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ABSTRACT

Early and reliable detection of infection is vital for successful treatment. Serum markers such as C-reactive protein
(CRP) and procalcitonin (PCT) are known to increase with a time lag. Azurocidin 1 (AZU1) has emerged as a
promising marker for septic patients, but its diagnostic value in orthopedic and trauma patients remains unex-
plored. Between July 2020 and August 2023, all patients necessitating inpatient treatment for periprosthetic joint
infection (PJI), peri-implant infection (II), soft tissue infection, chronic osteomyelitis, septic arthrodesis, bone non-
union with and without infection were enrolled. Patients undergoing elective total joint arthroplasty (TJA) served
as the control group. Blood samples were collected and analyzed for CRP, white blood cell count (WBC), PCT,
and AZU1. Based on the inclusion and exclusion criteria 222 patients were included in the study (trauma = 38,
soft tissue infection = 75, TJA = 33, PJI/II = 39, others = 37). While sensitivity and specificity were comparably
high for AZU1 (0.734/0.833), CRP and PCT had higher specificity (0.542/1 and 0.431/1, respectively), and WBC
a slightly higher sensitivity (0.814/0.455) for septic conditions. Taken together, the area under the curve (AUC)
showed the highest accuracy for AZU1 (0.790), followed by CRP (0.776), WBC (0.641), and PCT (0.656). The
Youden-Index was 0.57 for AZU1, 0.54 for CRP, 0.27 for WBC, and 0.43 for PCT. Elevated AZU]1 levels effec-
tively distinguished patients with a healthy condition from those suffering from infection. However, there is evi-
dence suggesting that trauma may influence the release of AZU1. Additional research is needed to validate the
diagnostic value of this new biomarker and further explore its potential clinical applications.
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INTRODUCTION (Fisher and Linder, 2017; Pierrakos and
Vincent, 2010). Recent years have witnessed
the emergence of azurocidin 1 (AZU1), also
known as heparin-binding protein (HPB) or
cationic antimicrobial protein of 37 kDa

In the realm of sepsis diagnosis, the eval-
uation of over 100 promising biomarkers has
yielded none-suitable for routine clinical use
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(CAP37) (Naito et al., 2021) as a promising
serum biomarker for septic patients in inten-
sive care units (ICU) (Fisher and Linder,
2017; Sun et al., 2020; Zhou et al., 2019).

AZU]1 exhibits early release in response to
bacterial antigens and is located in azurophilic
granules and secretory vesicles of neutrophils
(Fisher and Linder, 2017; Snall et al., 2016;
Tapper et al., 2002). This rapid response ca-
pability positions AZU1 as a valuable marker
for the early stages of infection, activating
various cell types and modulating the inflam-
matory response (Fisher and Linder, 2017).

Procalcitonin (PCT), a well-established
marker for diagnosing bacterial infections
(Hamade and Huang, 2020; Sigmund et al.,
2021), correlates with infection severity and
reaches its peak approximately six hours after
sepsis onset (Sigmund et al., 2021). Although
PCT outperforms -C-reactive protein (CRP)
and white blood cell count (WBC), it is nei-
ther sensitive nor specific enough to serve as
a stand-alone marker (Downes et al., 2020).
Additionally, viral infections do not elicit the
same elevations in PCT levels as bacterial in-
fections (Downes et al., 2020; Hamade and
Huang, 2020).

CRP, widely employed for diagnosing
and monitoring infections, trauma, and other
inflammatory conditions, offers accessibility,
speed and affordability (Plebani, 2023). How-
ever, its low specificity often leads to false-
positive results (Sigmund et al., 2021).

Both PCT and CRP are triggered only in
response to infectious stimulation, causing a
delay compared to AZU1. AZU1 holds prom-
ise as a serum biomarker for early infection
detection and successful treatment. Zhou et
al., conducted a prospective study with septic
ICU patients, comparing AZU1 with PCT and
CRP and support AZU1’s potential (Zhou et
al., 2019).

To date, no published study has explored
AZUI as an early marker in orthopedic and
trauma patients with suspected infection. This
study's primary objective is to evaluate the di-
agnostic suitability and accuracy of AZU1 as
a serum biomarker for detecting infections in
comparison to PCT, WBC, and CRP.

MATERIALS AND METHODS

Patient population

Between July 2020 and August 2023, pa-
tients (n =222) who presented at our level one
trauma care emergency department and sub-
sequently received inpatient treatment for
confirmed or suspected periprosthetic joint
infection (PJI), peri-implant infection, or soft
tissue infection were included in this study.
Due to initial suspicion of infection, patients
with chronic osteomyelitis, septic arthrodesis,
and bone non-union who required inpatient
treatment were also included.

The control group (n=71) comprised two
sets of patients: one group consisting of indi-
viduals scheduled for planned total joint ar-
throplasty (TJA), with a total of 33 partici-
pants, and another group consisting of 38
trauma patients.

Inclusion criteria encompassed individu-
als aged 18 or older who provided informed
consent and were scheduled for either trauma
or orthopedic surgery. Exclusion criteria im-
plied individuals under the age of 18, those
with cognitive impairment, those with miss-
ing blood samples, those undergoing non-sur-
gical therapy, or those who did not provide in-
formed consent.

Blood samples and processing procedures
were conducted as follows: WBC and CRP
were determined in each patient during hospi-
tal admission. AZU1 and PCT were deter-
mined on the same day or one to three days
later. Each patient provided a total of 7 ml of
venous blood. Of this, 2.7 ml were collected
in EDTA K3E tubes, while the remaining 4
ml were collected in serum CAT-tubes. These
samples were stored in a refrigerator at 4-8 °C
for not more than 60 minutes. Subsequently,
the samples underwent centrifugation for ten
minutes at 1000 g using the Thermo Scientific
TM Heraeus Megafuge 40 Universal Centri-
fuge (Thermo Fischer Scientific, Dreieich,
Germany). Following centrifugation, pipet-
ting was performed, resulting in three 450 pl
EDTA plasma samples and three 450 pl se-
rum samples. These samples were then stored
at -80°C in a Thermo ScientificTM

54



EXCLI Journal 2024;23:53-61 — ISSN 1611-2156

Received: October 23, 2023, accepted: December 06, 2023, published: January 03, 2024

FormaTM 900 Series freezer (Thermo
Fischer Scientific, Dreieich, Germany).

Quantitative analysis of AZUl (=15
ng/ml) and PCT (>100 pg/ml) was carried out
by ELISA, with kits from RayBio® (ELH-
AZU1) for AZU1 and kits from R&D Sys-
tems® (DY8350-05) for PCT. WBC levels
(within the range of 4,000-10,000/ul) and
CRP levels (>5 mg/l) were determined as part
of the standard blood draw upon hospital ad-
mission and after surgery in the in-house la-
boratory.

Furthermore, we conducted a comprehen-
sive search in the hospital database to identify
intraoperatively obtained microbiological
samples.

For statistical analyses, JMP® (SAS Insti-
tute Inc., 16.2.0, Cary, NC, USA), Mi-
crosoft© Office Excel 2016 (Microsoft Cor-
poration, Redmond, USA), and GraphPad
Prism 8.0.1 (GraphPad Software Inc., Boston,
MA, USA) were used. The significance level
was set at p < 0.05, with the removal of blood
sample outliers when necessary according to
the ROUT method (robust regression fol-
lowed by outlier identification). The Mann-
Whitney test was applied for non-parametric
two-sample comparisons, while the Kruskal-
Wallis test was used for comparisons with
multiple groups including a control group.
Receiver operating characteristics (ROC)
were calculated to assess the diagnostic per-
formance of various biomarkers based on the
TJA group. This included computating the
area under the curve (AUC), 95 % confidence
interval (CI), sensitivity, specificity, and the
Youden Index for diagnostic accuracy
(Youden, 1950).

The study protocol was approved by the
ethics committee (346/2015B0O2) of the local
University.

RESULTS

A total of 222 patients were enrolled and
categorized into five distinct groups, as illus-
trated in Figure 1. The most substantial group
was the one with the soft tissue infection
(STI) cohort, comprising 75 patients, closely

followed by the PJI and implant infections
(PJI/II) group with 39 patients. Additionally,
38 patients were assigned to the trauma con-
trol group, while the TJA cohort included 33
patients. The cohort “others”, consisting of 37
patients, encompassed individuals with such
conditions as chronic osteomyelitis, septic ar-
throdesis, non-union with and without con-
firmed infection. These patients could not be
matched to any other cohort and were there-
fore assigned to a separate cohort. The patient
characteristics and distribution of microbio-
logical information within each group are
shown in detail in Table 1.

trauma
control; 38

soft tissue
infection;
75

TIA control;
33

others; 37 PJI/II; 39

Figure 1: Cohort sizes of each group: TJA = total
joint arthroplasty, PJI/II periprosthetic joint
infection/implant infection; “others” including
patients with chronic osteomyelitis, septic
arthrodesis, pseudarthrosis with and without
infection

CRP blood values obtained after admis-
sion indicated significantly higher levels in all
cohorts compared to the TJA group (trauma
group = p<0.0001, STI = p<0.0001, PJI/II =
p<0.001, others = p<0.05, see Figure 2a). The
highest CRP levels were found in the trauma
and STI cohort. The PJI/II were higher than
the cohort “others”. All groups were above
the threshold of <5 mg/l except the TJA co-
hort. The initial WBC count following admis-
sion was also significantly elevated in patients
with STI in comparison to the TJA group
(p<0.05), as depicted in Figure 2b. However,
it is important to note that none of the groups
exceeded the established threshold for this
marker. A similar pattern was observed for
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Table 1: Characteristics of each group: STI=soft tissue infection, PJI/II= periprosthetic joint infection, l1=
implant infection, n.a.= not available

STI PJIII TJA Trauma others All
[ Ssex ] F/M 24/51 21/18 19/14 14/24 12/25 132/90
Age (years) Mean 56.8 55.5 63.0 47.8 51.6 55.1
(min-max) (18-80) (20-79) (25-77) (22-78) (20-85) (18-85)
Length of stay Mean 17.3 17.8 7.5 8.4 11 13.4
EVE (min-max) (1-110) (4-61) (3-10) (1-22) (3-45) (1-110)
Microbiological n.a. 9 4 0 5 14 32
intraoperative neg. 9 5 0 1 6 21
diagnostic pos. 53 30 0 0 17 100

PCT, as illustrated in Figure 2c. Interestingly,  respectively with a threshold set at >8.05
PCT values showed a high variance between  mg/l. The Youden-Index was slightly lower
the groups with the highest mean level for the  than that of AZU1 at 0.54. PCT revealed the
TJA cohort. The STI cohort and the cohort lowest AUC with 0.656. Sensitivity was the
“others” showed significantly lower PCT lev-  lowest with 0.431 compared to the other
els than the TJA control with p<0.05 and markers. The Youden-Index was 0.43. The di-
p<0.01, respectively. All groups, except the agnostic accuracy for all markers is summa-
TJA control, surpassed the designated AZU1  rized in Table 2.

threshold of 15 ng/ml, as highlighted by the Furthermore, diagnostic accuracy was re-
red dashed line in Figure 2d. Furthermore, calculated for all positive microbiological
AZU] levels were significantly higher in all  samples, regardless of the group. This analy-
groups when compared with the TJA control  sis aimed to assess the diagnostic value of
(trauma group = p<0.0001, STI = p<0.001, each biomarker independently of the specific

PJI/II = p<0.0001, others = p<00001). disease entity, as illustrated in Table 3. Nota-
ROC curves were calculated to determine  bly, the AUC for AZU1 increased to 0.810 in
diagnostic accuracy for each marker. this context. Similarly, the AUC for all other

The area under the curve (AUC) for markers also raised, accompanied by an en-
AZU] stood out as the highest at 0.790 when  hancement in their respective Youden indices.
compared to the other markers, as evident in ~ AZU1’s sensitivity increased to 0.761,
Figures 3 and 4. With a calculated threshold  whereas specificity remained unchanged with
set at >16 ng/ml, AZU1 exhibited a sensitivity ~ 0.833. The AUC of CRP also increased to
of 0.734 and a specificity of 0.833. Notably, 0.806 as well as the sensitivity to 0.624 with
the Youden index for AZU1 was the most fa-  a new threshold set at >8.3 mg/l. The AUC of
vorable at 0.57 defining the threshold to be =~ WBC also enhanced to 0.655 with an increase
most favorable at >16 ng/ml. On the other of its sensitivity of 0.857 at a lower threshold
hand, WBC displayed the highest sensitivity — of >5,450/ul. However, the specificity de-
at 0.814 but had a relatively lower AUC of creased slightly to 0.424. AUC of PCT in-
0.641 and a Youden Index of 0.27. CRP pre- creased to 0.661. Sensitivity slightly im-
sented the second highest AUC with 0.776. proved to 0.458 with a threshold that re-
Sensitivity and specificity were 0.542 and 1,  mained the same. Specificity did not change.
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Figure 2a: Boxplots for CRP, TJA= total joint
arthroplasty, STl= soft fissue infection, PJIII=
periprosthetic joint infectionimplant infection. The
highest CRP levels were found in the trauma and STI
cahort. All cohorts showed a significantly higher CRP
level than the TJA cohori. Red dashed line guantifies
the designated threshold (=5 mgil).
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Figure 2c: Boxplots for PCT, TJA= total joint
arthroplasty, STl= soft fissue infection, PJllI=
periprosthetic joint infectionfimplant infection. The
TJA cohort showed the highest mean PCT level. No
group exceeded above the threshold. The STI group
and the cohort “others™ were significantly lower than
the TJA cohort. Red dashed line guantifies the
designated threshold (=100 pg/ml).

WEBC
201 =0.05
1 A
15' . ’
:= 4
=
S

L ¥
|
G T T T T T
. . ~ &
& X G QS"*‘ ,oe‘-g
6& \'y CI"
)
S
'\5‘ :!I'ild‘lnul.nllllﬂl
mE R
an T4
Paa ¥
ofore =

Figure 2b: Boxplots for WBC, TJA= total joint
arthroplasty, STl= soft fissue infection, PJllI=
periprosthetic joint infection/implant infection. Mo
group was above the threshold of =10,000 WEBC/ul.
The STI cohort showed a significantly higher WBC
compared to the TJA group. All other groups showed
no statistically significanct difference. Red dashed
line quantifies the designated threshold {=10,000/ul).
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Figure 2d: Boxplots for AZU1, TJA= total joint
arthroplasty, STl= soft ftissue infection, PJII=
periprosthetic joint infection/implant infection. All
groups, except the TJA control, were above the
estimated threshold of 15 ng/ml. The TJA group
showed significantly lower AZU1 levels than all other
cohorts.
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Figure 3: Receiver operating characteristics Figure 4: Receiver operating characteristics
(ROC) curve for AZU1 (AUC=0.790) (ROC) curve for CRP (AUC=0.776), WBC
(AUC=0.641), PCT (AUC=0.656)

Table 2: Diagnostic accuracy for CRP, WBC, PCT and AZU1 for the diagnosis of infection. Cl=
confidence interval

Marker AUC Best threshold Sensitivity Specificity Youden-
(95 % CI) Index

CRP 0.776 >8.05 [mg/l] 0.542 1 0.54
(0.702- 0.850)

WBC 0.641 >5,650 [1000/ul] @ 0.814 0.455 0.27
(0.533- 0.749)

PCT 0.656 <63.38 [pg/ml] 0.431 1 0.43
(0.574- 0.738)

AZU1 0.790 >16 [ng/ml] 0.734 0.833 0.57

(0.721- 0.859)

Table 3: Diagnostic accuracy for CRP, WBC, PCT and AZU1 with positive microbiological samples. Cl=
confidence interval

Marker AUC Best threshold Sensitivity Specificity Youden-
(95 % Cl) Index

CRP 0.806 >8.3 [mg/l] 0.624 1 0.62
(0.728 — 0.884)

WBC 0.655 >5,450 [1000/ul] | 0.857 0.424 0.28
(0.547 — 0.764)

PCT 0.661 <63.38 [pg/ml] 0.458 1 0.46
(0.564 — 0.757)

AZU1 0.810 >16 [ng/ml] 0.761 0.833 0.59

(0.735 — 0.885)

DISCUSSION suspected sepsis and 56 healthy controls,
evaluating CRP, PCT, and AZUI1 levels
(Zhou et al., 2019). They found that AZU1
levels significantly differed among patients
with septic shock (153.8 ng/mL), sepsis with-
out shock (49.7 ng/mL), and local infections
(11.8 ng/mL) (Zhou et al., 2019). Notably,
AZU]1 exhibited a higher AUC of 0.893, out-
performing PCT and CRP with AUCs of

This study is the first assessment of the di-
agnostic potential of AZUT1 as a novel marker
for patients suffering from infections in ortho-
pedic and trauma surgery.

AZUL is currently used primarily for sep-
sis diagnosis in ICU patients in China (Sun et
al., 2020, Zhou et al., 2019). Zhou et al. con-
ducted a study involving 125 patients with
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0.856 and 0.699, respectively, in differentiat-
ing sepsis from infections. The accuracy for
distinguishing septic shock from sepsis pa-
tients declined slightly, with an AZU1 AUC
0f 0.760. In our present study, AZU1 demon-
strated an AUC of 0.790 when comparing all
infected groups, rising to 0.810 in cases with
positive microbiological samples. Interest-
ingly, contrary to Zhou et al.,'s findings of
lower AZU1 levels in patients with local in-
fections (Zhou et al., 2019), our study re-
vealed significantly higher AZUI levels
across all cohorts when compared to the
healthy TJA control group. This discrepancy
could be attributed to the unique storage of
AZU]I in vesicles, allowing for immediate re-
lease at the onset of infection. Unlike PCT or
CRP, AZUI does not require a trigger-based
biosynthesis, enabling earlier diagnosis.
However, it's worth noting that AZUT levels
may be erroneously low in patients with leu-
copenia (Funke et al., 2000). As indicated by
Zhou et al., three of the reported five sepsis
patients with leucopenia had AZU1 levels be-
low the cutoff value (Zhou et al., 2019).

Furthermore, the trauma group exhibited
elevated AZU1 levels (refer to Figure 2d) de-
spite their lack of infection. This suggests that
trauma itself may trigger the release of AZU1.
Halldorsdottir et al. found significantly higher
AZU]I levels in patients with a high Injury Se-
verity Score, shock on arrival, or massive
transfusion (Halldorsdottir et al., 2018). No-
tably, the increase in CRP due to trauma is a
well-established clinical phenomenon
(Giannoudis et al., 2004) which our study also
confirmed. In an additional sub-analysis ac-
cording to Spearman correlation, we observed
a significant positive correlation between
AZU1 and CRP in trauma patients (p=0.5333;
p=0.0029). The same sub-analysis was per-
formed within the TJA cohort. No significant
correlation could be found between CRP and
AZU1 (p=-0.0712; p=0.735) which under-
lines that trauma or fracture may release
AZU1. However, the clinical significance of
this correlation remains uncertain, primarily
due to the limited size of the trauma cohort
comprising only 38 patients.

Omar et al. conducted a study evaluating
PCT as an early biomarker for infected dia-
betic foot ulcers (Omar et al., 2023). They
compared 50 diabetic patients without ulcers,
107 patients with non-infected diabetic foot
ulcers, and 107 with infected ulcers. Their re-
sults indicated an elevated mean level of PCT
in the infected diabetic foot ulcer group com-
pared to the other two groups. However, the
study reported relatively low sensitivity
(63.6 %) and specificity (83.2 %) for PCT,
leading to the conclusion that PCT is insuffi-
cient for early diagnosis of infected diabetic
foot ulcers (Omar et al., 2023). Notably, the
study's limited sensitivity may be attributed to
the absence of septic patients or those with
septic shock, who typically require ICU ad-
mission. PCT is known to be associated with
the severity of infection (Ozbay et al., 2023)
whereas all patients in this study presented
with local signs of infection.

Of particular importance is the substantial
distinction observed between the TJA group
and the PJI/II cohort. Physicians face chal-
lenges when diagnosing periprosthetic joint
infection (PJI) in patients with atypical clini-
cal symptoms that do not align with common
PJI definitions by Musculoskeletal Infection
Society (MSIS), International Consensus
Meeting (ICM) or European Bone and Joint
Infection Society (EBJIS) (McNally et al.,
2021; Parvizi et al., 2018; Shohat et al., 2019).
AZU]1 could potentially serve as an additional
marker to enhance diagnostic accuracy. Its
implementation can be easily integrated into
clinical routine. AZU1 can be acquired during
the standard blood withdrawal and subse-
quently be determined by ELISA at in-house
laboratory. At present, our hospital out-
sources the determination of synovial alpha-
defensin to an external laboratory, resulting in
increased logistical effort and costs. Addition-
ally, the results are delivered with a delay of
several days. Consequently, further compre-
hensive studies are necessary.

It is important to note that there are sev-
eral limitations to this study that need to be
mentioned. First, the cohorts were relatively
small, heterogeneous and not randomized,
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potentially impacting accuracy, robustness
and reproducibility of AZU1 validation. Sec-
ond, AZU1 evaluation occurred at a single
time point during the disease course, over-
looking potential fluctuations. Additionally,
some patients had prior treatments and
chronic infections, further complicating the
analysis. Last, variations in the timing of
blood sample collection should be considered
as well, since CRP and WBC were obtained
upon hospital admission, while PCT and
AZU1 sampling took place later, following
informed consent. Consequently, some pa-
tients did not undergo AZU1 and PCT testing
until the subsequent day or prior to surgery,
depending on admission time, including over-
night admissions.

CONCLUSION

In conclusion, this pioneering study repre-
sents the first investigation into AZUI as an
infection marker for orthopedic and trauma
patients. While AZU1 exhibited the capacity
to detect infections, its precise value as an ad-
ditional diagnostic parameter needs to be clar-
ified. Notably, trauma appears to stimulate
AZU] release. For patients with PJI or im-
plant infections (II), AZU1 may offer another
valuable tool for early detection of implant-
related infections. Validation of this marker's
suitability and utility requires additional com-
prehensive and larger-scale studies.
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