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Abstract: In the context of suspected neonatal sepsis, early diagnosis and stratification of patients
according to clinical severity is not yet effectively achieved. In this diagnostic trial, we aimed to
assess the accuracy of presepsin (PSEP) for the diagnosis and early stratification of supposedly septic
neonates. PSEP, C-reactive protein (CRP), and procalcitonin (PCT) were assessed at the onset of
sepsis suspicion (T0), every 12–24 h for the first 48 h (T1–T4), and at the end of antibiotic therapy
(T5). Enrolled neonates were stratified into three groups (infection, sepsis, septic shock) according
to Wynn and Wong’s definitions. Sensitivity, specificity, and area under the ROC curve (AUC)
according to the severity of clinical conditions were assessed. We enrolled 58 neonates with infection,
77 with sepsis, and 24 with septic shock. PSEP levels were higher in neonates with septic shock
(median 1557.5 pg/mL) and sepsis (median 1361 pg/mL) compared to those with infection (median
977.5 pg/mL) at T0 (p < 0.01). Neither CRP nor PCT could distinguish the three groups at T0.
PSEP’s AUC was 0.90 (95% CI: 0.854–0.943) for sepsis and 0.94 (95% CI: 0.885–0.988) for septic
shock. Maximum Youden index was 1013 pg/mL (84.4% sensitivity, 88% specificity) for sepsis,
and 971.5 pg/mL for septic shock (92% sensitivity, 86% specificity). However, differences in PSEP
between neonates with positive and negative blood culture were limited. Thus, PSEP was an early
biomarker of neonatal sepsis severity, but did not support the early identification of neonates with
positive blood culture.

Keywords: newborn; neonatal sepsis; septic shock; presepsin; biomarkers; inflammation

1. Introduction

Despite a favorable trend over the last two decades, neonatal sepsis is still a major
cause of morbidity, mortality, and antibiotic use among neonates, with an incidence of
1–4 per 1000 live births rising up to 12–17% in very low birth weight infants (VLBWi) [1].
Neonatal septic shock, a severe clinical evolution of sepsis, has a reported incidence of 1–2%
in neonatal intensive care units (NICUs) [2,3], with mortality rates up to 70% [4]. Neonates
and children with septic shock present hemodynamic differences compared to their adult
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counterparts, but share with them the rapid derangement towards a compromised clinical
condition within a few hours from the onset of symptoms; this frequently occurs inde-
pendently from the institution of empiric broad spectrum antibiotic therapy [5,6]. The
definition of neonatal sepsis is still equivocal [7], and no consensus-based approach akin
to Sepsis-3 for adult patients has been developed. At present, blood culture remains the
gold standard for the diagnosis of neonatal sepsis, but roughly 48–72 h are needed to
obtain a reliable response, and the number of false negative results is not negligible [8].
Furthermore, and independently from blood culture results, a prompt stratification of
risk for adverse clinical evolution would be advisable, to allow a timely institution of the
more appropriate therapeutic management. In this context, several biomarkers have been
repeatedly investigated, such as C-reactive protein (CRP), procalcitonin (PCT), and various
interleukins [9]. A fraction of the soluble form of CD14, named soluble CD14 subtype
(sCD14-ST) or presepsin (PSEP), has received increasing attention over the past 10 years as
a possible early marker of sepsis [10]. In neonates, PSEP seems to ensure a high sensitivity
and specificity for the diagnosis of sepsis [11]. Nonetheless, four recent meta-analyses
agreed on the weaknesses affecting the majority of published studies investigating PSEP
in the context of neonatal sepsis, such as small sample sizes, ambiguous definitions, or
absence of stratification for disease severity [11–14]. We have previously established the
reference ranges for PSEP in two large cohorts of healthy term and preterm neonates [15,16].
Here, we aimed to evaluate the diagnostic performance of PSEP for neonatal sepsis, com-
pared to CRP and PCT. In particular, we investigated whether PSEP could support the early
identification of neonates with the most unfavorable clinical evolution, towards sepsis or
septic shock, and we analyzed if early high values of PSEP were associated with a positive
blood culture.

2. Results
2.1. Clinical Characteristics and Kinetics of Biomarkers

Over the study period, 159 neonates with suspected sepsis were enrolled. Fifty-eight
of them were categorized as “infection”, 77 had sepsis, and 24 developed septic shock
within 24 h from the onset of symptoms. Baseline characteristics of neonates enrolled are
reported in Table 1.

Table 1. Baseline characteristics and T0 data (where specified) of neonates enrolled. GA: gestational age. BW: birth weight.
SGA: small for gestational age. ETT: endotracheal tube. CVC: central venous catheter. p-values were calculated by one-way
ANOVA (continuous variables) and chi-squared test (categorical variables).

Group 1 (n = 58) Group 2 (n = 77) Group 3 (n = 24) p-Value
Infection Sepsis Septic Shock

GA, mean (SD), weeks 33.8 (5.8) 31 (5.2) 30 (4.5) 0.002
BW, mean (SD), grams 2205 (1224.8) 1612.2 (1065.5) 1425.8 (921.7) 0.002

Male, n (%) 33 (56.9) 52 (67.5) 12 (51) 0.22
SGA, n (%) 10 (17.2) 16 (20.8) 4 (16.7) 0.84

Clinical chorioamnionitis, n (%) 6 (10.4) 9 (11.7) 4 (16.7) 0.73
Apgar score at 5 min, median, (IQR) 9 (8–10) 8 (8–9) 8 (7–9) 0.003

Age at T0, median (IQR) 2 (1–22.3) 23 (12–37.5) 10.5 (1–29.8) <0.001
ETT at T0, n (%) 5 (8.9) 28 (38.9) 14 (58.3) <0.001
CVC at T0, n (%) 19 (33.9) 51 (70.8) 19 (79.2) <0.001

No. of clinical signs at T0, median
(IQR) 2 (1–3) 4 (3–5) 6 (5–8) <0.001

Fever at T0, n (%) 1 (1.7) 35 (45.5) 12 (50) <0.001
Oligoanuria at T0, n (%) 0 2 (2.6) 5 (20.8) <0.001

White blood cells at T0, median (IQR),
cell * 109/L 13,415 (9150–18,620) 12,230 (7240–20,180) 5120 (2800–14,080) 0.072

Platelets at T0, mean (SD), *109/L 266 (134) 248 (142) 197 (152) 0.125
Lactate at T0, mean (SD), mmol/L 2.8 (2) 2.1 (1.8) 3.5 (2.3) 0.004
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Table 1. Cont.

Group 1 (n = 58) Group 2 (n = 77) Group 3 (n = 24) p-Value
Infection Sepsis Septic Shock

Inotropic drugs at T0, n (%) 2 (3.4) 6 (7.8) 20 (83.3) <0.001
Hydrocortisone at T0, n (%) 0 2 (2.6) 13 (54.2) <0.001

Positive blood culture at T0, n (%) 15/58 (25.8) 46/77 (59.7) 16/24 (66.7) <0.001
Gram-negative bacteria, n (%) 1 (1.72) 16 (20.8) 8 (33.3) <0.001

Days of antibiotic therapy, mean (SD) 9 (4.4) 12 (5.6) 13 (6.9) 0.001
Sepsis-related mortality, n (%) 0 4/77 (5.2) 3/24 (12.5) 0.042

Presepsin at T0, median (IQR), pg/mL 977.5 (709–1239) 1361 (1082–2065) 1557.5 (1149.5–2386) <0.001
CRP at T0, median (IQR), mg/dL 3.8 (1.5–6.3) 3.8 (1–6.7) 3.4 (0.7–7.9) 0.49
PCT at T0, median (IQR), ng/mL 3 (0.8–17) 2.4 (0.8–14.3) 19.8 (1.8–31.4) 0.14

PSEP levels at T0 were significantly higher in neonates with sepsis (median 1361 pg/mL,
IQR 1082–2065) and septic shock (median 1557.5, IQR 1149.5–2386) compared to those with
infection (median 977.5, IQR 709–1239), p < 0.001 (Table 1, Figure 1A).
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Figure 1. (A) Median PSEP levels at T0 (onset of symptoms) in the 3 groups of enrolled neonates.
**, p < 0.01 after ANOVA with Dunn’s multiple comparisons test. Boxes indicate IQR, whiskers
indicate 10◦ and 90◦ percentile, crosses indicate means. (B–D) Serial values (median) of PSEP, CRP
and PCT in the 3 groups of neonates. T0: onset of symptoms, T1: 12 h, T2: 24 h, T3: 36 h, T4: 48 h,
T5: end of antibiotic therapy. Repeated measures ANOVA with Tukey’s correction for multiple
comparisons, p-values < 0.01 are marked as follows: *, infection vs. sepsis; #, infection vs. septic
shock; +, sepsis vs. septic shock.



Antibiotics 2021, 10, 580 4 of 11

Conversely, at T0, median blood levels of CRP and PCT were not significantly different
between the three groups (Table 1, Figure 1B–D and Supplementary Figure S1) and did not
support the early identification of subsequently severely ill patients. The overall correlation
between PSEP and other biomarkers at T0 in the three groups of neonates enrolled was
weak (Supplementary Figure S2), except for that with PCT in neonates with septic shock
(Pearson’s r = 0.44, p-value = 0.03). During the first 48 h from the onset of symptoms,
PSEP progressively increased in neonates with septic shock, while it remained stable or
decreased in neonates with sepsis or infection (Table 2, and Figure 1B).

Table 2. Serial values (median, (IQR)) of PSEP, CRP and PCT in the three groups of neonates enrolled. “Adjusted p-value 1”
refers to multivariable linear regression adjusted for GA and BW of Sepsis vs. Infection. “Adjusted p-value 2” refers to
multivariable linear regression adjusted for GA and BW of Septic Shock vs. Infection.

Time Infection Sepsis Septic Shock Adjusted p-Value 1 Adjusted p-Value 2

PSEP (pg/mL)

T0 977.7, (709–1239) 1361, (1082–2065) 1557.5, (1149.5–2386) <0.001 <0.001
T1 957, (782–1233) 1311, (961.5–1851) 1645, (1182–2366) 0.001 <0.001
T2 875, (709–1227) 1279, (759–1801) 1789, (1113–2618) 0.004 <0.001
T3 844.5, (633.0–1083) 1159.5, (703–1874.5) 1713.0, (1065–3087) 0.002 <0.001
T4 772.5, (458–1141.0) 1072.5, (799.0–1741) 1740.0, (782–2547) <0.001 <0.001
T5 528.0, (413–677) 638.5, (372–929) 681, (603–1468) 0.91 0.13

CRP (mg/dL)

T0 3.8, (1.5–6.3) 3.8, (1–6.7) 3.4, (0.7–7.9) 0.139 0.224
T1
T2 2.6, (1.4–5.5) 5.9, (2.2–11.3) 8.2, (4.2–14.9) 0.001 <0.001
T3
T4 1.3, (0.7–3.5) 3.7, (1.1–8.7) 7.5, (1.2–11.1) 0.001 0.007
T5 0.5, (0.3–0.7) 0.5, (0.2–0.7) 0.5, (0.2–0.7) 0.266 0.537

PCT (ng/mL)

T0 3, (0.8–17) 2.4, (0.8–14.3) 19.8, (1.8–31.4) 0.755 0.031
T1
T2 2.2, (0.6–19.4) 4.3, (1.3–23) 18.5, (4.5–46.5) 0.442 0.026
T3
T4 0.8, (0.5–4.5) 3.1, (0.9–10.8) 7.7, (4–48.3) 0.31 0.001
T5 0.2, (0–0.3) 0.2, (0.1–0.5) 0.3, (0.1–0.3) 0.454 0.874

From T1 (12 h) to T3 (36 h), neonates with ongoing septic shock had a significantly
higher PSEP level compared to both the other groups (all p < 0.01). Compared to PSEP,
CRP levels were higher at T2 in neonates with shock (median 8.2 mg/dL, IQR 4.2–14.9) and
sepsis (median 5.9 mg/dL, 2.2–11.3) compared to those with infection (median 2.6 mg/dL,
1.4–5.5), while PCT was higher at T2 and T4 only in neonates with shock compared to those
with infection.

2.2. Diagnostic Accuracy of Presepsin for Neonatal Sepsis

The sensitivity and specificity values of PSEP for sepsis at T0 were evaluated using the
reference values of PSEP in healthy term and preterm neonates previously reported [15].
The overall AUC of PSEP (Figure 2A and Table 3) was 0.862 (95% CI: 0.828–0.896), with a
maximum Youden Index (best cut-off point) at 987.5 pg/mL, corresponding to a sensitivity
of 72% and a specificity of 87%.
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Figure 2. PSEP had a better performance in the early diagnosis of sepsis and septic shock compared to CRP and PCT.
(A) ROC curves for PSEP at T0 in the overall population and (B) in the 3 different groups of neonates (control group = healthy
neonates, [16]). ROC curves of PSEP (C), CRP (D) and PCT (E) at T0 in neonates with sepsis (group 2, orange line) or septic
shock (group 3, red line) compared to neonates with infection (group 1).

Table 3. Diagnostic accuracy of PSEP at T0 using healthy neonates as a reference and then the neonates of the “infection”
group. PPV: positive predictive value. NPV: negative predictive value. POS LR: positive likelihood ratio. NEG LR: negative
likelihood ratio. Confidence intervals are in brackets.

Max. Youden
Index (pg/mL) Sensitivity Specificity PPV NPV POS LR NEG LR

Reference Group: Healthy Neonates

OVERALL 987.5 0.72 0.87 0.57 0.93 5.65 (4.54–7.02) 0.32 (0.25–0.41)
Infection 687.5 0.81 0.62 0.15 0.98 2.16 (1.84–2.53) 0.30 (0.18 to 0.52)

Sepsis 1013 0.84 0.88 0.45 0.98 7.16 (5.71–8.97) 0.17 (0.10–0.30)
Septic shock 971.5 0.92 0.86 0.18 1.00 6.42 (5.16–8.00) 0.09 (0.03–0.37)

Reference Group: “Infection” Group

Sepsis 1006 0.84 0.55 0.71 0.73 1.88 (1.39–2.55) 0.28 (0.16–0.50)
Septic shock 1139 0.83 0.64 0.49 0.90 2.3 (1.57–3.38) 0.26 (0.10–0.65)

The negative predictive value at the best cut-off point was 0.93. After stratification
for clinical severity (infection, sepsis, septic shock), the AUC progressively increased with
worsening clinical conditions (Figure 2B, Table 3, and Supplementary Table S1). The
maximum Youden Index was 687.5 pg/mL for infection (81% sensitivity, 62% specificity),
1013 pg/mL for sepsis (84% sensitivity, 88% specificity), and 971.5 pg/mL for septic shock
(92% sensitivity, 86% specificity).
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Then, PSEP, CRP and PCT were benchmarked for their ability to discriminate neonates
with severe clinical courses (sepsis and septic shock) from those with a milder course
(infection) after the onset of symptoms (Figure 2C–E). ROC curves showed an AUC of
PSEP for sepsis of 0.73 (95% CI: 0.647–0.817) and for septic shock of 0.79 (95% CI: 0.683–0.9)
when neonates with infection were used as reference. Conversely, CRP and PCT had limited
value to discriminate neonates with the most severe clinical courses already at T0, with
a limited utility of PCT for the early discrimination of patients subsequently developing
septic shock (AUC septic shock vs. infection 0.65, 95% CI: 0.504–0.795). Overall, PSEP had
a better diagnostic accuracy for sepsis and septic shock compared to CRP and PCT.

2.3. Presepsin Correlation with Positive Blood Culture

At T0, neonates with a positive blood culture had a median PSEP concentration
slightly, but not significantly, higher than neonates with negative blood culture (1320 vs.
1145 pg/mL, p = 0.94) (Figure 3). Similarly, almost overlapping values of CRP and PCT
between the two groups were detected at T0 (Supplementary Figure S3). PSEP median
values became significantly higher in neonates with positive blood culture, compared to
those with negative blood culture, 24 h after the onset of symptoms (T2, 1207 vs. 1058,
p = 0.03). Conversely, neither CRP nor PCT could effectively discern the two groups over
time (Supplementary Figure S4).
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Figure 3. Serial values (median, (IQR)) of PSEP in neonates with positive and negative blood culture.
Repeated measures ANOVA with Tukey’s correction for multiple comparisons. *, p < 0.05. b.c.:
blood culture.
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3. Discussion

In the present study, we aimed to investigate whether PSEP could support the early
identification, among neonates with symptoms suspicious for sepsis, of: (1) those who
subsequently develop the most severe clinical conditions; and (2) those with a positive
blood culture. An early, reliable attribution of neonates to one or both these categories
would improve the tailoring of early clinical approaches, which could allow the sparing
of unnecessary (or unnecessarily long) antibiotic therapies, notoriously associated with
several adverse consequences, especially for VLBW infants [17,18].

Here, we found that PSEP at the onset of symptoms was significantly associated with
clinical severity over the following 48 h. The stepwise increase in PSEP levels according to
clinical severity resembled the results of several published studies on adult patients [19–21],
with variations in part due to different definitions of sepsis and septic shock [22]. Studies
on neonates also show inconsistency and, according to four recent meta-analyses [11–14],
major limitations of most studies on PSEP for the diagnosis of neonatal sepsis are the
absence of stratification for clinical severity and the case–control design, in which neonates
with confirmed neonatal sepsis are only compared to healthy controls. Indeed, net of two
studies [23,24] marginally addressing the issue of neonatal septic shock, this is the first
detailed analysis of PSEP diagnostic accuracy according to rigorous and clinically relevant
definitions of neonatal sepsis and septic shock [6].

When we compared the whole group of neonates with symptoms suspicious for sepsis
with our historical controls [15], we obtained an overall AUC at T0 of 0.862, which is
an intermediate value between the highest areas for neonates with shock (0.94) or sepsis
(0.90) and the lowest for neonates with milder course (0.78). The prompt ability of PSEP
to discriminate neonates with a severe course from those with mild symptoms over the
next two days was also confirmed when we built ROC curves using neonates with mild
clinical course as the reference group. Here, we obtained lower AUCs, equal to 0.73 for
sepsis and 0.79 for septic shock. These values were greatly superior to the corresponding
diagnostic performance of CRP and PCT, which could not effectively distinguish the three
groups of enrolled neonates. Interestingly, these lower AUC values are comparable to
those reported in a small, similarly designed trial on neonates [25]. We report a maximum
Youden index for the diagnosis of sepsis at 1013 pg/mL, and for the diagnosis of septic
shock at 971.5 pg/mL. The slightly higher value for sepsis compared to septic shock may
be due to the limited number of neonates enrolled in the shock group, and to the fact that
the two ROC curves frequently overlap. These thresholds were higher than those reported
by others (between 650 and 850 pg/mL) [11,12], but supported by the use of control values
from the largest cohort of healthy term and preterm neonates used to establish the reference
ranges [15], which reported average concentrations of PSEP in healthy term and preterm
neonates of 604 and 620 pg/mL, respectively. Thus, the previously suggested threshold of
650 pg/mL to rule-in neonatal sepsis seems too close to these reference values in order to
be of some clinical utility.

Despite its good performance in discriminating severe clinical courses, we could not
demonstrate a significant difference in PSEP values at the onset of symptoms between
neonates with a positive or negative blood culture. Published studies on neonates showed
conflicting results. Some authors reported significantly higher levels of PSEP in cases of
culture-proven sepsis [26–28], while others failed to find a significant difference between
culture-proven and clinical sepsis [29]. In our cohort, neonates with positive blood culture
showed significantly higher PSEP levels only after 24 h from the onset of symptoms.
Furthermore, the slight absolute difference between neonates with positive and negative
blood culture may be of questionable clinical utility in a real-life scenario. Therefore, we
conclude that PSEP cannot be used alone to rule out culture-positive sepsis nor to decide
not to start empiric antibiotic therapy. However, serial evaluations of PSEP, if our results
were to be confirmed by larger cohorts, might support the early interruption of unnecessary
antibiotic therapy. Finally, in our population, only 4% of neonates died from sepsis; thus,
we could not perform a meaningful analysis on prognostic value for death. It may be
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noteworthy, nonetheless, to evaluate the role of PSEP as a prognostic marker of adverse
long-term sepsis-related outcomes, but further analyses and larger cohorts are required.

Significant strengths of our study are the rigorous definition and stratification, ac-
cording to clinical severity, of neonatal sepsis, as well as the comparison of symptomatic
neonates with a large, previously validated cohort of healthy term and preterm neonates.
However, even though our cohort of neonates with suspected sepsis is among the largest
reported in the literature, it is still limited compared to most cohorts of adult patients.
Therefore, larger, possibly multi-center collaborative trials are necessary to further deepen
our understanding of the role of PSEP in the context of neonatal sepsis.

4. Materials and Methods
4.1. Study Design and Inclusion Criteria

This was a prospective, double-center diagnostic trial conducted at the NICUs of
Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, University of Milan, Italy,
and of Careggi University Hospital of Florence, Italy, over a 24 month period. The study
was approved by the Institutional Review Boards of the two participating institutions.

Neonates of any gestational age (GA) with a first episode of suspected sepsis, either
early-onset (EOS) or late-onset sepsis (LOS), were consecutively enrolled. Those with severe
congenital anomalies were excluded. After enrollment, neonates received standard therapy
for suspected neonatal sepsis, including broad spectrum antibiotics, fluid resuscitation,
and vasoactive agents as required. Whole blood concentrations of PSEP were assessed at
the onset of clinical signs of sepsis (T0), every 12 h for the following 48 h (T1, T2, T3, T4),
and at the end of antibiotic therapy (T5). CRP and PCT were measured at T0, T2, T4 and
T5. All data were recorded in an electronic database.

4.2. Definitions

Suspected neonatal sepsis was defined according to CDC criteria [30], in the pres-
ence of at least one clinical symptom plus the need for antibiotic therapy upon physi-
cian’s evaluation. Enrolled neonates were then classified into 3 groups according to
Wynn et al.’s definitions [6]: group 1, infection (suspected infection not meeting the criteria
for sepsis); group 2, sepsis (neonatal systemic inflammatory response syndrome, “SIRS”,
plus suspected or proven infection); group 3, septic shock (sepsis plus cardiovascular organ
dysfunction). The definitions of SIRS, cardiovascular dysfunction and organ dysfunction
provided by Wynn et al. were applied [6]. Proven sepsis was defined by the occurrence of
at least one blood culture positive for bacteria, including coagulase-negative Staphylococci,
in addition to clinical signs suggestive of infection. Sepsis-related mortality was defined as
death occurring within 7 days from the onset of clinical symptoms and not attributable to
other major coexisting causes [31].

4.3. Collection of Samples and Measurement of Biomarkers

PSEP was measured on 100 microliters of blood collected in ethylenediaminetetraacetic
acid (EDTA) tubes and processed within 4 h from the withdrawal. A chemiluminescence
enzyme immunoassay was used (PATHFASTTM System, LSI Medience Corporation, Tokyo,
Japan). PSEP concentration was corrected for the hematocrit value. CRP was quantified
using a standardized immune-turbidimetric assay (Cobas®, Roche, Monza, Italy), PCT by
an immune-chemical assay (Cobas®, Roche, Monza, Italy). Blood culture was obtained
simultaneously to PSEP measurement: at least 1 mL of blood was seeded in aerobic BD
BactecTM Peds PlusTM medium bottles (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA). When possible, 2 cultures were obtained from different peripheral sites.
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4.4. Statistical Analysis

Continuous variables are presented as the mean (standard deviation, SD) or median
(interquartile range, IQR), according to their distribution. Categorical variables are pre-
sented as absolute frequencies (percentages). Differences between groups in continuous
variables were assessed by one-way ANOVA with Dunn’s multiple comparisons test or
by Kruskal–Wallis test, as appropriate. Categorical variables were compared with a chi-
squared test. To compare the kinetics of PSEP, CRP and PCT over time and between groups,
repeated-measures (RM) ANOVA with Tukey’s test for multiple comparison was applied.
Diagnostic accuracy of PSEP was evaluated with the area under the receiver-operating
characteristic (ROC) curve (AUC). Sample size was not determined a priori.

SAS version 9.4, SAS Institute Inc., Cary, NC, USA and GraphPad Prism version 8.0
(GraphPad Software Inc., San Diego, CA, USA) software were used. A two-sided p-value
of less than 0.05 was considered statistically significant.

5. Conclusions

In conclusion, our data showed that PSEP is an accurate biomarker for the timely
identification of septic neonates at higher risk for a rapid derangement of clinical conditions,
favoring a tailored medical and therapeutic approach. Conversely, in our limited cohort,
PSEP alone was not able to distinguish neonates with a subsequent positive from those
with a negative blood culture at the onset of clinical symptoms, however, if confirmed in
larger populations, it may support an “early discontinuation” strategy of empiric antibiotic
therapy. This study may lay the foundation for interventional trials on large cohorts of
neonates to establish the role of PSEP, alone or in combination with other biomarkers, in
driving medical decision-making.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10050580/s1, Figure S1: CRP and PCT values at T0 in the three groups of enrolled
neonates, Figure S2: Correlations between presepsin values at T0 and corresponding values of CRP
or PCT in the three groups of enrolled neonates, Figure S3: CRP and PCT values at T0 in neonates
with negative and positive blood culture, Figure S4: CRP and PCT kinetics over time in neonates
with negative and positive blood culture, Table S1: Diagnostic performance of PSEP for the diagnosis
of infection, sepsis and septic shock at different cut-off values overall, after stratification for clinical
severity and considering the “infection” group as reference.

Author Contributions: L.P., C.P. (Carlo Pietrasanta), A.R., C.D. and F.M. conceived and designed the
experiments. C.P. (Carlo Pietrasanta), A.R., C.P. (Chiara Poggi), C.B., L.T. and R.M.C. performed the
experiments. C.P. (Carlo Pietrasanta), E.S., L.P. and A.R. analyzed the data. C.P. (Carlo Pietrasanta),
C.P. (Chiara Poggi), L.P., A.R., C.D., C.V. and F.M. wrote the paper. 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 two Institutional Review Boards of Fondazione IRCCS
Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy (approved protocol No.: 95/2014), and of
Careggi University Hospital of Florence, Italy (approved protocol No.: 24973).

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

Data Availability Statement: The anonymized datasets used during the current study are available
from the corresponding author on reasonable request.

Acknowledgments: We would like to thank our beloved Silvano Milani, for his significant contribu-
tion to the study design and statistical analysis. Many thanks to Ferruccio Ceriotti for his meaningful
comments on the manuscript. Many thanks also to Mitsubishi Chemical Europe and Gepa S.r.l., Italy,
for technical support and for the use of the immunoassay analyzer.

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

https://www.mdpi.com/article/10.3390/antibiotics10050580/s1
https://www.mdpi.com/article/10.3390/antibiotics10050580/s1


Antibiotics 2021, 10, 580 10 of 11

References
1. Shane, A.L.; Sanchez, P.J.; Stoll, B.J. Neonatal sepsis. Lancet 2017, 390, 1770–1780. [CrossRef]
2. Pugni, L.; Ronchi, A.; Bizzarri, B.; Consonni, D.; Pietrasanta, C.; Ghirardi, B.; Fumagalli, M.; Ghirardello, S.; Mosca, F. Exchange

Transfusion in the Treatment of Neonatal Septic Shock: A Ten-Year Experience in a Neonatal Intensive Care Unit. Int. J. Mol. Sci.
2016, 17, 695. [CrossRef] [PubMed]

3. Kermorvant-Duchemin, E.; Laborie, S.; Rabilloud, M.; Lapillonne, A.; Claris, O. Outcome and prognostic factors in neonates with
septic shock. Pediatr. Crit. Care Med. 2008, 9, 186–191. [CrossRef]

4. Mwaniki, M.K.; Atieno, M.; Lawn, J.E.; Newton, C.R. Long-term neurodevelopmental outcomes after intrauterine and neonatal
insults: A systematic review. Lancet 2012, 379, 445–452. [CrossRef]

5. Han, Y.Y.; Carcillo, J.A.; Dragotta, M.A.; Bills, D.M.; Watson, R.S.; Westerman, M.E.; Orr, R.A. Early reversal of pediatric-neonatal
septic shock by community physicians is associated with improved outcome. Pediatrics 2003, 112, 793–799. [CrossRef]

6. Wynn, J.L.; Wong, H.R. Pathophysiology and treatment of septic shock in neonates. Clin. Perinatol. 2010, 37, 439–479. [CrossRef]
7. Wynn, J.L.; Wong, H.R.; Shanley, T.P.; Bizzarro, M.J.; Saiman, L.; Polin, R.A. Time for a neonatal-specific consensus definition for

sepsis. Pediatr. Crit. Care Med. 2014, 15, 523–528. [CrossRef]
8. Kellogg, J.A.; Manzella, J.P.; Bankert, D.A. Frequency of low-level bacteremia in children from birth to fifteen years of age. J. Clin.

Microbiol. 2000, 38, 2181–2185. [CrossRef]
9. Sharma, D.; Farahbakhsh, N.; Shastri, S.; Sharma, P. Biomarkers for diagnosis of neonatal sepsis: A literature review. J. Matern.

Fetal Neonatal Med. 2018, 31, 1646–1659. [CrossRef]
10. Zou, Q.; Wen, W.; Zhang, X.C. Presepsin as a novel sepsis biomarker. World J. Emerg. Med. 2014, 5, 16–19. [CrossRef]
11. Ruan, L.; Chen, G.Y.; Liu, Z.; Zhao, Y.; Xu, G.Y.; Li, S.F.; Li, C.N.; Chen, L.S.; Tao, Z. The combination of procalcitonin and

C-reactive protein or presepsin alone improves the accuracy of diagnosis of neonatal sepsis: A meta-analysis and systematic
review. Crit. Care 2018, 22, 316. [CrossRef] [PubMed]

12. Bellos, I.; Fitrou, G.; Pergialiotis, V.; Thomakos, N.; Perrea, D.N.; Daskalakis, G. The diagnostic accuracy of presepsin in neonatal
sepsis: A meta-analysis. Eur. J. Pediatr. 2018, 177, 625–632. [CrossRef] [PubMed]

13. Parri, N.; Trippella, G.; Lisi, C.; De Martino, M.; Galli, L.; Chiappini, E. Accuracy of presepsin in neonatal sepsis: Systematic
review and meta-analysis. Expert Rev. Anti Infect. Ther. 2019, 17, 223–232. [CrossRef]

14. van Maldeghem, I.; Nusman, C.M.; Visser, D.H. Soluble CD14 subtype (sCD14-ST) as biomarker in neonatal early-onset sepsis
and late-onset sepsis: A systematic review and meta-analysis. BMC Immunol. 2019, 20, 17. [CrossRef]

15. Pugni, L.; Pietrasanta, C.; Milani, S.; Vener, C.; Ronchi, A.; Falbo, M.; Arghittu, M.; Mosca, F. Presepsin (Soluble CD14 Subtype):
Reference Ranges of a New Sepsis Marker in Term and Preterm Neonates. PLoS ONE 2015, 10, e0146020. [CrossRef]

16. Poggi, C.; Vasarri, M.V.; Boni, L.; Pugni, L.; Mosca, F.; Dani, C. Reference ranges of Presepsin in preterm infants in the first 48 h of
life: A multicenter observational study. Clin. Chim. Acta 2020, 508, 191–196. [CrossRef]

17. Cotten, C.M.; Taylor, S.; Stoll, B.; Goldberg, R.N.; Hansen, N.I.; Sanchez, P.J.; Ambalavanan, N.; Benjamin, D.K.; NICHD
Neonatal Research Network. Prolonged Duration of Initial Empirical Antibiotic Treatment Is Associated With Increased Rates of
Necrotizing Enterocolitis and Death for Extremely Low Birth Weight Infants. Pediatrics 2009, 123, 58–66. [CrossRef]

18. Alexander, V.N.; Northrup, V.; Bizzarro, M.J. Antibiotic exposure in the newborn intensive care unit and the risk of necrotizing
enterocolitis. J. Pediatr. 2011, 159, 392–397. [CrossRef]

19. Shozushima, T.; Takahashi, G.; Matsumoto, N.; Kojika, M.; Okamura, Y.; Endo, S. Usefulness of presepsin (sCD14-ST) measure-
ments as a marker for the diagnosis and severity of sepsis that satisfied diagnostic criteria of systemic inflammatory response
syndrome. J. Infect. Chemother. 2011, 17, 764–769. [CrossRef]

20. Liu, B.; Chen, Y.X.; Yin, Q.; Zhao, Y.Z.; Li, C.S. Diagnostic value and prognostic evaluation of Presepsin for sepsis in an emergency
department. Crit. Care 2013, 17, R244. [CrossRef]

21. Kweon, O.J.; Choi, J.H.; Park, S.K.; Park, A.J. Usefulness of presepsin (sCD14 subtype) measurements as a new marker for the
diagnosis and prediction of disease severity of sepsis in the Korean population. J. Crit. Care 2014, 29, 965–970. [CrossRef]

22. Yamamoto, T.; Nishimura, T.; Kaga, S.; Uchida, K.; Tachibana, Y.; Esaki, M.; Fukushima, W.; Kondo, K.; Mizobata, Y. Diagnostic
accuracy of presepsin for sepsis by the new Sepsis-3 definitions. Am. J. Emerg. Med. 2019, 37, 1936–1941. [CrossRef]

23. Poggi, C.; Bianconi, T.; Gozzini, E.; Generoso, M.; Dani, C. Presepsin for the detection of late-onset sepsis in preterm newborns.
Pediatrics 2015, 135, 68–75. [CrossRef]

24. Gad, G.I.; Shinkar, D.M.; El-Din, M.M.K.; Nagi, H.M. The Utility of Soluble CD14 Subtype in Early Diagnosis of Culture-Proven
Early-Onset Neonatal Sepsis and Prediction of Outcome. Am. J. Perinatol. 2020, 37, 497–502. [CrossRef] [PubMed]

25. Iskandar, A.; Arthamin, M.Z.; Indriana, K.; Anshory, M.; Hur, M.; Di Somma, S.; GREAT Network. Comparison between
presepsin and procalcitonin in early diagnosis of neonatal sepsis. J. Matern. Fetal Neonatal Med. 2019, 32, 3903–3908. [CrossRef]

26. Miyosawa, Y.; Akazawa, Y.; Kamiya, M.; Nakamura, C.; Takeuchi, Y.; Kusakari, M.; Nakamura, T. Presepsin as a predictor of
positive blood culture in suspected neonatal sepsis. Pediatr. Int. 2018, 60, 157–161. [CrossRef]

27. Montaldo, P.; Rosso, R.; Santantonio, A.; Chello, G.; Giliberti, P. Presepsin for the detection of early-onset sepsis in preterm
newborns. Pediatr. Res. 2017, 81, 329–334. [CrossRef]

28. Xiao, T.; Chen, L.P.; Zhang, L.H.; Lai, F.H.; Zhang, L.; Qiu, Q.F.; Que, R.L.; Xie, S.; Wu, D.C. The clinical significance of sCD14-ST
for blood biomarker in neonatal hematosepsis: A diagnostic accuracy study. Medicine 2017, 96, e6823. [CrossRef]

http://doi.org/10.1016/S0140-6736(17)31002-4
http://doi.org/10.3390/ijms17050695
http://www.ncbi.nlm.nih.gov/pubmed/27171076
http://doi.org/10.1097/PCC.0b013e31816689a8
http://doi.org/10.1016/S0140-6736(11)61577-8
http://doi.org/10.1542/peds.112.4.793
http://doi.org/10.1016/j.clp.2010.04.002
http://doi.org/10.1097/PCC.0000000000000157
http://doi.org/10.1128/JCM.38.6.2181-2185.2000
http://doi.org/10.1080/14767058.2017.1322060
http://doi.org/10.5847/wjem.j.issn.1920-8642.2014.01.002
http://doi.org/10.1186/s13054-018-2236-1
http://www.ncbi.nlm.nih.gov/pubmed/30463590
http://doi.org/10.1007/s00431-018-3114-1
http://www.ncbi.nlm.nih.gov/pubmed/29476345
http://doi.org/10.1080/14787210.2019.1584037
http://doi.org/10.1186/s12865-019-0298-8
http://doi.org/10.1371/journal.pone.0146020
http://doi.org/10.1016/j.cca.2020.05.040
http://doi.org/10.1542/peds.2007-3423
http://doi.org/10.1016/j.jpeds.2011.02.035
http://doi.org/10.1007/s10156-011-0254-x
http://doi.org/10.1186/cc13070
http://doi.org/10.1016/j.jcrc.2014.06.014
http://doi.org/10.1016/j.ajem.2019.01.025
http://doi.org/10.1542/peds.2014-1755
http://doi.org/10.1055/s-0039-1683863
http://www.ncbi.nlm.nih.gov/pubmed/30900217
http://doi.org/10.1080/14767058.2018.1475643
http://doi.org/10.1111/ped.13469
http://doi.org/10.1038/pr.2016.217
http://doi.org/10.1097/MD.0000000000006823


Antibiotics 2021, 10, 580 11 of 11

29. Ozdemir, A.A.; Elgormus, Y. Diagnostic Value of Presepsin in Detection of Early-Onset Neonatal Sepsis. Am. J. Perinatol. 2017,
34, 550–556. [CrossRef]

30. Horan, T.C.; Andrus, M.; Dudeck, M.A. CDC/NHSN surveillance definition of health care-associated infection and criteria for
specific types of infections in the acute care setting. Am. J. Infect. Control 2008, 36, 309–332. [CrossRef]

31. Lukacs, S.L.; Schoendorf, K.C.; Schuchat, A. Trends in sepsis-related neonatal mortality in the United States, 1985–1998. Pediatr.
Infect. Dis. J. 2004, 23, 599–603. [CrossRef] [PubMed]

http://doi.org/10.1055/s-0036-1593851
http://doi.org/10.1016/j.ajic.2008.03.002
http://doi.org/10.1097/01.inf.0000131633.74921.90
http://www.ncbi.nlm.nih.gov/pubmed/15247595

	Introduction 
	Results 
	Clinical Characteristics and Kinetics of Biomarkers 
	Diagnostic Accuracy of Presepsin for Neonatal Sepsis 
	Presepsin Correlation with Positive Blood Culture 

	Discussion 
	Materials and Methods 
	Study Design and Inclusion Criteria 
	Definitions 
	Collection of Samples and Measurement of Biomarkers 
	Statistical Analysis 

	Conclusions 
	References

