.'” Moreover, increased central fat accumulation may produce more significant differences in proinflammatory levels
between men and women, which may partly explain the difference in CRP levels between different genders.'® In addition,
inflammatory markers are significantly elevated in subjects with abnormal BMI, and such a difference is more pronounced in
women."” Obesity is associated with a higher susceptibility to infection, which may lead to elevated CRP.'” Second, higher
estrogen levels are associated with higher CRP levels in women. In general, estrogen enhances the immune response, while

Table 3 The Diagnostic Value of Biomarkers in Female PJI

AUC 95% CI Youden Index | Cut-Off Value | Sensitivity | Specificity | PPV* | NPV?
CRP® (mg/L) 0.98 | (0.951,1.000) 0.859 8.86 90.2% 95.7% 92.5% | 94.3%
Fibrinogen (g/L) 0.89 | (0.826,0.953) 0.694 3.54 85.4% 84.1% 76.1% | 90.6%
D-dimer (ng/mL) 0.79 | (0.705,0.879) 0.456 605.00 65.9% 79.7% 65.9% | 79.7%
ESR? (mm/h) 0.93 (0.882,0.976) 0.733 27.50 87.8% 85.5% 783% | 92.2%
CRP/albumin 0.96 | (0.914,1.000) 0.844 0.22 90.2% 94.2% 90.2% | 94.2%

Abbreviations: PPV, positive predictive value; bNPV, negative predictive value; °CRP, C-reactive protein; dESR, erythrocyte sedimentation rate.
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Figure 2 The ROC curves of plasma CRP, fibrinogen, D-dimer; ESR, and CRP/albumin in male PJIl. Among the biomarkers, the AUC of ESR was the largest, and that of
D-dimer was the smallest (A). ESR+ CRP/albumin had the best ability to diagnose PJI, while ESR+D-dimer was the worst (B).

testosterone reduces the immune response.” Estrogens modulate both innate and acquired immune function and may

contribute to resistance to infection.'® Estrogen levels are also positively correlated with BMI in women,' so estrogen is

indirectly associated with elevated biomarker levels from obesity-related infections. Third, leptin is a hormone produced by

adipose tissue, the association of leptin with CRP is independent of other measures of obesity, and such a relationship is only

seen in women, suggesting that sex differences in CRP are mediated by leptin in part.”* Fourth, women have significantly

higher arachidonic acid (AA) values than men, and the higher AA levels can produce more robust inflammatory and immune

Table 4 The Diagnostic Value of Biomarkers in Male PJI

AUC 95% CI Youden Index | Cut-Off Value | Sensitivity | Specificity | PPV* | NPV?
CRP“(mg/L) 0.83 (0.824,0.959) 0.680 10.64 76.9% 91.0% 83.3% | 87.1%
Fibrinogen (g/L) 0.87 (0.799,0.937) 0.620 3.80 76.9% 85.1% 78.6% | 90.6%
D-dimer (ng/mL) 0.76 (0.662,0.862) 0.432 1070.00 46.2% 97.0% 744% | 85.1%
ESR? (mm/h) 0.92 (0.874,0.974) 0.712 14.50 84.6% 86.6% 94.7% | 75.9%
CRP/albumin 0.91 (0.867,0.973) 0.746 0.31 82.1% 92.5% 86.5% | 89.9%

Abbreviations: *PPV, positive predictive value; bNPV, negative predictive value; “CRP, C-reactive protein; dESR, erythrocyte sedimentation rate.

Table 5 The Comparison of Sensitivity and Specificity Between Biomarkers in Female PJI

Sensitivity Specificity PPV? NPV®

CRP* with ESR*

CRP and ESR 85.4% 97.1% 94.6% 91.8%

CRP OR ESR 92.7% 84.1% 77.6% 95.1%
CRP with Fibrinogen

CRP and Fibrinogen 78.0% 98.6% 97.0% 88.3%

CRP OR Fibrinogen 97.6% 81.2% 75.5% 98.2%
CRP with D-dimer

CRP and D-dimer 58.5% 100% 100.0% 80.2%

CRP or D-dimer 97.6% 75.4% 70.2% 98.1%
CRP with CRP/albumin

CRP and CRP/albumin 82.9% 95.7% 91.9% 90.4%

CRP or CRP/albumin 97.6% 94.2% 90.9% 98.5%

Abbreviations: *PPV, positive predictive value; bNPV, negative predictive value; “CRP, C-reactive protein; dESR,

erythrocyte sedimentation rate.
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Table 6 The Comparison of Sensitivity and Specificity Between Biomarkers in Male PJI

Sensitivity Specificity PPV NPV®

ESR® with CRP?

ESR and CRP 64.1% 94.0% 86.2% 81.8%

ESR OR CRP 97.4% 83.6% 77.6% 98.2%
ESR with Fibrinogen

ESR and Fibrinogen 66.7% 92.5% 83.9% 82.7%

ESR OR Fibrinogen 94.9% 79.1% 72.5% 96.4%
ESR with D-dimer

ESR and D-dimer 46.2% 98.5% 94.7% 75.9%

ESR or D-dimer 84.6% 85.1% 76.7% 90.5%
ESR with CRP/albumin

ESR and CRP/albumin 69.2% 95.5% 90.0% 84.2%

ESR or CRP/albumin 97.4% 83.6% 77.6% 98.2%

Abbreviations: *PPV, positive predictive value; °NPV, negative predictive value; °ESR, erythrocyte sedimentation
rate; ‘CRP, C-reactive protein.

responses to bacterial infections.?'** Fifth, the B-fibrinogen-455A allele is associated with erythrocyte hyper-aggregation in
males, which may be regulated by increased fibrinogen concentrations, but not in females.>

Since biomarker levels are associated with gender, it is not difficult to infer that their optimal cut-off value and
efficiency for predicting PJI should be sex-dependent. The AUC for each biomarker and cut-off value were different
between males and females when the PJI patients were grouped based on gender. Introducing gender-specific AUCs and
cut-off values can improve screening results and increase the diagnostic accuracy of PJI. It is not easy to accurately
diagnose PJI, and the higher values for sensitivity and specificity reflect a better diagnostic value. Although high
sensitivity may lead to unnecessary testing and higher cost for non-PJI patients, it can ensure fewer misdiagnosed
patients. CRP and ESR, as traditional inflammatory biomarkers, showed the best single-marker diagnostic value in our
study.

In PJI of females, the sensitivity and specificity of CRP at 8.86 mg/L reached 90.2% and 95.7%, respectively, with the
AUC of 0.97, which was the highest among the five tested biomarkers. It appeared to be a promising biomarker for
diagnosing PJI, closely followed by CRP/albumin. Compared with the excellent results of CRP, D-dimer performed
poorly. We found that D-dimer at 605 ng/mL had a sensitivity and specificity of 65.9% and 79.7%, respectively, making
it the worst biomarker. Our study had similar results to previous reports.”* Shahi et al have reported that D-dimer is
a better marker than CRP and ESR (sensitivity and specificity are 89% and 93%, respectively) because that study
includes autoimmune diseases (Rheumatoid Arthritis, Systemic Lupus Erythematosus, and so on), which may cause
significant bias in the results. In addition, race (Asian vs European) may also lead to differences in results.*’

In PJI of males, ESR emerged as the best-performing marker, with the AUC, sensitivity, and specificity of 0.92, 84.6%,
and 86.6%, respectively. Based on our results, the AUC for CRP/albumin (0.91) was only slightly lower compared with ESR,
and it also showed good sensitivity (82.1%) and specificity (92.5%) for diagnosing PJI, which was similar to our previous
findings."> As one of the traditional inflammatory biomarkers, ESR is often used as a reference for evaluating other new
biomarkers. In 2011, MSIS first identified elevated serum CRP and serum ESR as secondary criteria for diagnosis.'* In the
newest modification of the ICM criteria, even though the diagnostic value of D-dimer for PJI still remains controversial, it is
given two points, while ESR is given lower points.'* In the present study, ESR received attention for its excellent diagnostic
value in PJI of males. However, there are three points that need to note. First, the specificity of D-dimer in PJI was the highest
among the five markers (97.0%) in males, while the sensitivity was only 46.2%, indicating that D-dimer in males was a low-
sensitivity marker and should be given attention as an exclusive marker rather than a diagnostic marker. D-dimer did not
appear to have this effect in female PJI. Second, the optimal predictive cut-off of ESR in male PJI was only 14.5 mm/h, lower
than reported in previous studies. This discrepancy might be attributed to the fact that few patients receive antibiotic
treatment. However, we could not determine one by one due to limited clinical information. Moreover, the previous study
does not distinguish between men and women, while the physiological ESR of women is higher compared with men,
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resulting in a significantly higher final result than our study. Third, the diagnostic value of CRP/albumin ranked second in
both female and male PJI patients, just slightly lower than CRP or ESR, proving that CRP/albumin had a promising prospect
as a new biomarker for the diagnosis of PJI.

Despite the advantages of the present study, there are several limitations. First, none of the current diagnostic criteria
could achieve 100% sensitivity and specificity. Therefore, patients might be misclassified. Second, this study was
a single-center retrospective study, and the inherent bias of the data was unavoidable. Moreover, the sample size was
small, and the conclusions needed to be verified in a large-sample, multi-center, prospective study. Third, due to limited
clinical information, no subgroup analysis was conducted to assess the effects of confounding factors, such as antibiotic
use, causative microorganisms, and comorbidities, on the results of the current study, which was the most significant
limitation of our study and would also be the focus of our subsequent research.

Conclusions

Taken together, compared with fibrinolytic biomarkers, traditional inflammatory biomarkers (CRP and ESR) were more
reliable for the diagnosis of PJI in different genders, and their combined use with CPR/albumin could further improve
their diagnostic value.
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