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17As neonatal sepsis is a severe condition, there is a call for reliable biomarkers to differentiate between infected
18and noninfected newborns. Although blood culture has been considered as the gold standard, this analysis is
19still too slow and limited by false negative results. Use of CRP is hampered by a physiological 3-day increase,
20resulting in a low sensitivity to detect sepsis at an early stage. A moderate diagnostic accuracy of other acute
21phase proteins has been demonstrated (serum amyloid A, procalcitonin, lipopolysaccharide binding protein,
22mannose binding lectin and hepcidin).
23In neonatal sepsis, changed chemokine/cytokine levels are observed before those of acute phase reactants. High
24IL-6, IL-8, IL-10 and TNF-α concentrations are detected in infected infants. Soluble interleukin-2 receptor has
25been used to identify bacteremia, whereas low plasma RANTES concentrations are characteristic for septicemia.
26Several cell adhesion molecules contribute to the pathogenesis of sepsis. As an upregulated CD64 expression on
27granulocytes is found within 1–6 h after bacterial invasion, serial CD64 measurements could guide antibiotic
28therapy. An increased CD11b/CD18 density can improve the diagnosis, and a positive correlation between
29CD11b and the severity of systemic inflammation has been reported. An early increase in sCD14-ST presepsin
30is also observed during sepsis, whereas high sTREM-1 values in early-onset neonatal sepsis (EOS) have been as-
31sociated with mortality.
32Biomarkers resulting fromproteomics are also promising. A 4-biomarker ‘mass restricted’ score has been validat-
33ed as diagnostic for intra-amniotic infection and/or inflammation. S100A8 in amniotic fluid is a strong predictor
34of an increased incidence of EOS. Proteomic analysis of cord blood has revealed altered protein expression pat-
35terns. The ApoSAA score is useful for identifying sepsis and could guide prescription of antibiotics. 1H-NMR
36and GC–MSmetabolomics allow to diagnose septic shock, which is associated with increased concentrations of
372-hydroxybutyrate, 2-hydroxyisovalerate, 2-methylglutarate, creatinine, glucose and lactate.
38© 2015 Published by Elsevier B.V.
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75 1. Introduction

76 Sepsis is a major cause of morbidity and mortality in neonates, most
77 frequently seen in preterm infants with comorbidities or prolonged
78 hospitalization and in very low birth weight (VLBW) infants. This
79 clinical condition is classified as early-onset neonatal sepsis (EOS,
80 infection ≤ 72 h of life), occuring in 1.5–2% of VLBW infants [1], and
81 late-onset neonatal sepsis (LOS, infection N 72 h of life), with a preva-
82 lence of up to 21% in VLBW infants [2]. Accurate diagnosis of neonatal
83 sepsis is scientifically challenging. For decades, blood culture has been
84 considered as the gold standard. However, false negative results are
85 not rare as bacteremia is often of low density and intermittent, and
86 the obtained blood samples are frequently small in volume. Antibiotic
87 treatment prior to blood culture may further reduce the diagnostic per-
88 formance of blood culture [3].
89 At this moment, no single marker has a significant advantage over
90 the others to diagnose neonatal sepsis. As the diagnostic utilities [sensi-
91 tivity, specificity, positive predictive value and negative predictive
92 value] determine the usefulness of a clinical test, a diagnostic method
93 should possess an acceptable sensivity (±80%), an excellent sensitivity
94 and a NPV of± 100%. An ideal biomarker should rise rapidly and should
95 have a good diagnostic window [4,5]. Several hematological indices
96 (amount of white blood cells, neutrophil count, immature to total
97 neutrophil count ratio) have already been used during the previous
98 decades. In this manuscript, an overview of old and novel non-
99 hematological diagnostic biomarkers in neonatal sepsis and necrotizing
100 enterocolitis will be presented.

101 2. Acute phase reactants

102 2.1. C-reactive protein

103 Despite the development of new biomarkers, C-reactive protein
104 (CRP) is the most extensively studied acute-phase protein in EOS [6].
105 Beingpresent in bacterial cell walls, biologicalmembranes and lipopoly-
106 saccharides, phosphocholine is the major ligand to CRP [7]. After bacte-
107 rial infection, IL-6 and other proinflammatory cytokines stimulate the
108 hepatic synthesis of CRP (peak at 48 h), which is followed by activation
109 of the complement system, increased phagocytosis, activation ofmacro-
110 phages and monocytes, and elevated production of proinfammatory
111 cytokines [8].
112 The use of this acute phase protein in the first days of life is ham-
113 pered by a nonspecific physiological 3-day increase, which is related
114 to the stress of delivery and some other noninfectious perinatal andma-
115 ternal factors. Different sensitivities and specificities (Table 1) have
116 been published, which can be explained by variations in definitions of
117 sepsis, test methodologies, reference values, cutoff points (most used
118 upper limit of 10 mg/L), patient charateristics, inclusion criteria, sam-
119 pling times and number of collected samples. CRP has an unacceptable
120 low sensitivity to detect neonatal sepsis at an early stage due to a de-
121 layed induction of its hepatic synthesis. A combination with another

122biomarker (IL-6, procalcitonin,…) could increase the sensitivity during
123the early phases of sepsis. Serial measurements, 24–48 h after onset of
124the infection, are associatedwith better sensitivities (74–98%) and spec-
125ificities (71–94%), and are used to guide the antibiotic treatment in neo-
126natal sepsis [6].

1272.2. Serum amyloid A

128Serum amyloid A (SAA) is an acute phase reactant with a hepatic
129synthesis, regulated by proinflammatory cytokines [interleukin-6
130(IL-6) and tumor necrosis factor-alpha (TNF-α)]. However also smooth
131muscle cells, macrophages, adipocytes en endothelial cells are involved
132in the production of this family of 12–14 kDa polymorphic apolipopro-
133teins. Multiple fuctions such as chemotaxis, immunomodulation and
134tissue regeneration have been attributed to SAA [9,10]. A 1000-fold in-
135crease in the serum concentration of SAAhas been reported during neo-
136natal sepsis [10]. However, technical issue have hampered the use of
137SAA assays in clinical practice.
138In a meta-analysis [11], consisting of a total of nine studies [10,
13912–19] with 823 neonates, a moderate diagnostic accuracy of SAA for
140EOS and LOS (8–96 h after onset of infection) was reported, which
141was comparable with the diagnostic accuracy of CRP and procalcitonin.
142Differences in age of the study population groups, differences in the SAA
143assay and differences in cutoff point (1–68 mg/L, depending on time
144point of analysis) could explain the heterogeneity between the
145published studies. In comparison with CRP, SAA was characterized by
146a pooled sensitivity of 78% (95% CI: 73–83%) versus 67% (95% CI:
14762–73%), and a pooled specificity of 92% (95% CI: 89–95%) versus 89%
148(95% CI: 84–92%) [11]. In addition, the value of SAA for the diagnosis
149of newbornswith necrotizing enterocolitis has also been demonstrated.
150However, its value in the follow-up of those young patients should be
151further investigated [9].

1522.3. Procalcitonin

153Hepatocytes and monocytes are the most important producers of
154procalcitonin,which is the 116-aminoacid peptide prohormone of calci-
155tonin. In neonates, procalcitonin is characterized by a marked physio-
156logical increase after birth, which limits its value in the first 2–4 days
157of life and calls for age-specific cutoff values in this period [20–22].
158During a bacterial or fungal infection, a more rapid rise (within
1593–4 h) in the serum procalcitonin concentration is observed in compar-
160ison with CRP, with elevated levels at least 24–48 h after onset of infec-
161tion and with a maximum serum concentration at 18–24 h (halflife
162of ± 24 h) [21]. Bacterial infections are associated with increased
163serum procalcitonin concentrations up to 1000 μg/L, which are correlat-
164ed with severity of disease and mortality [22]. In a small study compar-
165ing different biomarkers for neonatal sepsis, the order of the markers
166according to sensitivity and specificity was CRP N procalcitonin N TNF-
167α N SAA at the time of diagnosis [23]. However other studies showed
168that procalcitonin is a better diagnostic sepsis marker than CRP and
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