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Abstract

Objectives: Sepsis is a complex and lethal condition. For successful treatment, clinicians need high quality testing to
guide the approach to pathogen identification and treatment. Medical laboratories play a vital role in the detection of
infectious agents, and must continually strive to discover new and reliable tests and to analyze the reliability of existing
tests in different diseases and expand their usage as appropriate. Selecting the appropriate therapy, reducing the use of
antibiotics and thereby reducing antibiotic resistance are also undeniable parts of this task. The most commonly used
parameters to guide infection therapy are the white blood cell count, the erythrocyte sedimentation rate, the absolute
count of neutrophils, the absolute number of lymphocytes, and the level of C-reactive protein, serum amyloid A pro-
tein, ceruloplasmin, haptoglobin, fibrinogen, and procalcitonin (ProCT). Although ProCT has been accepted as quite
effective in differentiating serious bacterial infections, there are unresolved questions regarding effective usage during
follow-up, as there are with other markers. ProCT and other promising biomarkers in a sepsis setting were the focus of
this review, beginning with the first study to define ProCT in the literature, and examining some of the studies related

to the importance of the ProCT-sepsis relationship, and detailed information on candidate markers.
Keywords: Biomarker, C-reactive protein, procalcitonin, reference interval, sepsis

n the early 1960s, Nobel laureate Frank Macfarlane Burnet

made an interesting observation that by the end of World
War Il it was possible to say that almost all of the major
practical problems of dealing with infectious disease had
been solved [1, 2]. It can be considered an early outcome
among the successes of the post-penicillin medical era. Un-
fortunately, in today’s modern world, more than 700.000
people each year still face death due to antibiotic-resistant
bacterial infections around the globe and this currently un-
preventable burden is increasing exponentially [3]. Interna-
tional institutions like the World Health Organization, the
US Centers for Disease Control and Prevention, and national
policymaker institutions are all in this fight for the sake of
human health. Continuing education of healthcare profes-

sionals, public advertisements, changes in medical school
curricula, state-of-the-art research, warnings to patients,
signs in pharmacies, propagation of information about side
effects, and institutional control mechanisms are all parts of
a solution. Naturally, medical laboratories are also partners
in this challenge. Medical laboratories make a huge contri-
bution to medical decisions. The identification of disease-
causing agents; determining a definite diagnosis of infec-
tious disease, resistance, and sensitivity to pharmaceuticals;
and contributing to the follow-up and prognosis of disease
are all duties of clinical laboratories. Highly sensitive and
specific biomarkers are always in demand in order to pre-
vent antibiotic overuse in the general population and to
give clinicians a robust approach [4]. There is growing inter-
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est in procalcitonin (ProCT), as well as some other biomark-
ers. An advanced search of PubMed publications conducted
in March 2019 using the terms "procalcitonin” and “sepsis”
yielded more than 2000 papers. This general search clearly
demonstrates the clinical significance of ProCT. This review
focuses on current and promising markers and their rela-
tionship to sepsis and ProCT.

Procalcitonin and its significance in medical history

The introduction of ProCT to the world of science dates back
to the 1970s (Table 1). The first medical studies of ProCT
were concentrated on tumors once its unique synthesis and
structure were identified using radioimmune assays. It is the
high-molecular-weight precursor of calcitonin, a hormone
that is released from parafollicular cells (C cells) of the thy-
roid (Fig. 1). Subsequent studies in the 1980s observed that
ProCT was also released into systemic circulation in non-thy-
roid malignancies [5]. Researchers concluded that ProCT is a
molecule synthesized by many types of cells in humans, but
often occurs in response to tissue damage, such as a burn
or neoplasm (Fig. 1). In a study of 79 pediatric patients con-
ducted by Assicot et al. [6] in 1993, ProCT demonstrated a
significant correlation with microbial invasion. They used a
monoclonal immunoradiometric method to measure ProCT
levels in blood. This critical clinical trial established the use
of ProCT as an infection-based biomarker. Since the publica-
tion of this research, many studies based on bacterial, viral,
and even parasitic infections have been published in rep-
utable journals. The success of this study led to an avalanche
of new research. ProCT has become an indispensable tool
in the follow-up of bacterial infections in modern medical
practice.

Procalcitonin and sepsis

Sepsis was defined as “life-threatening organ dysfunction
due to adysregulated host response to infection” by the Third
International Consensus Definitions Task Force (Sepsis-3).
This condition, which is among the most common causes of

Table 1. Procalcitonin milestones in medical history

death in general hospitals, can progress silently. Additional
definitions were subsequently developed to help determine
organ dysfunction earlier in sepsis. The Quick Sequential Or-
gan Failure Assessment (QSOFA) score uses 2 of 3 criteria to
identify high-risk patients: Glasgow coma scale score (<13),
systolic blood pressure (<100 mmHg), and respiratory rate
(=22 bpm). Septic shock is defined as a subset of sepsis, with
the requirement of vasopressor therapy to sustain a mean
arterial pressure of 265 mmHg, and serum lactate >2 mmol/L
without hypovolemia [15]. An early, robust, and definitive di-
agnosis is important; in addition to the clinical evaluation,
laboratory work is extremely helpful in the management of
sepsis [16, 17]. Several biomarkers have been used for the
diagnosis and prognosis of sepsis, but there is still no gold
standard biomarker [18, 19]. However, ProCT could be an im-
portant and prognostic marker for sepsis [16, 17]. Following
bacterial infection, the ProCT level rises in 6 to 12 hours and
drops by 50% after 24 hours with the help of appropriate an-
tibiotherapy and the work of the immune system. The level is
not affected (does not decrease) by anti-inflammatory drugs
[20]. ProCT appears to be a useful biomarker to differenti-
ate bacterial infections from viral infections with high sen-
sitivity and specificity rates. The reference range of ProCT is
less than 0.1 ug/L in the healthy, non-pediatric population,
though those limits change according to the specific pathol-
ogy (Table 2) [21, 22]. A high ProCT level predicts severe sep-
sis and is correlated with inflammation severity. The higher
the value in systemic circulation, the greater the severity of
bacterial infection. ProCT levels have been observed to be
higher in Gram-negative bacteremia compared with Gram-
positive bacteremia and fungal sepsis in some studies [18,
19]. One of these studies evaluating the rapid diagnosis of
sepsis suggested that ProCT could be used to differentiate
severe clinical situations like sepsis and septic shock, as well
as to help determine the type of microbe [19].

Following approval in 2017 from the US Food and Drug
Administration for the use of ProCT as a blood infection
biomarker to guide antibiotic therapy in acute respiratory
infections and sepsis, several studies demonstrated that

Event Date Reference
First definition and characterization experiments of calcitonin precursor named “procalcitonin” 1974,1975 [7,8]
Unusual synthesis of high-molecular-weight form of calcitonin detected in pulmonary tumor cell lines 1978 [9]
Identification of entire preprocalcitonin 116 amino acid chain 1984 [10]
Isolation of procalcitonin from experimental thyroid neoplasms 1984 [11]
Information about numerous extra-thyroid malignancies capable of biosynthesizing calcitonin precursors 1989 (5]
and first suggestion to use them as biomarkers

Detection of procalcitonin role in severe multi-systemic infections 1993 (6]
Elevation of procalcitonin level with no change in calcitonin level following experimental Gram-negative 1994 [12]
bacteria endotoxin application

Suggestion of procalcitonin use as a biomarker for septicemia in newborns 1996 [13]
High diagnostic value of procalcitonin during sepsis forimmunocompromised patients reported 1997 [14]
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Figure 1. Procalcitonin synthesis from parafollicular cells (C cells)* and extra-thyroidal neuroendocrine cells** following tissue damage.

Table 2. Reference ranges for procalcitonin in different physiological and/or pathological states

Population type Reference range or cut-off limits Reference
Healthy individuals (including geriatric patients) Less than 0.1 ug/L [22, 23]
Pregnant women in good health during 1st and 2nd trimesters ~ 0.018-0051 ug/L (standard normal limits) [24]
Preterm children (just at birth) 0.01-0.56 pg/L (standard normal limits) [25]

Term newborns (just at birth) 0.01-0.55 pg/L (standard normal limits) [25]
Pediatric patients who have community-acquired pneumonia 2.06£0.60 pg/L (mean+SD) [26]

Sepsis patients older than 18 years of age 5.66 (0.98-21.2) ug/L (median level with extended limits)  [27]
Geriatric patients who have definitive bacteremia 17£45 pg/L [28]
Hemodialysis patients before dialysis procedure 0.23 pg/L (median level) [29]

ProCT-guided treatment reduced antibiotic use. This infor-
mation was a very big gain for health professionals. One sys-
temic review comprised 26 randomized clinical trials (RCTs)
with 6708 patients, and suggested that ProCT-guided ther-
apy for acute respiratory infections was associated with de-
creased antibiotic exposure (2-4 days) and side effects, and
also improved survival [4]. It is well established that sepsis
is a life-threatening disorder with a high mortality rate all
over the world [16]. Early use of appropriate antibiotics is
essential to reduce mortality. Non-specific inflammation and
bacterial infections can be discriminated using the ProCT
level, and recent guidelines and studies suggest that mon-
itoring the ProCT level can be used as a prognostic factor to
guide antimicrobial therapy and that ProCT-based antibiotic
administration will decrease excessive antibiotic use and re-
lated side effects [17, 30, 31]. There are many studies with
different results about ProCT-guided antimicrobial therapy.
A meta-analysis composed of 13 trials with a total of 5136
patients showed that ProCT guided therapy resulted in de-

creased antibiotic use (1.67 days) and lower short-term mor-
tality rates. They concluded that ProCT monitoring could be
used to guide the administration of antibiotherapy [32]. One
of these studies noted that ProCT-based antibiotic admin-
istration reduced consumption of antibiotics by about 20%
a year, and no significant influence was seen on mortality
rate or length of hospitalization [17]. A ProCT level of <0.5
Mg/L in a case of systemic inflammatory response syndrome
(SIRS) with no proof of infection or bacteremia can be sup-
portive of discontinuing antibiotherapy [17]. A systematic
review of clinical recommendations also suggested that
ProCT monitoring decreased antibiotic use without affect-
ing mortality, and the same study recommended that in in-
tensive care units, antibiotic therapy could be discontinued
when ProCT level decreased to <0.5 ug/L or 80% [20]. Some
studies about the relationship between ProCT level and sur-
vival rate have shown that the ProCT level is notably low in
survivors even in early sepsis. A declining ProCT level in the
first few days has been shown to be a predictor of mortal-
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ity [17, 33]. A meta-analysis of 10 RCTs with 3489 patients
demonstrated that ProCT monitoring with clinical evalua-
tion resulted in a shorter duration of antibiotic use of about
1.5 days and demonstrated that ProCT use did not have a
negative effect on mortality or duration of ICU stay [34].
Another study, a meta-analysis composed of 15 RCTs, also
indicated that antibiotherapy guided by ProCT monitoring
did not affect short-term mortality. In the same study, it was
reported that ProCT-guided discontinuation of antibiotics
decreased mortality and that PCT monitoring reduced the
duration of antibiotherapy [35]. A meta-analysis consisting
of 11 RCTs evaluated the effect of ProCT-guided antibiotic
use in ICU patients with infection and demonstrated signif-
icantly low mortality for ProCT-guided antibiotic therapy in
2252 patients (in comparison with 2230 control patients). It
also suggested that ProCT-guided therapy promoted earlier
discontinuation of antibiotics and decreased the duration of
the period of use [36].

One meta-analysis composed of 7 studies and including
1075 patients investigated ProCT-guided therapy in septic
patients in the ICU. The study found no significant difference
between the treatment guided by ProCT and standard man-
agement in the 28-day mortality rate. On the other hand,
the length of antibiotic treatment was significantly reduced
in the ProCT-guided group,. The study reported that ProCT-
guided therapy could be useful in shortening the duration of
antibiotherapy [371].

One study that focused on ProCT use in critical care suggested
that it resulted in less antibiotic exposure and that ProCT is a
better biomarker for diagnosis in septic patients than C-reac-
tive protein (CRP). The authors noted that there is the possibil-
ity of false-negative results, and recommended a repeat test in
6 to 12 hours. If all of the microbiological cultures are negative
and a clear source of infection has not been determined in 24
hours, a repeat low PCT value, combined with clinical judge-
ment, was considered strong reason to discontinue antimicro-
bial therapy. It was also noted that the ProCT level was corre-
lated with the severity of sepsis and organ dysfunction [38].
One of the trials investigating daily ProCT measurements in
472 critically ill patients found that increased ProCT was asso-
ciated with increased mortality, whereas CRP and white blood
cell (WBC) count were not. Critical patients were defined by
daily changes and high maximum levels, and ProCT increases
(more than 1.0 pg/L) for 1 day in the ICU was a predictor of 90-
day mortality [39]. The ProCT level is also high in neonatal sep-
sis, and although both CRP and ProCT levels rise, the increase
in ProCT is greater than that of CRP. A study that aimed to de-
fine the role of ProCT in neonatal sepsis and compare it with
CRP evaluated 67 newborns with sepsis and found that while
both become elevated, ProCT levels were more indicative
than CRP in the earlier detection of neonatal sepsis and deter-
mination of the severity of illness and antibiotic response [40].
Similar studies in newborns have reported that ProCT was a
useful marker for sepsis (especially compared with CRP) with
high sensitivity and specificity rates [40-43].

Established and new diagnostic markers in sepsis and cor-
relation with procalcitonin

Medical laboratories perform many conventional and new
marker measurements. The test panels of laboratories are
closely related to demands from clinics, budgets of hospitals,
staff, availability of high-tech tools, and workload. There is a
lot of information in the current medical literature related to
ProCT and sepsis as well as other new or established biomark-
ers (Table 3). One of the most frequently used markers in rou-
tine practice is undoubtedly a measure of CRP. CRP, which can
become elevated with infection, inflammation, and trauma,
is an acute-phase protein secreted by the liver. The CRP level
may rise to more than 1000 times than normal after infection
or trauma [44]. ProCT and CRP are the most preferable tests in
sepsis [45]. Zhang et al. [46] studied ProCT and high-sensitiv-
ity CRP (hs-CRP) levels in the evaluation of sepsis and septic
shock in geriatric patients in the ICU. They found that hs-CRP
and ProCT were good markers for the diagnosis of sepsis and
septic shock in patients who were older than 85 years of age.
Garnacho-Montero et al. [45] researched ProCT and CRP levels
in SIRS and they concluded that ProCT can be a more depend-
able biomarker upon admission to hospital and was consid-
ered superior to the CRP value.

In addition to CRP, lactate is a good marker for organ dys-
function and may increase in septic shock [15]. A high lac-
tate level is strongly associated with high mortality [47].
Shapiro et al. [48] researched serum lactate levels and the
risk of death in 1278 emergency department patients with
infection. They found that lactate can be a predictor of mor-
tality [48]. Phua et al. [49] investigated serum ProCT, lactate,
amino-terminal pro-B-type natriuretic peptide, and cytokine
values for prognostic evaluation of septic shock in 82 pa-
tients. They concluded that elevated baseline lactate level
were superior to ProCT levels for prognostic evaluation in
septic shock patients [49].

Cytokines are produced by the immune system in response
to inflammation or infection. Kellum et al. [50] studied inter-
leukin 6 (IL-6), IL10, and tumor necrosis factor a (TNF-a) in
septic patients and they found that cytokine levels were ele-
vated in severe sepsis and that the highest risk of death was
a combined high level of IL-6 and IL-10. Andaluz-Ojeda et al.
[51] measured 20 different cytokines in severe sepsis patients
and found that high levels of IL-6, IL-8, IL-10, and monocyte
chemoattractant protein 1 were predictors of mortality.

Cluster of differentiation 64 (CD64), which is a surface marker
of circulating neutrophils, is a high affinity receptor for im-
munoglobulin G. Ng et al. [52] studied CD64 in 338 infants
with suspected sepsis. They found that CRP and CD 64 levels
were high in infected group. They also concluded that CD64
had a very high sensitivity (96%). Livaditi et al. [53] investi-
gated CD64, ProCT, CRP, IL-6, IL-8, IL-10, IL-18, IL-12p70, and
TNF-a in 47 patients who were within 24 hours of septic on-
set. They found that CD64 and IL-8 demonstrated an early en-
hancement during sepsis and increased with sepsis severity.
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Table 3. Features of newer and well-established markers

Specific feature and relationship

Marker . Relationship to ProCT Measurement Methods Reference
to sepsis
CRP level measurement and ProCT and CRP levels were good markers . .
L . . L. . . . Immunoturbidometric
CRP monitoring is useful during sepsis for predicting outcome in sepsis and septic assa [46, 61-64]
and sepsis treatment shock Y
Lactate is a promising biomarker for Elevated baseline lactate was superior to
Lactate pror 9 ProCT level for prognostic evaluation in Photometry [49]
organ dysfunction -
septic shock
L6 Pro-inflammatory cytokine ProCT had better diagnostic performance .Chemllumlnefcent (65-67]
than IL-6 immunometric assay
L8 Chemokine ProCT had greater discriminative value than Fhem|lum|ne§cent 6]
IL-8 immunometric assay
Plasma ProCT and IL-10 concentrations were Chemiluminescent
IL-10 Anti-inflammatory cytokine higher in non-survivors than in survivors . : [68]
. . immunometric assay
among septic patients
Prodqced by antigen presenting 127 d e e) st e e Magnetic bead multi-
IL-27 cells like macrophages, B cells and : plex platform and [69, 70]
- compared with ProCT .
dendritic cells Luminex assay
A surface biomarker of circulating ProCT levels and CD64 index were greater in
CD64 neutrophils and a high affinity septic patients compared with controls. CD64 Flow cytometry [71,72]
receptor forimmunoglobulin G index was an independent predictor of sepsis
. Soluble CD14-subtype is called The diagnostic accuracy of presepsin was Chemiluminescence
Presepsin R R . . [73,74]
presepsin. greater than ProCT in neonatal sepsis enzyme immunoassay
STREM-1 is a biomarker of sepsis ProCT, IL-6, STREM-1, and sCD163 were §andW|ch rchllice
STREM-1 X . immunosorbent assay, [60]
severity correlated with SOFA score )
Luminex assay
LBP Produced by liver as acute phase LBP was superior to ProCT as a diagnostic Chemiluminescent (75]
inflammatory response biomarker for sepsis immunometric assay
ProADM cP;(I)é?tl?),r\:!;S aevat?gglslzta;?f:rzitlhivith i LA LR A (Sl € Sandwich immunoassa [76]
bt PeP P y (ProADM AUC: 0.72; ProCT AUC: 0.4) y
T Diagnostic accuracy of sepsis was greater
Hepcidin :'ei‘:gt::; a;ir:/s:ute pliests ey for hepcidin compared with ProCT (hepcidin ELISA [77]
y AUC: 0.865; ProCT AUC: 0.848)
Pentraxin 3 PIZ;JE:; I;nﬂ;rn:;stoer?/i rr;]eecrhaaltor PTX3 values demonstrated good correlation ELISA (78]
(PTX3) p y perip with ProCT.
tissues
TP B e S ST ProCT was a superior diagnostic marker
MIF that can be produced by monocytes, sup 9 ELISA, Luminex assay [79]
compared with MIF
macrophages, B cells, and T cells
SuPAR, which is considered as
the soluble form of urokinase-
SUPAR type plasmlnoger\ (uPAR), can be pse of a combination of suPAR .and. ProCT ELISA, Luminex assay 80]
produced under inflammatory improved the strength for sepsis diagnosis
stimulation and/or immune system
activation.
D-dimer ProdUct of fibrin degradation; The gllscrlmlnatory ability of D-dimer for Immuno-turbidimetric 81, 82]
sepsis was greater than that of ProCT assay
Serum amyloid P is member of Serum amyloid P and tissue plasminogen Nebhelometric assavs
Amyloid P the pentraxin family and regulates activator demonstrated the best individual ELIFS)A Vs, [83]
inflammation predictive performance for mortality
Endotoxinactivity Key component of the membrane of ProCT and endotoxin levels rise in severe Chemiluminescentassay (84, 85]

Gram-negative bacteria

sepsis

AUC: Area under curve; CRP: C-reactive protein; IL: Interleukin; ELISA: Enzyme-linked immunosorbent assay; LBP: Lipopolysaccharide binding protein; MIF: Macrophage
migration inhibitory factor; ProADM: Proadrenomedullin; ProCT: Procalcitonin; PTX3: Pentraxin 3; SOFA: Sequential organ failure assessment; STREM-1: Soluble triggering
receptor expressed on myeloid cells-1; suPAR: Soluble urokinase-type plasminogen activator receptor; uPAR: Urokinase-type plasminogen.
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There are several other studies that have investigated the sig-
nificance of CD64 in sepsis [54-57].

CD14 is the receptor for lipopolysaccharide (LPS) and LPS-bind-
ing protein (LPS-BP) complexes. There are 2 forms of CD14: a
soluble form (sCD14) and a membrane form (mCD14). LPS-LPS-
BP-CD14 is released into the circulation and plasma protease ac-
tivity generates the sCD14-subtype (sCD14-ST) called presepsin.
Ulla et al. [58] studied presepsin and ProCT and found elevated
presepsin and ProCT levels in sepsis. The diagnostic accuracy
was higher for ProCT compared with presepsin (area under the
curve: 0.875 for ProCT, 0.701 for presepsin). In the Albumin Ital-
ian Outcome Sepsis (ALBIOS) trial, presepsin was measured in
997 patients with severe sepsis or septic shock. They found that
presepsin levels increased with the sequential organ failure as-
sessment (SOFA) score and they concluded that presepsin was
an early indicator of mortality in septic patients [59]. Rios-Toro et
al.[60] researched ProCT, CRP, the soluble triggering receptor ex-
pressed on myeloid cell 1 (sSTREM-1), sCD14, sCD163, IL-6 serum
levels, and the SOFA and Acute Physiology And Chronic Health
Evaluation (APACHE) Il scores in patients with sepsis or septic
shock. They found that baseline serum concentrations of ProCT,
IL-6, STREM-1, and sCD163 correlated well with the SOFA score
and that sTREM-1 levels correlated with the APACHE Il score.

Challenges and future aspects

An ideal sepsis biomarker would be measurable even during
the early symptoms, cost-effective, very sensitive and specific to
infections in order to establish a definitive differential diagno-
sis between infectious and noninfectious diseases, informative
about the clinical course and/or provide valuable information
about prognosis [86]. Unfortunately, none of the aforemen-
tioned biomarkers can fulfill all of those criteria alone. ProCT is
not a miraculous magic wand test either. To overcome this is-
sue, some researchers have suggested that biomarkers could
be used together in a sepsis panel. Dolin et al. [87] proposed
the use of ProCT, IL-6, and sTREM-1 as biomarkers for the di-
agnosis of early-phase sepsis. Yaguchi et al. [88] suggested
combining ProCT and WBC in intermediate endotoxin activity
levels to diagnose sepsis. Gibot et al. [89] demonstrated the
high performance of ProCT, CD64 index, and sTREM-1 levels in
diagnosing sepsis. Among the markers in Table 3, CDé4, IL 27,
lipopolysaccharide-binding protein, proadrenomedulin, hep-
cidin, and presepsin are promising for the diagnosis of sepsis. In
conclusion, ProCT is a useful marker for sepsis, and monitoring
the ProCT level in combination with clinical judgement can pre-
vent unnecessary antibiotic use in septic patients. Nonetheless,
the development of additional easier, less labor-intensive mea-
surement methods, less expensive and faster methods, and the
establishment of reference ranges for different races, altitudes,
and even for different biological samples according to the con-
cept of personalized medicine, are all necessary.
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