
REVIEW
published: 08 March 2022

doi: 10.3389/fped.2022.840288

Frontiers in Pediatrics | www.frontiersin.org 1 March 2022 | Volume 10 | Article 840288

Edited by:

Arjan Te Pas,

Leiden University, Netherlands

Reviewed by:

Rob Taal,

Erasmus MC-Sophia Children’s

Hospital, Netherlands

Claus Klingenberg,

UiT the Arctic University of

Norway, Norway

*Correspondence:

Bernhard Resch

bernhard.resch@medunigraz.at

Specialty section:

This article was submitted to

Neonatology,

a section of the journal

Frontiers in Pediatrics

Received: 21 December 2021

Accepted: 14 February 2022

Published: 08 March 2022

Citation:

Eichberger J, Resch E and Resch B

(2022) Diagnosis of Neonatal Sepsis:

The Role of Inflammatory Markers.

Front. Pediatr. 10:840288.

doi: 10.3389/fped.2022.840288

Diagnosis of Neonatal Sepsis: The
Role of Inflammatory Markers
Julia Eichberger 1, Elisabeth Resch 1 and Bernhard Resch 1,2*

1 Research Unit for Neonatal Infectious Diseases and Epidemiology, Medical University of Graz, Graz, Austria, 2Division of

Neonatology, Department of Pediatrics and Adolescent Medicine, Medical University of Graz, Graz, Austria

This is a narrative review on the role of biomarkers in the diagnosis of neonatal sepsis.

We describe the difficulties to obtain standardized definitions in neonatal sepsis and

discuss the limitations of published evidence of cut-off values and their sensitivities and

specificities. Maternal risk factors influence the results of inflammatory markers as do

gestational age, the time of sampling, the use of either cord blood or neonatal peripheral

blood, and some non-infectious causes. Current evidence suggests that the use of

promising diagnostic markers such as CD11b, CD64, IL-6, IL-8, PCT, and CRP, either

alone or in combination, might enable clinicians discontinuing antibiotics confidently

within 24–48 h. However, none of the current diagnostic markers is sensitive and specific

enough to support the decision of withholding antibiotic treatment without considering

clinical findings. It therefore seems to be justified that antibiotics are often initiated in ill

term and especially preterm infants. Early markers like IL-6 and later markers like CRP are

helpful in the diagnosis of neonatal sepsis considering the clinical aspect of the neonate,

the gestational age, maternal risk factors and the time (age of the neonate regarding

early-onset sepsis) of blood sampling.

Keywords: early onset sepsis, late onset sepsis, preterm/full term infants, inflammatory marker, interleukin-6,

C-reactive protein (CRP)

INTRODUCTION

Neonatal sepsis is still one of the leading causes of morbidity and mortality in the neonatal
intensive care unit (NICU) (1). The symptoms are variable and non-specific (2). Diagnosis and
treatment of neonatal sepsis remain challenging tasks even today (3). Early and efficient treatment
is crucial for outcome and prognosis in neonatal sepsis cases, leading to frequent administration
of empirically selected broad-spectrum antibiotics in high-risk infants (4, 5). Empirical treatment,
however, increases the exposure to adverse drug effects, nosocomial complications and contributes
to the development of resistant strains (6). In a cross-sectional study including 326,845 live births
from 121 California hospitals with a NICU the percent of newborns with antibiotic exposure varied
from 1.6 to 42.5% (7). Across hospitals, 11.4–335.7 infants received antibiotics per proven early-
onset sepsis case and 2–164 infants per proven late-onset sepsis case (7). Withholding or delaying
treatment in a potentially infected child, however, would be inacceptable given the rapid course and
high fatality associated with neonatal sepsis (8). Biological markers that react rapidly after the onset
of the inflammatory process are highly needed in the diagnosis of neonatal sepsis (9).

Neonatal sepsis is defined as either early onset sepsis (EOS) or late onset sepsis (LOS) based on
whether onset of sepsis occurred before or after a certain neonatal age; and different ages have been
used in the literature. According to the majority of studies EOS is defined as sepsis occurring within
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the first 72 h of life, with LOS presenting after this time period.
This definition is also consistent with the EOS definition by the
National Institute of Child Health and Human Development
and Vermont Oxford Network (10). Early studies (11), but
also more recent ones (12–14) on diagnostic accuracy of IL-6,
e.g., were conducted in a study population of neonatal sepsis
cases without further differentiation. However, it is important
to distinguish between EOS and LOS, as inclusion of patients
with different neonatal ages introduces a bias due to age-related
risk factors (11). The definition of abnormal biomarker values
and appropriate cut-offs might significantly depend on postnatal
age (11).

A large cohort study with over 108,000 very low birth weight
(VLBW) infants revealed a higher mortality rate of 25.9% in
case of positive blood culture compared to 11.3% for infants
with negative cultures, and higher rates for EOS than for LOS
(15.1% compared to 8.5%) (15). In term neonates much lower
mortalities were found. In a cohort of more than 140,000 term
infants mortality was 0.8% in infants with EOS vs. 0.2% in those
without (16).

Early vs. Late Onset Sepsis
Neonates have only a limited repertoire of stereotypic reactions to
different harmful stimuli either infectious, metabolic, respiratory,
or traumatic (17) and many symptoms or signs of sepsis can
be attributed to non-infectious neonatal disorders (18). EOS, in
particular, presents with a different clinical course and involves
other pathogens than sepsis later in life (19). Its great morbidity,
mortality, and lack of early and reliable diagnostic tools make the
management of EOS so challenging for the clinician (20). The
incidence of culture-proven EOS in the United States is estimated
to be 0.77–1 per 1,000 live births, however for infants with a
body weight of <1,000 g, higher incidences of 26 per 1,000 are
estimated (21).

EOS is mostly caused by transmission of microorganisms
from the mother, happening either prenatally due to ascending
colonization following the rupture of membranes or perinatal
during the passage through an infected birth canal (5). Hence,
causative pathogens are typically found in the maternal vaginal
and fecal flora (22). Less common but also possible is an
infection via the haematogenous route (19). Microorganisms
prevalent in the labor or delivery room may also cause infection
of the neonate (23). Simonsen et al. (21) reported Group B
streptococcus (GBS) as the most common causative organism.
Intra-partum antimicrobial prophylaxis however has led to a
significant reduction of GBS infection rates (24). E. coli is the
microorganism with the highest mortality in EOS (21).

Infants at the NICU are highly susceptible to LOS (25). A
multicenter survey by Stoll et al. (26) suggested that 21% of
VLBW infants who survived>72 h of age had at least one episode
of septicaemia. In extremely low birth weight (ELBW) infants
nearly two thirds experience more than one episode of suspected
or culture-proven LOS during hospitalization (27). LOS has been
associated with poor neurodevelopment and growth and with
altered lung development (28). The most common causative
organisms for nosocomial infections in neonates admitted to
NICUs are Gram-positive cocci, especially coagulase-negative

staphylococci (29). IL-6 has been shown to be superior to
CRP in the diagnosis of late-onset neonatal sepsis due to
coagulase-negative staphylococci (29). Its combination with CRP
adds important information regarding withholding or stopping
antibiotic therapy (29). Strunk et al. (30) hypothesized that a
perinatal inflammation process might support the functional
maturation of the preterm immune system, thus providing
protection against LOS.

Preterm vs. Term Neonate
Consideration of gestational age in the septic infant is important
for a variety of reasons. The neonatal immune system may not
be fully developed (31) and cut-off values of diagnostic markers
might depend on gestational age (32–35). Delayed maturation of
the specific humoral and cellular immune response of neonatal
B and T cells, defective activation of the complement system,
and deficiencies of the myelopoetic system in the neonate have
been discussed (19). Although a defective cytokine production
of neonatal cells has been observed in vitro, in vivo studies
did not uniformly confirm these findings (19). It has further
been hypothesized that preterm infants might have a completely
different immune response to sepsis than those born at term
(20). Berner et al. (19) however, found that the predictive
value of cord blood cytokine levels for the development of
EOS does not depend on maturity and holds true for preterm
infants. Yoon et al. (36) stated that the preterm fetus upon
microbial invasion of the amniotic cavity is capable of mounting
a systemic cytokine response, quantifiable by peripheral blood
IL-6 levels. Prophylactic antibiotic treatment is often given
to neonates with gestational age below 32 weeks to account
for the presumed increased susceptibility to infections due to
immunologic immaturity (4).

While signs of sepsis are generally subtle and unspecific in
the neonate, sepsis presentation is often even more subtle in the
preterm infant (3). On the other hand, preterm infants are more
likely to present clinical signs like respiratory distress, apnoea,
bradycardia, temperature instability, and cyanosis (3).While they
could indicate sepsis, they might as well be a result of respiratory
distress syndrome or prematurity itself (3, 37).

Preterm infants are more frequently born in the context of
intrauterine infection (3). Infection itself has the potential to
induce (preterm) labor via the secretion of pro-inflammatory
cytokines secreted by the mother and/or the fetus (in response
to infection) (38). Preterm infants are more likely to present
with symptoms at delivery, while the majority of term neonates
with EOS develops symptoms after delivery (31). These findings
indicate that for preterm infants exposure to bacteria is more
likely to happen in utero, while term neonates might be exposed
to bacteria later, possibly during the passage of the birth
canal (31).

Preterm labor with intact membranes and preterm premature
rupture of the membranes (pPROM) are conditions frequently
associated with intra-amniotic infection and inflammation (38).
Neonates with pPROM have an increased risk (4–33%) of
infection (39, 40). The relationship between pPROM, fetal
inflammatory response syndrome (FIRS), and neonatal sepsis
in preterm infants has been subject to research (39). Romero
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et al. showed that in patients with pPROM, presence of FIRS
led to the onset of preterm parturition (41). It is therefore
not surprising that neonates with FIRS were found to have
lower gestational age and lower birthweight than neonates
without (22).

Morbidity and mortality of infection is particularly high
in infants delivered prematurely, either due to preterm labor
or preterm premature rupture of the membranes (8). The
percentage of fatal neonatal infections is higher the lower the
gestational age is (42) and the risk of death is 120-fold higher
in preterm born population than in those delivered at term (3).
Even though cord blood IL-6 levels and presence of funisitis have
been found to be independent predictors of neonatal morbidity,
prematurity is still considered the leading cause of perinatal
morbidity and mortality (3, 6).

DIAGNOSIS OF NEONATAL SEPSIS

A positive microbiological blood culture poses the gold standard
for the diagnosis of neonatal sepsis. However, much controversy
exist as to the correct blood volume in neonates (43). Especially
in cases of low level bacteraemia, which may account for up to
two-thirds of neonatal sepsis cases, larger volumes than feasible
might be needed (44). For blood samples, seeded with common
neonatal pathogens, Schelonka et al. (45) demonstrated, that
the sensitivity of blood cultures approaches 100% for 1mL of
inoculated blood with a bacteremia of at least 4 colony-forming
units (CFU) per milliliter. Maternal antibiotic therapy under
birth, while important in the prevention of neonatal sepsis,
has further been discussed as possible confounder of blood
culture results (46). The knowledge of these limiting factors in
the group of neonates, together with high numbers of negative
blood cultures in neonates with risk factors or clinical signs of
EOS have led to discussions regarding the sensitivity of blood
cultures in neonates (46). The reason for the high number
of culture-negative cases is not clear, and diagnostic criteria
used in the different publications vary substantially, so that an
alternative explanation might be over-diagnosis of sepsis among
non-infected infants (46). So, while sensitivity of blood culture in
neonates is often quoted to be low, Cantey et al. (47) argue that
there should be more focus on correctly drawn blood cultures
and consequently trust in negative culture results. With results
being available only after 2–3 days, time to diagnosis would be
unacceptable high and hamper the use of blood cultures for
early detection of sepsis (5). A recent retrospective observational
study, however, showed that of 40 positive blood cultures,
collected from late preterm and term infants, 39 (98%) were
showing bacterial growth within 24 h. The possibility of cross-
contamination or asymptomatic bacteremia might also result in
a misleading or inaccurate diagnosis (44, 48).

None of the widespread laboratory markers of infection
[C reactive protein (CRP), white blood cell count (WBC),
absolute neutrophil count (ANC), immature to total neutrophil
ratio (IT-ratio)] has enough sensitivity or specificity to detect
all infected children (17, 49). Their diagnostic value might
be especially limited in the early course of the disease (49).

CRP, for example, is known to rise not earlier than 12–
24 h after the onset of neonatal infection (2). In addition,
Leucocyte count, IT- ratio, and ANC could not distinguish
infected from control infants in an early sepsis evaluation (9).
Hematologic tests perform poorly in differentiating between
sepsis and non-infectious conditions (50). Thrombocytopenia
although suggestive of systemic infection is also seen in severe
lung disease due to platelet sequestration and thus not specific
enough (50). The IT-ratio is determined by identifying immature
neutrophil forms on a peripheral blood. Hence, its value as a
diagnostic marker depends on skilful technicians. We published
data on a significantly increased number of either immature
granulocytes or immature myeloid information in neonates
with EOS compared to controls and found their automated
determination to be a useful adjunctive method in the diagnosis
of EOS (51). Serial measurements of lymphocyte subsets [CD3+,
CD4+, CD8+, natural killer (NK) cells, and B cells] in preterm
neonates with late-onset sepsis and infection-free controls
showed higher percentages of NK and B cells in the sepsis group,
while those of CD3+, CD4+, and CD8+ showed no differences
(52). Clinical management, especially decisions for antibiotic
treatment, can’t be based solely on hematologic markers (50).

Benitz et al. (44) concluded that the best-established use
for laboratory markers, including hematological markers, acute-
phase reactants, and inflammatory cytokines, lies in the
retrospective determination that an infant was not infected, based
on failure to mount an acute-phase response over the following
24–48 h. In that case, the use of these markers would offer no
improvement compared to blood culture.

16S rDNA is a DNA region common to all bacteria, its
detection via 16S rDNA PCR has been discussed as an alternative
or addition to blood culture (24, 53, 54). PCR is not only faster
it is also already considered as the gold standard in the detection
of neonatal meningitis caused by herpes simplex virus (54). Al-
Zahrani et al. (24) found a higher sensitivity (39 vs. 35.2%), but a
lower specificity (80.5 vs. 93.5%) in comparison to blood culture
for the detection of EOS in a group of proven (positive blood
culture and/or positive PCR results) and clinical sepsis cases. In
this study PCR was positive in 23 out of 25 blood culture positive
cases (24), in another study however only 7 out of 17 cases
were detected (54). Again, standardized and clinical evaluated
assays for bacterial DNA detection in neonatal blood samples are
lacking (24).

The options for antepartum detection of high risk fetuses
are limited to historical factors, maternal clinical status,
fetal behavioral assessment and the detection of amnionitis
via amniocentesis (8). Risk factors for neonatal sepsis
include prolonged rupture of membranes, chorioamnionitis,
colonization with Group B streptococcus, prematurity, perinatal
asphyxia, male gender of the fetus, foul smelling amniotic fluid,
and urinary tract infection (8). However, no risk factor has
consistently been able to identify a significant portion of infants
with neonatal sepsis (8).

Therefore, sepsis diagnosis in neonates is typically based on
a combination of maternal risk factors, hematologic indices
and the judgement of the physician rather than their clinical
presentation (3, 11). Early biomarkers combined with accurate
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and rapid measurement methods are urgently needed for early
diagnosis of sepsis and guidance of antibiotic therapy (55).

The sepsis calculator https://neonatalsepsiscalculator.
kaiserpermanente.org/, a tool developed by Kaiser Permanente,
provides recommendations for clinical management ranging
from routine care to administration of empiric antibiotics and
has been found useful for decreasing empiric antibiotic use
in suspected EOS (56). A recent meta-analysis including 18
studies, with over 459,000 newborns, however, found that at
initial evaluation its application assigns frequent vital signs or
routine care to a substantial proportion of EOS cases, 15 and
44%, respectively (57). By 12 h of age these numbers decreased
to 11.1%, and 27.8%, respectively. It is therefore important
to note that the use of the EOS Calculator involves clinical
monitoring beyond the initial risk classification, and clinical
vigilance remains essential for all newborns (57). Since it was
designed for late preterm and term neonates, the EOS calculator
does not cover the high-risk population of vulnerable preterm.

Newer biomarkers investigated include acute phase proteins,
cytokines and cell surface antigens (20). As mediators of the
inflammatory cascade, elevated levels are likely to be observed
as response to infective as well as non-infective inflammatory
triggers, such as toxic processes and tissue damage (58).
Ventilationmay cause an inflammatory reaction in the lungs, and
inflammatory markers leaving the alveolar space might appear
in the systemic circulation [63]. Small sample sizes, inconsistent
definitions of sepsis, heterogeneity of the study population and
differences between cut-off values led to inconclusive results
(20). A study (19) comparing the mRNA expression of various
inflammatory markers (G-CSF, TNF, IL-1β, IL-6, and IL-8) in
umbilical cord blood cells to their plasma levels in the same blood
sample, found that, with the exception of TNF, mRNA expression
in septic infants was not more frequently detectable than in non-
septic ones. Cord blood plasma levels but not the presence of
mRNA could predict EOS. Absence of mRNA could indicate
that maternal cells are the origin of the cytokine production,
with cytokines reaching the fetal circulation via placental transfer
(59). Berner et al. (19) compared neonatal cytokine levels to the
correspondingmaternal blood levels. Cord blood levels of G-CSF,
IL-1β, IL-6, and IL-8 were significantly higher in septic infants
than in their mothers. The authors (19) therefore hypothesized
that the cytokine production was triggered by an infection that
occurs before birth around the time of delivery. In that case,
mRNA levels might have already decreased to rarely detectable
levels at the time of birth. Additionally, cell types other than
mononuclear blood cells, i.e., umbilical endothelial cells, might
be involved in the cytokine secretion. Production of cytokines
in the gastrointestinal tract as response to ingestion of infected
amiotic fluid has been discussed as a potential source of cytokines
in infants with clinical sepsis syndrome and negative blood
culture (3).

Systemic/Fetal Inflammatory Response
Syndrome (SIRS/FIRS)
Clinical manifestations of sepsis are not limited to patients
with infections, they can also be observed in patients suffering

from, e.g., burns, trauma, pancreatitis, ischemia, or immune-
mediated injury and result from a systemic inflammatory process
(60). This phenomenon was termed “Systemic Inflammatory
Response Syndrome” (SIRS) and was diagnosed if two or
more of the following criteria are met in adults: Temperature
>38◦C or <36◦C, heart rate >90 beats/min, respiratory rate
>20 breaths/min or PaCO2 <32 mmHg, white blood cell
(WBC) count>12,000/mm3 or<4,000/mm3 or>10% immature
bands. In the neonatal field heart rate should be >180/min
and tachypnea > 60/min, WBC below 6,000/mm3 or above
30,000/mm3, and immature to total neutrophil ratio >0.2. Since
vital signs, with exception of the fetal heart rate, and white
blood cell counts cannot be readily determined before birth, the
definition of SIRS cannot be applied to the human fetus (38).

Presence of fetal systemic inflammation akin to that observed
in adult patients with SIRS was termed “Fetal Inflammatory
Response Syndrome” (FIRS) and defined as an elevated
concentration of fetal plasma interleukin-6 >11 pg/mL (61).
Other cytokines like TNF and IL-1β were not always detected
in peripheral blood with the assays available at the time (38).
Its role as a major mediator of the acute phase response to
infection or tissue injury further justified the choice of IL-6
as the marker of inflammation (38). Interestingly the cut-off
value of 11 pg/mL obtained with ROC analysis, coincided with
the two standard deviations above the mean IL-6 value in a
population of 29 fetuses with subsequent normal pregnancy
outcome (61). The authors found that FIRS was an independent
risk factor for the occurrence of severe neonatal morbidity
(61). The histopathologic counterpart of FIRS is the presence
of funisitis, a polymorphonuclear leukocyte infiltration along
the umbilical cord in response to infection (6, 38). Funisitis is
considered to be the last stage of intra-uterine infection and, like
elevated IL-6 levels, is associated with a worse neonatal outcome,
including the risk of EOS (6). Despite the immaturity of the
innate immune system, transcriptome analysis of patients with
FIRS showed remarkable similarities between FIRS and its adult
counterpart SIRS (62).

Jung et al. (38) concluded that FIRS, with the extended
definition of elevation of cytokines in umbilical cord blood,
presence of acute phase reactants, or severe funisitis, in preterm
neonates was a risk factor for early neonatal sepsis. We found
a possible association between FIRS with an adverse neonatal
outcome defined as hospital mortality and/or presence of any
of five morbidities including early and late onset sepsis (22).
Thus, we were able to demonstrate an association between
FIRS and EOS, with higher cord blood IL-6 levels in neonates
with culture proven and clinical EOS. The presence of LOS
however, did not show increased IL-6 levels and could not be
associated with FIRS (22). In the search of an appropriate cut-
off value, it is of interest that the risk for an adverse neonatal
outcome correlated with the magnitude of cord blood IL-6 (22).
Presence of FIRS led to a 6-fold increase in risk, values >50
pg/mL to a 9-fold and values >500 pg/mL to a 30-fold increase
for an adverse neonatal outcome (22). Similar to our results
(22), Strunk et al. (30) evaluating the link between histological
chorioamnionitis (HCA) and neonatal sepsis showed that HCA
was associated with increased risk for EOS, but seemed to reduce
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the risk for LOS. The authors hypothesized that the perinatal
inflammation process might enhance maturation of the neonatal
immune system and therefore indirectly decreases an infant’s
risk for developing LOS. In contrast to these findings Jung
et al. (38), pointing to the fact that LOS has been observed
in infants born with FIRS after an initial period of clinical
improvement, suggested that the anti-inflammatory response
might play an important role in the development of LOS.
Increased concentrations of anti-inflammatory cytokines like IL-
10 measured in infected infants (42, 49) proof the activation
of an anti-inflammatory immune response and support this
theory (38).

The Ideal Biomarker
Giving thought to the requirements of an ideal diagnostic marker
for neonatal bacterial infection has to fulfill, Ng (58) proposed
a set of clinical and laboratory criteria. The authors (63) later
extended their criteria according to a demand for more clinical
information. Additional items include prediction of disease
severity and provide an algorithm for antimicrobial treatment.

Considering the mortality and morbidity of neonatal sepsis,
which is particularly high in preterm and VLBW infants (15),
it is more important for a diagnostic test to have the highest
possible level of sensitivity than the highest level of specificity
(9). Ng (58) suggested a sensitivity (infected infants have a
positive test) and negative predictive value (a negative test
confidently rules out infection) approaching 100%, as not to
withhold or delay treatment due to false negative test results
(58). Specificity (the test is negative in non-infected infants) and
positive predictive value (a positive test indicates true infection)
should be reasonable high, i.e., above 85%, to minimize the
unnecessary use of antibiotics in false positive cases (58). Such
a test would not only reduce the need for extensive neonatal
evaluation and empiric antibiotic treatment, but also reduce the
costs related to the care of the preterm infant (37).

Tests or biomarkers with a high turnaround time are only
capable to guide the discontinuation of empirical antibiotic
treatment upon negative test results—a common approach in
NICUs (49). An ideal marker however would be able to guide
the clinician on whether to start treatment at the onset of
non-specific clinical signs (63). Identification of the causative
microorganism and its antibiotic susceptibility would further
allow for targeted antibiotic therapy (63). Prediction of disease
severity and prognosis would help the clinician at identifying
those infants who are most in highly need of urgent treatment
and intensive care support (63). Keeping the sample size small,
i.e., a blood sample <0.5mL, is important in neonates, especially
in the group of very low birth weight infants (49, 63).

The utility of a biomarker also depends on its ability to serve
as a routine diagnostic test. Specimen collection depends on
clinical working hours and might be performed at different time
periods in regard to sepsis onset. Hence a biomarker should
be biochemically stable and maintain up- or downregulated for
at least 12–24 h (63). The biomarker concentration at testing
should reflect the status of the infant at the time of specimen
sampling, even after transportation and storage of the sample
(63). To provide the rapid turnaround time required for the early

TABLE 1 | Criteria for an ideal biomarker or test for the diagnosis of neonatal

sepsis (63).

Clinical properties

1. Such biomarkers should have a well-defined cut-off value and a sensitivity

and negative predictive value approaching 100% for “ruling out” LOS (but

simultaneously having high specificity and positive predictive value >85%)

2. Detect infection early (i.e., at clinical presentation)

3. Identify a specific pathogen or a category of pathogens (e.g. viral,

bacterial, and fungal organisms; gram-positive organisms vs. gram-

negative organisms; a specific species of pathogen)

4. Monitor disease progress and guide antimicrobial treatment (e.g. bacterial

antibiotic resistance gene detection)

5. Predict the disease severity at the onset of infection (e.g. identify the type

of virulent pathogen, predict DIC at the onset of disease presentation)

6. Predict prognosis (i.e., mortality)

Laboratory properties

1. Stable compound that may allow an adequate time window for specimen

collection within normal working hours (i.e., sustained increase or

decrease in biomarker level for at least 24 h) or easy storage of the

specimen without significant decomposition of the active compound until

laboratory processing

2. Quantitative determination of biomarker concentration

3. Automatic and easy method of measurement

4. Quick turnaround time (i.e., specimen collection, transport, laboratory

processing time, and reporting of results to clinicians within 6 h)

5. Small volume of specimen (i.e., <0.5mL blood)

6. Daily or on-demand availability of testing in clinical laboratories

7. Low-cost test that can be used as a routine measurement

identification and appropriate management of true sepsis cases
(i.e., specimen collection reporting on results <6 h), automated
essays or on-demand testing in clinical laboratories might be
required (63).

The characteristics of the ideal biomarker according to Ng
and Lam (63) are summarized in Table 1. Although the list was
formulated in the context of LOS, its principles probably hold
true for EOS diagnosis.

Once a sensitive and specific marker with a rapid reliable assay
is found it must be subjected to large-scale evaluation (37). The
cut-off value, i.e., the biomarker separating infected from non-
infected children should be determined in a well-defined patient
population using ROC analysis, thus allowing for comparison of
results between NICUs (58). Most biomarker studies already rely
on ROC analysis to define cut-off levels. However, within ROC
analysis there are various methods to determine the ideal cut-off
value. The three most common criteria for definition of a cut-off
point are the following: (1) Selection of the point on the ROC
curve where sensitivity and specificity are almost equal. (2) The
Youden’s index (sensitivity + specificity – 1) meaning the point
resulting in the highest sum of sensitivity and specificity. (3) The
point with the minimum distance to the upper left corner of the
plot (64).

The area under the ROC curve (AUC) is an estimator of
the overall accuracy of a diagnostic test (65). Biomarkers are
commonly considered good or excellent if their AUCs are >0.75
or >0.9, respectively (66), the interval between 0.7 and 0.9
indicates moderate diagnostic accuracy (67). However, not all
studies use these predefined definitions and moderate diagnostic
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accuracy was reported for AUCs as low as 0.65 (40) and high
diagnostic accuracy for AUCs of 0.751 (48). Investigators should
further be aware of the need to calibrate their assays using
an international standard in order to compare results among
laboratories and studies (38).

Inflammatory Markers and Their Dynamics
in Neonatal Sepsis
Figure 1 illustrates the inflammatory cascade showing the
involved cell types and biomarkers over time [adapted from (68)].
According to their appearance and disappearance in the course of
disease, the markers have been classified into early, intermediate
and late markers of sepsis. Figure 1 also shows how the level of
these biomarker rise and fall during the first 48 h after onset of
sepsis. Elevated in the early phase of infection are the interleukins
IL-6 and−8, and CD64, ICAM, TNF, and IFN-γ, followed by the
acute phase proteins PCT and CRP in the mid and late phase,
respectively (69).

Cytokines and Chemokines
Upon pathogen induced activation of toll-like receptors (TLRs),
proinflammatory cytokines are released from monocytes and
macrophages during the early phase of the immune response
starting the inflammation process (70). Cytokines have found to
be promising markers of bacterial sepsis in the newborn infant
(71). However, problems with invasiveness, response time, and
specificity remain to be solved (72).

Tumor necrosis factor (TNF) is a proinflammatory cytokine of
the first line immune response (19). It stimulates IL-6 production
and acts on several types of target cells, both immune and non-
immune (3). IL-6 has an inhibitory power on TNF, acting at
the transcription level as well as through stimulation of the
synthesis of TNF soluble receptor (3, 73). Inhibitory effects on
TNF production have also been reported for prostaglandin E2
(3). TNF levels rise rapidly, with peak blood levels at ∼1 h after
the stimulus, and disappear from circulation within 3 h (9). In a
study by Kashlan et al. elevated concentrations of IL-6 but not
TNF were associated with infection (3). They hypothesized, that
at the time of sample collection, the inflammatory response in
cases of congenital sepsis had already progressed past the rapidly
peaking TNF secretion (3). Leaving the resultant IL-6 elevation,
as a sign that stimulation by TNF has already taken place (3).

The cytokine IL-6 is a particularly early marker of neonatal
sepsis. It is released within 2 h after the onset of bacteraemia,
peaks at ∼6 h and finally declines over the following 24 h (68).
IL-6 levels are significantly elevated up to 48 h prior to the onset
of clinical sepsis (74). IL-6 is characterized by a short half-life
due to binding to plasma proteins such as α2-macroglobulin,
early storage in the liver or inhibition by other cytokines (75).
While some investigators have found that the neonatal IL-6
response is comparable to that found in adults, others have
reported a diminished IL-6 production (2, 76). Stress and tissue
injury have the potential to provoke an IL-6 response (58, 73).
Interpretation of IL-6 levels for diagnosis of neonatal sepsis
therefore might be hampered by underlying illnesses and their
severity. To improve the diagnostic capacity of this early marker,
combinations with later andmore specific biomarkers (e.g., CRP)

have been suggested (77). A relatively large sample size is required
since IL-6 circulates at rather low levels (17). Findings in healthy
infants indicate a negative correlation between gestational age
and IL-6 levels (35).

The cytokine Interleukin-8 (IL-8) plays a role in the release,
activation and chemotaxis of neutrophils (14). Increased IL-8
serum levels have been reported in both early- and late- onset
neonatal sepsis (14). In a meta-analysis including eight studies
with a total of 548 neonates pooled sensitivity and specificity of
IL-8 were 78 and 84%, respectively (78). Like IL-6, IL-8 has a short
half-life and its diagnostic properties have been shown to increase
upon combination with CRP (28).

Acute Phase Proteins
Hepatic synthesis of the acute phase protein CRP as a response
to bacterial infection takes place after stimulation by IL-6
and other proinflammatory cytokines. After synthesis, CRP in
turn leads to activation of the complement system, increased
phagocytosis, activation of macrophages and monocytes, and
elevated production of proinflammatory cytokines (79). CRP
levels begin to rise between 10 and 12 h after onset of infection,
and peak at 48 h (33, 79). A relatively long serum half-life of 24–
48 h has been reported for CRP (33). Due to the delayed rise of
CRP levels as a response to infection CRP has an unacceptable
low sensitivity within the first 24 h, i.e., for the early diagnosis
of neonatal sepsis (33, 80). It further shows a non-specific
physiological increase in the first 3 days of life, probably due
to the stress of delivery and other non-infectious perinatal and
maternal factors, hampering its use as a sepsis marker during this
time period (81). Levels of up to 20 mg/L at 48 h after delivery
have been reported in healthy neonates (82). Performance of
serial measurements and combination of CRP with earlier
markers such as CD64, interleukins or procalcitonin have the
potential to improve the diagnostic accuracy in the early phases of
sepsis in both EOS and LOS (33, 81). Beyond its use as diagnostic
marker, CRP is particularly useful in monitoring the response to
treatment and is used to guide the antibiotic therapy in neonatal
sepsis (33). Benitz et al. (44) demonstrated that a persistence of
normal CRP levels under antibiotic treatment strongly correlates
with the absence of infection. Serial measurements are the most
accurate and reliable in the diagnosis of bacterial infection of
the neonate and are recommended within a time window of 24–
48 h after onset of infection (21, 33, 83). Established by Mathers
and Pohlandt (83), the most commonly used cut-off value for
CRP during the first days of life continues to be 10 mg/L (33).
By use of ROC analysis we demonstrated that CRP could play
a role in the early diagnosis of neonatal sepsis if cut-off values
were lowered (80). Perrone et al. (82) performing a study on
CRP levels in healthy neonates stated that a static cut-off level is
unable to reflect the physiological kinetics of CRP, and proposed
the use of different cut-off levels adapted to gestational age,
postnatal age and mode of delivery. This was confirmed by our
group (32, 33) demonstrating that preterm infants had lower CRP
values compared to term infants. CRP values increased by 0.405
mg/L for every 1 week increase in gestational age (32, 33). Raised
CRP levels are not specific for bacterial infection, and might
also appear in conditions as asphyxia, shock, intraventricular
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FIGURE 1 | Initiation of infectious/inflammatory processes and release of inflammatory markers over the first 48 h of life in early onset neonatal sepsis. IL, interleukin;

PCT, procalcitonin; CRP, C-reactive protein; CD64, cluster of differentiation (neutrophil surface expression).

hemorrhage, surgery, and meconium aspiration (84). For viral
infections only slight elevations of CRP levels (<5 mg/L) have
been reported (85, 86). Non-infectious inflammatory processes,
such as PROM, meconium-stained amniotic fluid and prolonged
labor, however, also caused significant elevations of CRP (82).
Advantages of CRP as sepsis marker include its broad availability,
simplicity, speed, and low cost (82). CRP refers to high sensitive
CRP (hsCRP) when high-sensitivity assay techniques are used to
measure concentrations as low as 0.01 mg/L (87).

Procalcitonin (PCT), the prohormone of calcitonin, is mainly
produced by monocytes and hepatocytes and shows a significant
elevation during infections in neonates, children and adults (88).
Elevated PCT levels as a response to infection can be detected
within 6 h after its onset, peak at 18–24 h and remain elevated
up to 48 h (the half-life of PCT in peripheral blood is ∼24 h)
(88). Hence, PCT classifies as an early to intermediate-rising
biomarker. PCT, like CRP, shows a physiological increase after
birth, limiting its diagnostic value in the first 2–4 days of life
(81). Studies evaluating the potential of PCT as an early marker
for neonatal sepsis (89–91) have found that within the first 48 h
of life elevated PCT levels were present even in uninfected or
healthy neonates. However, the rise in PCT levels is much more
marked in bacterial and fungal, but not viral, infections (92).
Reference values and age related 95th percentile nomograms for
the first days of life exist for healthy term and preterm infants
(89, 92, 93) and have served as basis for the use of age-adjusted
cut-off values (5, 94). In children and neonates after 72 h of age,
PCT values <0.5 ng/ml seem to be normal; increases to 0.5–
2 ng/ml seem to be related to non-infectious inflammation, viral
or focal bacterial infections and increases above 2–2.5 ng/ml,
seem to be related to bacterial or fungal systemic infections (95).
In a recent multicentre, randomized controlled trial (NeoPIns)
Stocker et al. (96) evaluated the potential of PCT to guide
antibiotic treatment in infants with suspected EOS. They found
that, within a population with low incidence of culture-proven
infection, discontinuation of treatment based on PCT resulted
in no adverse outcomes and duration of antibiotic therapy
was significantly reduced (96). In a meta-analysis assessing the

diagnostic potential of PCT in neonatal sepsis, the diagnostic
accuracy seemed to be higher in neonates with LOS, than in those
with EOS (5, 97). However, fewer data were available for LOS.
Statistical heterogeneity and differences in the definitions used
for neonatal sepsis additionally had to be taken into account.
Advantages of PCT include its wide diagnostic window (88), its
specificity to bacterial infections (98) and its quick reduction in
response to adequate therapy (99). PCT also proved to play a
role in SIRS and increased levels of PCT were associated with
increased severity of disease and increased rates of mortality in
adults (100).

Synthesis of the acute phase protein Serum amyloid A
(SAA) is regulated by the pro-inflammatory cytokines IL-6 and
TNF and takes place mainly in the liver, but also happens in
smooth muscle cells, macrophages, adipocytes, and endothelial
cells (81). The effect of SAA is mainly anti-inflammatory. It
reduces the production of prostaglandin E2 and the oxidative
respiration of neutrophils, counteracts the pyrogenic effect of
a number of cytokines, inhibits platelet activation, negatively
controls the production of antibodies, and induces the secretion
of collagenase by fibroblasts (101). Free SAA has been found
to possess cytokine-like properties which induce chemotaxis of
neutrophils, granulocytes, and T-lymphocytes (102). Differences
to the acute phase protein CRP include an earlier and sharper rise
in the acute phase response, which occurs not only in bacterial
but also in viral infections (101). A study set out to define normal
SAA levels in healthy individuals and reported median SAA
levels of 0.758 mg/L (range: 0.758–3.000) for cord blood and
1.516 (0.758–10.580) for 35 neonates in each group (103). During
neonatal sepsis a 1,000-fold increase in the serum concentration
of SAA has been reported (104), and elevated levels have been
found in early- as well as in late onset sepsis (105–107). In a
meta-analysis, consisting of a total of nine studies, diagnostic
accuracy of SAA in EOS and LOS (measured 8–96 h after onset
of infection) was found to be moderate and comparable to those
of CRP and PCT (108). However, findings were again limited
by heterogeneity of study population groups and cut-off levels.
Other studies reported improved sensitivity relative to CRP at

Frontiers in Pediatrics | www.frontiersin.org 7 March 2022 | Volume 10 | Article 840288

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Eichberger et al. Diagnosis of Neonatal Sepsis

the point of clinical suspicion (106, 107). An advantage of SAA
is the availability of an automated and rapid test, however the
number of studies about the SAA test in neonatal sepsis is limited
(108, 109).

Cell Surface Molecules
The Fcγ receptor 1 alpha chain, known as Cluster of
differentiation 64 (CD64) is an immunoglobulin binding
receptor found on the surface of leukocytes and showing high
affinity to IgG immunoglobulin (110). In bacterial infection
stimulation by proinflammatory cytokines IFN-γ and TNF and
granulocyte colony stimulating factor (G-CSF) leads to an
upregulation of CD64 expression (5–10-fold in comparison with
baseline levels) (111, 112). The increase of CD64 is associated
with the intensity of the triggering cytokine release (113). CD64
in turn induced enhanced antigen presentation, and facilitated
phagocytosis and intracellular killing of opsonized microbes
(110, 114).

In healthy subjects, antigen-presenting cells (monocytes,
macrophages, and dendritic cells) express CD64, while
neutrophils show only very low levels of CD64 expression
(115). The later however rises by ongoing infection, converting
it into an interesting sepsis marker. The neutrophil CD64
expression, often referred to as nCD64, is measured either
alone or as a ratio to the monocyte CD64, which did not
increase significantly (116). During bacterial infection nCD64
expression was markedly increased in all age groups, but,
interestingly, higher levels were found in healthy preterm
and term neonates when compared with healthy adults (115).
Increased nCD64 expression was detected within 1–6 h after
bacterial invasion and levels remained elevated for >24 h
while viral infections were not associated with an increased
nCD64 expression (112). Promising results were published
for CD64 as a diagnostic marker in both EOS and LOS, but
study heterogeneity led to a wide range of sensitivity and
specificity, respectively (81). Increased CD64 expression has
been considered as an independent risk factor for LOS, which
has to be taken into account when its diagnostic value is
evaluated in LOS (117). Advantages of CD64 as sepsis marker
include the wide diagnostic window, the very small amount
of blood needed (±50 µL of whole blood), easy handling
and rapid turnaround time being <1 h (81, 118, 119). Serial
measurements of CD64 were suggested for guiding antibiotic
therapy in neonates (120). CD64 quantitative flow cytometric
analysis could be developed into a routine clinical test with high
comparability and reproducibility across different laboratories
(121). However, to this date there is a lack of consistent cut-off
values for CD64 and further research is needed to define the
optimal cut-off value and time point of measurement, before
CD64 expression testing could be incorporated in the clinical
practice (122, 123).

DISCUSSION

Despite the promising results reported by many studies, most
diagnostic markers fail to meet the criteria required for clinical
practice. Cost, availability of specimens at the appropriate time,

complexity of the assay methods, laboratory turnover time,
reliability of the tests, and experience of the attending clinicians
are all important factors in determining the accuracy of a
diagnostic marker for clinical use (58).

Assays of chemokines and cytokines, as well as tests measuring
the expression of cell surface antigens are expensive (58).
However, 10% of all deliveries are preterm births and most of
them have complete blood cell counts and intravenous access. If
further sepsis evaluation is added, blood cultures (costs at $65
per set) and lumbar punctures (costs at $162 per procedure,
$129 for cultures, cell count, protein, and glucose studies) add
to an economic impact of current infant sepsis evaluation that is
impressive (43). While the costs for 3 days of empiric antibiotic
therapy with ampicillin and gentamicin are moderate between
$12 and $15, high facility costs are generated due to prolonged
NICU stays (37). Hence, effective testing strategies that enable a
reduction of extended sepsis evaluation and empirical treatment
would result in tremendous cost savings (37).

The usefulness of new inflammatory markers depends on
the laboratory turnover time. Performing analyses in batches,
or if possible (CD64) postponing sample collection until the
next working morning, hampers their use as “early warning
markers” (58). Finally, a more recent meta-analysis revealed
low sensitivities and specificities and, thus, concluded to use
it cautiously in the diagnosis of neonatal sepsis (also poorer
performance in preterm than tem infants) (124). To satisfy
the rapid turnover time required clinically a trained technician
needs to be available at all times, something not practicable in
most institutions (58). Therefore, ad-hoc measurement will only
become cost effective if assay methods become automated (58).

As with blood culture the limiting factor for measuring
combinations of cytokines is the large volume of serum
required. Conventional enzyme-linked immunosorbent assay
techniques require about 100–250 µL to quantify one protein
(49). Something not feasible, especially in very low birth weight
(VLBW) infants (49). Multiplex systems based on flow cytometry
allow for the simultaneous quantitative measurement of several
biomarkers with only a minimal volume of blood (49). For
example only 50 µL of plasma are required for the measurement
of six cytokines, or 50 µL of whole blood for each surface
antigen measurement (49, 58). However, these are not the typical
platforms used to quantitate analyses in clinical medicine (38)
and intention-to-treat studies are required to examine their
potential for reducing unnecessary antibiotic treatments (49).
Ng (58) saw the use of the flow cytometric technology in the
identification of cytokines or cell surface markers most suitable
for clinical use.

A recent analysis (125) of 480 episodes of suspected LOS in
208 preterm infants below 32 weeks of gestational age showed
that serum IL-6 and PCT levels (hazard ratios 2.28 and 2.91,
respectively), but not CRP (hazard ratio 1.16), were associated
with sepsis severity and mortality risk. These findings might
select neonates at risk who will need more intensive monitoring
and therapy (125). Thus, inflammatory markers might serve
as prognostic parameter for severity of neonatal sepsis and
mortality. A further study by Kurul et al. (126) on LOS showed
that application of a decision tree incorporating inflammatory
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markers (IL-6, PCT, CRP) reached a diagnostic accuracy of
nearly 88%.

Serial measurement of infection markers are thought to
improve the diagnostic sensitivity of these tests. The combination
of an early sensitivemarker with a late specific onemight enhance
the diagnostic accuracy of the markers (58). Serial physical
examination has been suggested as an alternative or additional
tool to serial determination of inflammatory markers (127). For
us this is quasi a “conditio sine qua non” in the treatment of
seriously ill septic neonates. Current evidence suggests that the
use of promising diagnostic markers like CD11b, CD64, IL-6, IL-
8, PCT, and CRP, either alone or in combination, might be helpful
when considering to discontinue antibiotics at 24–48 h of onset of
the suspected infection process. In case of an infant that remains
clinically well waiting for the definitive microbiological results
would not be any more necessary. However, none of the current
diagnostic markers are sensitive and specific enough to support
the decision to withhold antibiotic treatment (58).

Even if these issues are resolved the crucial factor seems to
be the difficulty to define the clinical usefulness of infection
markers from the findings of the current literature (58). Mehr
et al. (71) stated, back in 2000, that the heterogeneous methods
of laboratory measurement and the wide variations in data
analysis including cut-off values and the resulting differences in
reported conclusions precluded the possibility of performing a
meaningful meta-analysis. Problems that remain an issue even
today (20). Reliable cut-off values are either lacking or there
is an abundance of different cut-offs proposed for the same
marker, both renders a potential diagnostic test wearisome to
apply clinically (58). For a marker to serve as a routine diagnostic
tool, high comparability and reproducibility across different
laboratories is required (58).

Future Aspects and Conclusion
There are few reports on the use of proteomic analysis from
patients with sepsis, and the results have not been validated
by well-established techniques (128). A recent review identified

nearly 200 proteins in response to sepsis by proteomic analysis
of septic blood, of whom some might serve as sepsis markers
(129). The problem with proteomic analyses that identify specific
proteins and peptides by random sampling of disease and control
plasma from different patients and from different clinical settings
is the retrospective interpretation of findings (130). For early
identification of septic neonates we are faced with the same old
problems of each biomarker as demonstrated in this review.
In addition, this is further true for metabolomics in septic
patients (131).

The clinical usefulness of pediatric heart rate in predicting
clinical deterioration (e.g., pediatric sepsis) is limited by the
lack of consensus among warning systems, consensus-based
guidelines, and evidence-based studies as to what constitutes
abnormal heart rate in the pediatric age group (132). The authors
of this recent review concluded that current studies on heart
rate variability do not adequately discriminate children with
sepsis from those without. Maybe only in combination with
biomarkers a better interpretation of the findings is possible or
vice versa.

In conclusion, despite lots of promising inflammatory
markers, the clinical ability to discriminate between infected and
uninfected neonates remains to be a challenge, and antibiotics
are often initiated in ill term and especially preterm infants.
Hence, for the early diagnosis IL-6 (from cord blood or peripheral
neonatal blood) and later repetitive measurements of CRP seem
to be helpful in the diagnosis of neonatal sepsis considering the
clinical aspect of the neonate, its gestational age, maternal risk
factors, and the time of sampling.
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14. Kocabaş E, Sarikçioglu A, Aksaray N, Seydaoglu G, Seyhun Y, Yaman A. Role
of procalcitonin, C-reactive protein, interleukin-6, interleukin-8 and tumor
necrosis factor-alpha in the diagnosis of neonatal sepsis. Turk J Pediatr.

(2007) 49:7–20.
15. Hornik CP, Fort P, Clark RH, Watt K, Benjamin DK, Jr., et al. Early and

late onset sepsis in very-low-birth-weight infants from a large group of
neonatal intensive care units. Early Hum Dev. (2012) 88(Suppl. 2):S69–
74. doi: 10.1016/S0378-3782(12)70019-1

16. Polcwiartek LB, Smith PB, Benjamin DK, Zimmerman K, Love A, Tiu L, et al.
Early-onset sepsis in term infants admitted to neonatal intensive care units
(2011-2016). J Perinatol. (2021) 41:157–63. doi: 10.1038/s41372-020-00860-3

17. Steinberger E, Hofer N, Resch B. Cord blood procalcitonin and Interleukin-
6 are highly sensitive and specific in the prediction of early-onset
sepsis in preterm infants. Scand J Clin Lab Invest. (2014) 74:432–
6. doi: 10.3109/00365513.2014.900696

18. Chiesa C, Pellegrini G, Panero A, Osborn JF, Signore F, Assumma
M, et al. C-reactive protein, interleukin-6, and procalcitonin in the
immediate postnatal period: influence of illness severity, risk status, antenatal
and perinatal complications, and infection. Clin Chem. (2003) 49:60–
8. doi: 10.1373/49.1.60

19. Berner R, Niemeyer CM, Leititis JU, Funke A, Schwab C, Rau U, et al.
Plasma levels and gene expression of granulocyte colony-stimulating factor,
tumor necrosis factor-alpha, interleukin (IL)-1beta, IL-6, IL-8, and soluble
intercellular adhesion molecule-1 in neonatal early onset sepsis. Pediatr Res.
(1998) 44:469–77. doi: 10.1203/00006450-199810000-00002

20. Cernada M, Badía N, Modesto V, Alonso R, Mejías A, Golombek S, et al.
Cord blood interleukin-6 as a predictor of early-onset neonatal sepsis. Acta
Paediatr. (2012) 101:e203–7. doi: 10.1111/j.1651-2227.2011.02577.x

21. Simonsen KA, Anderson-Berry AL, Delair SF, Davies HD.
Early-onset neonatal sepsis. Clin Microbiol Rev. (2014) 27:21–
47. doi: 10.1128/CMR.00031-13

22. Hofer N, Kothari R, Morris N, Müller W, Resch B. The fetal inflammatory
response syndrome is a risk factor for morbidity in preterm neonates. Am J

Obstet Gynecol. (2013) 209:542.e1-.e11. doi: 10.1016/j.ajog.2013.08.030
23. Chacko B, Sohi I. Early onset neonatal sepsis. Indian J Pediatr. (2005)

72:23–6. doi: 10.1007/BF02760574
24. Al-Zahrani A, Ghonaim MM, Hussein YM, Eed EM, Khalifa AS, Dorgham

LS. Evaluation of recent methods versus conventional methods for
diagnosis of early-onset neonatal sepsis. J Infect Dev Ctries. (2015) 9:388–
93. doi: 10.3855/jidc.5950

25. Raynor LL, Saucerman JJ, Akinola MO, Lake DE, Moorman JR, Fairchild
KD. Cytokine screening identifies NICU patients with Gram-negative
bacteremia. Pediatr Res. (2012) 71:261–6. doi: 10.1038/pr.2011.45

26. Stoll BJ, Hansen N, Fanaroff AA, Wright LL, Carlo WA, Ehrenkranz RA,
et al. Late-onset sepsis in very low birth weight neonates: the experience
of the NICHD Neonatal Research Network. Pediatrics. (2002) 110:285–
91. doi: 10.1542/peds.110.2.285

27. Greenberg RG, Kandefer S, Do BT, Smith PB, Stoll BJ, Bell EF, et al. Late-
onset sepsis in extremely premature infants: 2000-2011. Pediatr Infect Dis J.
(2017) 36:774–9. doi: 10.1097/INF.0000000000001570

28. Dillenseger L, Langlet C, Iacobelli S, Lavaux T, Ratomponirina C,
Labenne M, et al. Early inflammatory markers for the diagnosis of late-
onset sepsis in neonates: the nosodiag study. Front Pediatrics. (2018)
6:346. doi: 10.3389/fped.2018.00346

29. Verboon-Maciolek MA, Thijsen SF, Hemels MA, Menses M, van Loon
AM, Krediet TG, et al. Inflammatory mediators for the diagnosis
and treatment of sepsis in early infancy. Pediatr Res. (2006) 59:457–
61. doi: 10.1203/01.pdr.0000200808.35368.57

30. Strunk T, Doherty D, Jacques A, Simmer K, Richmond P, Kohan
R, et al. Histologic chorioamnionitis is associated with reduced risk
of late-onset sepsis in preterm infants. Pediatrics. (2012) 129:e134–
41. doi: 10.1542/peds.2010-3493

31. Døllner H, Vatten L, Linnebo I, Zanussi GF, Laerdal A, Austgulen
R. Inflammatory mediators in umbilical plasma from neonates who
develop early-onset sepsis. Biol Neonate. (2001) 80:41–7. doi: 10.1159/0000
47118

32. Hofer N, Resch B. CRP in term and preterm newborns. Clin Chim Acta.

(2011) 412:1888. doi: 10.1016/j.cca.2011.06.005
33. Hofer N, Zacharias E, Müller W, Resch B. An update on the use of C-

reactive protein in early-onset neonatal sepsis: current insights and new
tasks. Neonatology. (2012) 102:25–36. doi: 10.1159/000336629

34. Matoba N, Yu Y, Mestan K, Pearson C, Ortiz K, Porta N, et al. Differential
patterns of 27 cord blood immune biomarkers across gestational age.
Pediatrics. (2009) 123:1320–8. doi: 10.1542/peds.2008-1222

35. Chiesa C, Signore F, Assumma M, Buffone E, Tramontozzi P, Osborn
JF, et al. Serial measurements of C-reactive protein and interleukin-
6 in the immediate postnatal period: reference intervals and analysis
of maternal and perinatal confounders. Clin Chem. (2001) 47:1016–
22. doi: 10.1093/clinchem/47.6.1016

36. Yoon BH, Romero R, Moon J, Chaiworapongsa T, Espinoza J, Kim YM, et al.
Differences in the fetal interleukin-6 response to microbial invasion of the
amniotic cavity between term and preterm gestation. J Matern Fetal Neonatal

Med. (2003) 13:32–8. doi: 10.1080/jmf.13.1.32.38
37. Smulian JC, Vintzileos AM, Lai YL, Santiago J, Shen-Schwarz S, Campbell

WA. Maternal chorioamnionitis and umbilical vein interleukin-6 levels for
identifying early neonatal sepsis. J Matern Fetal Med. (1999) 8:88–94. doi: 10.
1002/(SICI)1520-6661(199905/06)8:3<88::AID-MFM4>3.0.CO;2-#

38. Jung E, Romero R, Yeo L, Diaz-Primera R, Marin-Concha J, Para
R, et al. The fetal inflammatory response syndrome: the origins of a
concept, pathophysiology, diagnosis, and obstetrical implications. Semin

Fetal Neonatal Med. (2020) 25:101146. doi: 10.1016/j.siny.2020.101146
39. Gharehbaghi MM, Peirovifar A, Gharehbaghi PM. Comparison of umbilical

cord interleukin-6 in preterm infants with premature rupture of membranes
and intact membranes. Saudi Med J. (2008) 29:224–8.

40. Torbé A, Czajka R, Kordek A, Rzepka R, Kwiatkowski S, Rudnicki J. Value
of vaginal fluid proinflammatory cytokines for the prediction of early-
onset neonatal infection in preterm premature rupture of the membranes.
J Interferon Cytokine Res. (2007) 27:393–8. doi: 10.1089/jir.2006.0127

41. Romero R, Gomez R, Ghezzi F, Yoon BH, Mazor M, Edwin SS, et al.
A fetal systemic inflammatory response is followed by the spontaneous
onset of preterm parturition. Am J Obstet Gynecol. (1998) 179:186–
93. doi: 10.1016/S0002-9378(98)70271-6

42. Bender L, Thaarup J, Varming K, Krarup H, Ellermann-Eriksen S, Ebbesen F.
Early and late markers for the detection of early-onset neonatal sepsis. Dan
Med Bull. (2008) 55:219–23.

43. Huber S, Hetzer B, Crazzolara R, Orth-Höller D. The correct
blood volume for paediatric blood cultures: a conundrum?
Clin Microbiol Infect. (2020) 26:168–73. doi: 10.1016/j.cmi.2019.
10.006

44. Benitz WE. Adjunct laboratory tests in the diagnosis of early-onset
neonatal sepsis. Clin Perinatol. (2010) 37:421–38. doi: 10.1016/j.clp.2009.
12.001

45. Schelonka RL, Chai MK, Yoder BA, Hensley D, Brockett RM, Ascher DP.
Volume of blood required to detect common neonatal pathogens. J Pediatr.
(1996) 129:275–8. doi: 10.1016/S0022-3476(96)70254-8

46. Klingenberg C, Kornelisse RF, Buonocore G, Maier RF, Stocker M.
Culture-negative early-onset neonatal sepsis - at the crossroad between
efficient sepsis care and antimicrobial stewardship. Front Pediatr. (2018)
6:285. doi: 10.3389/fped.2018.00285

47. Cantey JB, Baird SD. Ending the culture of culture-
negative sepsis in the neonatal ICU. Pediatrics. (2017)
140:e20170044. doi: 10.1542/peds.2017-0044

48. Ahmed AM, Mohammed AT, Bastawy S, Attalla HA, Yousef AA, Abdelrazek
MS, et al. Serum biomarkers for the early detection of the early-onset
neonatal sepsis: a single-center prospective study. Adv Neonatal Care. (2019)
19:E26–32. doi: 10.1097/ANC.0000000000000631

49. Labenne M, Lizard G, Ferdynus C, Montange T, Iacobelli S, Bonsante F,
et al. A clinic-biological score for diagnosing early-onset neonatal infection
in critically ill preterm infants. Pediatr Crit Care Med. (2011) 12:203–
9. doi: 10.1097/PCC.0b013e3181e2a53b

Frontiers in Pediatrics | www.frontiersin.org 10 March 2022 | Volume 10 | Article 840288

https://doi.org/10.4103/0976-9668.198362
https://doi.org/10.1111/ped.12754
https://doi.org/10.1016/S0378-3782(12)70019-1
https://doi.org/10.1038/s41372-020-00860-3
https://doi.org/10.3109/00365513.2014.900696
https://doi.org/10.1373/49.1.60
https://doi.org/10.1203/00006450-199810000-00002
https://doi.org/10.1111/j.1651-2227.2011.02577.x
https://doi.org/10.1128/CMR.00031-13
https://doi.org/10.1016/j.ajog.2013.08.030
https://doi.org/10.1007/BF02760574
https://doi.org/10.3855/jidc.5950
https://doi.org/10.1038/pr.2011.45
https://doi.org/10.1542/peds.110.2.285
https://doi.org/10.1097/INF.0000000000001570
https://doi.org/10.3389/fped.2018.00346
https://doi.org/10.1203/01.pdr.0000200808.35368.57
https://doi.org/10.1542/peds.2010-3493
https://doi.org/10.1159/000047118
https://doi.org/10.1016/j.cca.2011.06.005
https://doi.org/10.1159/000336629
https://doi.org/10.1542/peds.2008-1222
https://doi.org/10.1093/clinchem/47.6.1016
https://doi.org/10.1080/jmf.13.1.32.38
https://doi.org/10.1002/(SICI)1520-6661(199905/06)8:3<88::AID-MFM4>3.0.CO;2-
https://doi.org/10.1016/j.siny.2020.101146
https://doi.org/10.1089/jir.2006.0127
https://doi.org/10.1016/S0002-9378(98)70271-6
https://doi.org/10.1016/j.cmi.2019.10.006
https://doi.org/10.1016/j.clp.2009.12.001
https://doi.org/10.1016/S0022-3476(96)70254-8
https://doi.org/10.3389/fped.2018.00285
https://doi.org/10.1542/peds.2017-0044
https://doi.org/10.1097/ANC.0000000000000631
https://doi.org/10.1097/PCC.0b013e3181e2a53b
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Eichberger et al. Diagnosis of Neonatal Sepsis

50. Antonakos N, Tsaganos T, Oberle V, Tsangaris I, Lada M, Pistiki A, et al.
Decreased cytokine production by mononuclear cells after severe gram-
negative infections: early clinical signs and association with final outcome.
Critic Care. (2017) 21:48. doi: 10.1186/s13054-017-1625-1

51. Cimenti C, Erwa W, Herkner KR, Kasper DC, Müller W, Resch B. The
predictive value of immature granulocyte count and immature myeloid
information in the diagnosis of neonatal sepsis. J Clin Chem Lab Med. (2012)
50:1429–32. doi: 10.1515/cclm-2011-0656

52. Hotoura E, Giapros V, Kostoula A, Spyrou P, Andronikou S.
Pre-inflammatory mediators and lymphocyte subpopulations in
preterm neonates with sepsis. Inflammation. (2012) 35:1094–
101. doi: 10.1007/s10753-011-9416-3

53. Reier-Nilsen T, Farstad T, Nakstad B, Lauvrak V, Steinbakk M. Comparison
of broad range 16S rDNA PCR and conventional blood culture for diagnosis
of sepsis in the newborn: a case control study. BMC Pediatr. (2009)
9:5. doi: 10.1186/1471-2431-9-5

54. Jordan JA, Durso MB, Butchko AR, Jones JG, Brozanski BS. Evaluating the
near-term infant for early onset sepsis: progress and challenges to consider
with 16S rDNA polymerase chain reaction testing. J Mol Diagn. (2006)
8:357–63. doi: 10.2353/jmoldx.2006.050138

55. Chiesa C, Panero A, Osborn JF, Simonetti AF, Pacifico L. Diagnosis of
neonatal sepsis: a clinical and laboratory challenge. Clin Chem. (2004)
50:279–87. doi: 10.1373/clinchem.2003.025171

56. Achten NB, Klingenberg C, Benitz WE, Stocker M, Schlapbach LJ,
Giannoni E, et al. Association of use of the neonatal early-onset
sepsis calculator with reduction in antibiotic therapy and safety: a
systematic review and meta-analysis. JAMA Pediatr. (2019) 173:1032–
40. doi: 10.1001/jamapediatrics.2019.2825

57. Achten NB, Plötz FB, Klingenberg C, Stocker M, Bokelaar R, BijlsmaM, et al.
Stratification of culture-proven early-onset sepsis cases by the neonatal early-
onset sepsis calculator: an individual patient data meta-analysis. J Pediatr.
(2021) 234:77–84.e8. doi: 10.1016/j.jpeds.2021.01.065

58. Ng PC. Diagnostic markers of infection in neonates.Arch Dis Childhood Fetal
Neonatal Ed. (2004) 89:F229–35. doi: 10.1136/adc.2002.023838

59. Singh B, Merchant P, Walker CR, Kryworuchko M, Diaz-
Mitoma F. Interleukin-6 expression in cord blood of patients
with clinical chorioamnionitis. Pediatr Res. (1996) 39:976–
9. doi: 10.1203/00006450-199606000-00008

60. Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA,
et al. American College of Chest Physicians/Society of Critical Care
Medicine Consensus Conference: definitions for sepsis and organ failure and
guidelines for the use of innovative therapies in sepsis. Critic Care Med.
(1992) 20:864–74. doi: 10.1097/00003246-199206000-00025

61. Gomez R, Romero R, Ghezzi F, Yoon BH, Mazor M, Berry SM. The fetal
inflammatory response syndrome. Am J Obstet Gynecol. (1998) 179:194–
202. doi: 10.1016/S0002-9378(98)70272-8

62. Madsen-Bouterse SA, Romero R, Tarca AL, Kusanovic JP, Espinoza J, KimCJ,
et al. The transcriptome of the fetal inflammatory response syndrome. Am J

Reproduct Immunol. (2010) 63:73–92. doi: 10.1111/j.1600-0897.2009.00791.x
63. Ng PC, Lam HS. Biomarkers for late-onset neonatal sepsis: cytokines and

beyond. Clin Perinatol. (2010) 37:599–610. doi: 10.1016/j.clp.2010.05.005
64. Habibzadeh F, Habibzadeh P, Yadollahie M. On determining the most

appropriate test cut-off value: the case of tests with continuous results.
Biochem Med. (2016) 26:297–307. doi: 10.11613/BM.2016.034

65. Zweig MH, Campbell G. Receiver-operating characteristic (ROC) plots: a
fundamental evaluation tool in clinical medicine. Clin Chem. (1993) 39:561–
77. doi: 10.1093/clinchem/39.4.561

66. Obuchowski NA, Lieber ML, Wians FH Jr. ROC curves in clinical
chemistry: uses, misuses, and possible solutions. Clin Chem. (2004) 50:1118–
25. doi: 10.1373/clinchem.2004.031823

67. Swets JA. Measuring the accuracy of diagnostic systems. Science. (1988)
240:1285–93. doi: 10.1126/science.3287615

68. Gilfillan M, Bhandari V. Biomarkers for the diagnosis of neonatal sepsis and
necrotizing enterocolitis: clinical practice guidelines. Early Hum Dev. (2017)
105:25–33. doi: 10.1016/j.earlhumdev.2016.12.002

69. Meem M, Modak JK, Mortuza R, Morshed M, Islam MS, Saha SK.
Biomarkers for diagnosis of neonatal infections: a systematic analysis of their
potential as a point-of-care diagnostics. J Glob Health. (2011) 1:201–9.

70. Charles A. Janeway J, Medzhitov R. Innate immune
recognition. Annu Rev Immunol. (2002) 20:197–
216. doi: 10.1146/annurev.immunol.20.083001.084359

71. Mehr S, Doyle LW. Cytokines as markers of bacterial
sepsis in newborn infants: a review. Pediatr Infect Dis

J. (2000) 19:879–87. doi: 10.1097/00006454-200009000-
00014

72. Martin H, Olander B, Norman M. Reactive hyperemia and interleukin 6,
interleukin 8, and tumor necrosis factor-alpha in the diagnosis of early-onset
neonatal sepsis. Pediatrics. (2001) 108:E61. doi: 10.1542/peds.108.4.e61

73. Santana C, Guindeo MC, González G, García-Muñoz F,
Saavedra P, Doménech E. Cord blood levels of cytokines
as predictors of early neonatal sepsis. Acta Paediatr. (2001)
90:1176–81. doi: 10.1111/j.1651-2227.2001.tb03250.x

74. Küster H, Weiss M, Willeitner AE, Detlefsen S, Jeremias I, Zbojan J, et al.
Interleukin-1 receptor antagonist and interleukin-6 for early diagnosis of
neonatal sepsis 2 days before clinical manifestation. Lancet. (1998) 352:1271–
7. doi: 10.1016/S0140-6736(98)08148-3

75. Messer J, Eyer D, Donato L, Gallati H, Matis J, Simeoni U.
Evaluation of interleukin-6 and soluble receptors of tumor necrosis
factor for early diagnosis of neonatal infection. J Pediatr. (1996)
129:574–80. doi: 10.1016/S0022-3476(96)70123-3

76. Schibler KR, Liechty KW, White WL, Rothstein G, Christensen RD.
Defective production of interleukin-6 by monocytes: a possible mechanism
underlying several host defense deficiencies of neonates. Pediatr Res. (1992)
31:18–21. doi: 10.1203/00006450-199201000-00003

77. Ng PC, Cheng SH, Chui KM, Fok TF,WongMY,WongW, et al. Diagnosis of
late onset neonatal sepsis with cytokines, adhesion molecule, and C-reactive
protein in preterm very low birthweight infants. Arch Dis Childhood Fetal

Neonatal Ed. (1997) 77:F221–7. doi: 10.1136/fn.77.3.F221
78. Zhou M, Cheng S, Yu J, Lu Q. Interleukin-8 for diagnosis

of neonatal sepsis: a meta-analysis. PLoS One. (2015)
10:e0127170. doi: 10.1371/journal.pone.0127170

79. PepysMB, Hirschfield GM. C-reactive protein: a critical update. J Clin Invest.
(2003) 111:1805–12. doi: 10.1172/JCI200318921

80. Resch B, Gusenleitner W, Müller WD. Procalcitonin and interleukin-6 in
the diagnosis of early-onset sepsis of the neonate. Acta Paediatr. (2003)
92:243–5. doi: 10.1111/j.1651-2227.2003.tb00534.x

81. Delanghe JR, Speeckaert MM. Translational research and
biomarkers in neonatal sepsis. Clin Chim Acta. (2015) 451:46–
64. doi: 10.1016/j.cca.2015.01.031

82. Perrone S, Lotti F, Longini M, Rossetti A, Bindi I, Bazzini F, et al.
C reactive protein in healthy term newborns during the first 48
hours of life. Arch Dis Childhood Fetal Neonatal Ed. (2018) 103:F163–
f6. doi: 10.1136/archdischild-2016-312506

83. Mathers NJ, Pohlandt F. Diagnostic audit of C-reactive protein in
neonatal infection. Eur J Pediatr. (1987) 146:147–51. doi: 10.1007/BF023
43221

84. Hisamuddin E, Hisam A, Wahid S, Raza G. Validity of C-reactive protein
(CRP) for diagnosis of neonatal sepsis. Pakistan J Med Sci. (2015) 31:527–
31. doi: 10.12669/pjms.313.6668

85. Peltola H, Jaakkola M. C-reactive protein in early detection of bacteremic
versus viral infections in immunocompetent and compromised
children. J Pediatr. (1988) 113:641–6. doi: 10.1016/S0022-3476(88)
80372-X

86. Benitz WE, Han MY, Madan A, Ramachandra P. Serial serum C-reactive
protein levels in the diagnosis of neonatal infection. Pediatrics. (1998)
102:E41. doi: 10.1542/peds.102.4.e41

87. Kamath DY, Xavier D, Sigamani A, Pais P. High sensitivity C-reactive protein
(hsCRP) & cardiovascular disease: an Indian perspective. Indian J Med Res.

(2015) 142:261–8. doi: 10.4103/0971-5916.166582
88. Altunhan H, Annagür A, Örs R, Mehmetoglu I. Procalcitonin

measurement at 24 hours of age may be helpful in the prompt
diagnosis of early-onset neonatal sepsis. Int J Infect Dis. (2011)
15:e854–8. doi: 10.1016/j.ijid.2011.09.007

89. Chiesa C, Panero A, Rossi N, Stegagno M, De Giusti M, Osborn JF, et al.
Reliability of procalcitonin concentrations for the diagnosis of sepsis in
critically ill neonates. Clin Infect Dis. (1998) 26:664–72. doi: 10.1086/514576

Frontiers in Pediatrics | www.frontiersin.org 11 March 2022 | Volume 10 | Article 840288

https://doi.org/10.1186/s13054-017-1625-1
https://doi.org/10.1515/cclm-2011-0656
https://doi.org/10.1007/s10753-011-9416-3
https://doi.org/10.1186/1471-2431-9-5
https://doi.org/10.2353/jmoldx.2006.050138
https://doi.org/10.1373/clinchem.2003.025171
https://doi.org/10.1001/jamapediatrics.2019.2825
https://doi.org/10.1016/j.jpeds.2021.01.065
https://doi.org/10.1136/adc.2002.023838
https://doi.org/10.1203/00006450-199606000-00008
https://doi.org/10.1097/00003246-199206000-00025
https://doi.org/10.1016/S0002-9378(98)70272-8
https://doi.org/10.1111/j.1600-0897.2009.00791.x
https://doi.org/10.1016/j.clp.2010.05.005
https://doi.org/10.11613/BM.2016.034
https://doi.org/10.1093/clinchem/39.4.561
https://doi.org/10.1373/clinchem.2004.031823
https://doi.org/10.1126/science.3287615
https://doi.org/10.1016/j.earlhumdev.2016.12.002
https://doi.org/10.1146/annurev.immunol.20.083001.084359
https://doi.org/10.1097/00006454-200009000-00014
https://doi.org/10.1542/peds.108.4.e61
https://doi.org/10.1111/j.1651-2227.2001.tb03250.x
https://doi.org/10.1016/S0140-6736(98)08148-3
https://doi.org/10.1016/S0022-3476(96)70123-3
https://doi.org/10.1203/00006450-199201000-00003
https://doi.org/10.1136/fn.77.3.F221
https://doi.org/10.1371/journal.pone.0127170
https://doi.org/10.1172/JCI200318921
https://doi.org/10.1111/j.1651-2227.2003.tb00534.x
https://doi.org/10.1016/j.cca.2015.01.031
https://doi.org/10.1136/archdischild-2016-312506
https://doi.org/10.1007/BF02343221
https://doi.org/10.12669/pjms.313.6668
https://doi.org/10.1016/S0022-3476(88)80372-X
https://doi.org/10.1542/peds.102.4.e41
https://doi.org/10.4103/0971-5916.166582
https://doi.org/10.1016/j.ijid.2011.09.007
https://doi.org/10.1086/514576
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Eichberger et al. Diagnosis of Neonatal Sepsis

90. Sachse C, Dressler F, Henkel E. Increased serum procalcitonin
in newborn infants without infection. Clin Chem. (1998)
44:1343–4. doi: 10.1093/clinchem/44.6.1343

91. Lapillonne A, Basson E, Monneret G, Bienvenu J, Salle BL. Lack of specificity
of procalcitonin for sepsis diagnosis in premature infants. Lancet. (1998)
351:1211–2. doi: 10.1016/S0140-6736(05)79165-0

92. Turner D, Hammerman C, Rudensky B, Schlesinger Y, Goia C, Schimmel
MS. Procalcitonin in preterm infants during the first few days of life:
introducing an age related nomogram. Arch Dis Childhood Fetal Neonatal

Ed. (2006) 91:F283–6. doi: 10.1136/adc.2005.085449
93. Chiesa C, Natale F, Pascone R, Osborn JF, Pacifico L, Bonci E, et al.

C reactive protein and procalcitonin: reference intervals for preterm and
term newborns during the early neonatal period. Clin Chim Acta. (2011)
412:1053–9. doi: 10.1016/j.cca.2011.02.020

94. He Y, DuWX, JiangHY, Ai Q, Feng J, Liu Z, et al. Multiplex cytokine profiling
identifies interleukin-27 as a novel biomarker for neonatal early onset sepsis.
Shock. (2017) 47:140–7. doi: 10.1097/SHK.0000000000000753

95. Pontrelli G, De Crescenzo F, Buzzetti R, Jenkner A, Balduzzi S, Calò
Carducci F, et al. Accuracy of serum procalcitonin for the diagnosis of sepsis
in neonates and children with systemic inflammatory syndrome: a meta-
analysis. BMC Infect Dis. (2017) 17:302. doi: 10.1186/s12879-017-2396-7

96. Stocker M, van Herk W, El Helou S, Dutta S, Fontana MS, Schuerman
F, et al. Procalcitonin-guided decision making for duration of
antibiotic therapy in neonates with suspected early-onset sepsis: a
multicentre, randomised controlled trial (NeoPIns). Lancet. (2017)
390:871–81. doi: 10.1016/S0140-6736(17)31444-7

97. Vouloumanou EK, Plessa E, Karageorgopoulos DE, Mantadakis E, Falagas
ME. Serum procalcitonin as a diagnostic marker for neonatal sepsis: a
systematic review and meta-analysis. Intensive Care Med. (2011) 37:747–
62. doi: 10.1007/s00134-011-2174-8

98. Delèvaux I, AndréM, ColombierM, Albuisson E,Meylheuc F, Bègue RJ, et al.
Can procalcitonin measurement help in differentiating between bacterial
infection and other kinds of inflammatory processes?Ann RheumDis. (2003)
62:337–40. doi: 10.1136/ard.62.4.337

99. Athhan F, Akagündüz B, Genel F, Bak M, Can D. Procalcitonin: a marker
of neonatal sepsis. J Trop Pediatr. (2002) 48:10–4. doi: 10.1093/tropej/4
8.1.10

100. Stocker M, Hop WC, van Rossum AM. Neonatal Procalcitonin
Intervention Study (NeoPInS): effect of procalcitonin-guided decision
making on duration of antibiotic therapy in suspected neonatal early-
onset sepsis: a multi-centre randomized superiority and non-inferiority
intervention study. BMC Pediatr. (2010) 10:89. doi: 10.1186/1471-2431-
10-89

101. Pizzini C, Mussap M, Plebani M, Fanos V. C-reactive protein and serum
amyloid A protein in neonatal infections. Scand J Infect Dis. (2000) 32:229–
35. doi: 10.1080/00365540050165848

102. Patel H, Fellowes R, Coade S, Woo P. Human serum amyloid
A has cytokine-like properties. Scand J Immunol. (1998)
48:410–8. doi: 10.1046/j.1365-3083.1998.00394.x

103. Lannergård A, Friman G, Ewald U, Lind L, Larsson A. Serum amyloid A
(SAA) protein and high-sensitivity C-reactive protein (hsCRP) in healthy
newborn infants and healthy young through elderly adults. Acta Paediatr.

(2005) 94:1198–202. doi: 10.1111/j.1651-2227.2005.tb02074.x
104. CetinkayaM,OzkanH, Köksal N, Celebi S, HacimustafaogluM. Comparison

of serum amyloid A concentrations with those of C-reactive protein and
procalcitonin in diagnosis and follow-up of neonatal sepsis in premature
infants. J Perinatol. (2009) 29:225–31. doi: 10.1038/jp.2008.207

105. Chiesa C, Pacifico L, Rossi N, Panero A, Matrunola M, Mancuso G.
Procalcitonin as a marker of nosocomial infections in the neonatal
intensive care unit. Intensive Care Med. (2000) 26(Suppl. 2):S175–
7. doi: 10.1007/s001340051139

106. Arnon S, Litmanovitz I, Regev R, Bauer S, Lis M, Shainkin-Kestenbaum
R, et al. Serum amyloid A protein is a useful inflammatory marker
during late-onset sepsis in preterm infants. Biol Neonate. (2005) 87:105–
10. doi: 10.1159/000081979

107. Arnon S, Litmanovitz I, Regev RH, Bauer S, Shainkin-Kestenbaum R, Dolfin
T. Serum amyloid A: an early and accurate marker of neonatal early-onset
sepsis. J Perinatol. (2007) 27:297–302. doi: 10.1038/sj.jp.7211682

108. Yuan H, Huang J, Lv B, Yan W, Hu G, Wang J, et al. Diagnosis value of the
serum amyloid A test in neonatal sepsis: a meta-analysis. BioMed Res Int.

(2013) 2013:520294. doi: 10.1155/2013/520294
109. Arnon S, Litmanovitz I, Regev R, Lis M, Shainkin-Kestenbaum R,

Dolfin T. Serum amyloid A protein in the early detection of late-
onset bacterial sepsis in preterm infants. J Perinatal Med. (2002) 30:329–
32. doi: 10.1515/JPM.2002.048

110. Nuutila J, Hohenthal U, Laitinen I, Kotilainen P, Rajamäki A, Nikoskelainen
J, et al. Simultaneous quantitative analysis of FcgammaRI (CD64) expression
on neutrophils and monocytes: a new, improved way to detect infections. J
Immunol Methods. (2007) 328:189–200. doi: 10.1016/j.jim.2007.09.002

111. Gericke GH, Ericson SG, Pan L, Mills LE, Guyre PM, Ely P. Mature
polymorphonuclear leukocytes express high-affinity receptors for IgG
(Fc gamma RI) after stimulation with granulocyte colony-stimulating
factor (G-CSF). J Leukocyte Biol. (1995) 57:455–61. doi: 10.1002/jlb.57.
3.455

112. Choo YK, Cho H-S, Seo IB, Lee H-S. Comparison of the accuracy
of neutrophil CD64 and C-reactive protein as a single test for the
early detection of neonatal sepsis. Clin Exp Pediatr. (2012) 55:11–
7. doi: 10.3345/kjp.2012.55.1.11

113. Bhandari V, Wang C, Rinder C, Rinder H. Hematologic profile of sepsis
in neonates: neutrophil CD64 as a diagnostic marker. Pediatrics. (2008)
121:129–34. doi: 10.1542/peds.2007-1308

114. Gallin J, Goldstein I, Snyderman R. Inflammation. Basic Principles and

Clinical Correlates. New York, NY: Lippincott Williams and Wilkins (1992).
115. Fjaertoft G, Håkansson L, Ewald U, Foucard T, Venge P. Neutrophils from

term and preterm newborn infants express the high affinity Fcgamma-
receptor I (CD64) during bacterial infections. Pediatr Res. (1999) 45:871–
6. doi: 10.1203/00006450-199906000-00016

116. Soni S, Wadhwa N, Kumar R, Faridi MM, Sharma S, Chopra A,
et al. Evaluation of CD64 expression on neutrophils as an early
indicator of neonatal sepsis. Pediatr Infect Dis J. (2013) 32:e33–
7. doi: 10.1097/INF.0b013e31826faede

117. MottaM, Zini A, Regazzoli A, Garzoli E, Chirico G, Caimi L, et al. Diagnostic
accuracy and prognostic value of the CD64 index in very low birth weight
neonates as a marker of early-onset sepsis. Scand J Infect Dis. (2014) 46:433–
9. doi: 10.3109/00365548.2014.896028

118. Layseca-Espinosa E, Pérez-González LF, Torres-Montes A, Baranda L, de
la Fuente H, Rosenstein Y, et al. Expression of CD64 as a potential
marker of neonatal sepsis. Pediatr Allergy Immunol. (2002) 13:319–
27. doi: 10.1034/j.1399-3038.2002.01064.x

119. Dilli D, Oguz S S, Dilmen U, Köker MY, Kizilgün M. Predictive values of
neutrophil CD64 expression compared with interleukin-6 and C-reactive
protein in early diagnosis of neonatal sepsis. J Clin Lab Anal. (2010) 24:363–
70. doi: 10.1002/jcla.20370

120. Streimish I, Bizzarro M, Northrup V, Wang C, Renna S, Koval N,
et al. Neutrophil CD64 with hematologic criteria for diagnosis of
neonatal sepsis. Am J Perinatol. (2014) 31:21–30. doi: 10.1055/s-0033-13
34453

121. Ng PC, Li K, Wong RP, Chui KM, Wong E, Fok TF. Neutrophil
CD64 expression: a sensitive diagnostic marker for late-onset
nosocomial infection in very low birthweight infants. Pediatr

Res. (2002) 51:296–303. doi: 10.1203/00006450-200203000-
00006

122. Hashem HE, El Masry SA, Mokhtar AM, Ismail EA, Abdelaal NM. Valuable
role of neutrophil CD64 and highly sensitive CRP biomarkers for diagnostic,
monitoring, and prognostic evaluations of sepsis patients in neonatal ICUs.
BioMed Res Int. (2020) 2020:6214363. doi: 10.1155/2020/6214363

123. Jia LQ, Shen YC, Hu QJ, Wan C, Wang T, Chen L, et al. Diagnostic accuracy
of neutrophil CD64 expression in neonatal infection: a meta-analysis. J Int
Med Res. (2013) 41:934–43. doi: 10.1177/0300060513489799

124. Shi J, Tang J, Chen D. Meta-analysis of diagnostic accuracy
of neutrophil CD64 for neonatal sepsis. Ital J Pediatr. (2016)
42:57. doi: 10.1186/s13052-016-0268-1

125. Kurul S, Simons SHP, Ramakers CRB, De Rijke YB, Kornelisse RF, Reiss
IKM, et al. Association of inflammatory biomarkers with subsequent clinical
course in suspected late onset sepsis in preterm neonates. Critic Care. (2021)
25:12. doi: 10.1186/s13054-020-03423-2

Frontiers in Pediatrics | www.frontiersin.org 12 March 2022 | Volume 10 | Article 840288

https://doi.org/10.1093/clinchem/44.6.1343
https://doi.org/10.1016/S0140-6736(05)79165-0
https://doi.org/10.1136/adc.2005.085449
https://doi.org/10.1016/j.cca.2011.02.020
https://doi.org/10.1097/SHK.0000000000000753
https://doi.org/10.1186/s12879-017-2396-7
https://doi.org/10.1016/S0140-6736(17)31444-7
https://doi.org/10.1007/s00134-011-2174-8
https://doi.org/10.1136/ard.62.4.337
https://doi.org/10.1093/tropej/48.1.10
https://doi.org/10.1186/1471-2431-10-89
https://doi.org/10.1080/00365540050165848
https://doi.org/10.1046/j.1365-3083.1998.00394.x
https://doi.org/10.1111/j.1651-2227.2005.tb02074.x
https://doi.org/10.1038/jp.2008.207
https://doi.org/10.1007/s001340051139
https://doi.org/10.1159/000081979
https://doi.org/10.1038/sj.jp.7211682
https://doi.org/10.1155/2013/520294
https://doi.org/10.1515/JPM.2002.048
https://doi.org/10.1016/j.jim.2007.09.002
https://doi.org/10.1002/jlb.57.3.455
https://doi.org/10.3345/kjp.2012.55.1.11
https://doi.org/10.1542/peds.2007-1308
https://doi.org/10.1203/00006450-199906000-00016
https://doi.org/10.1097/INF.0b013e31826faede
https://doi.org/10.3109/00365548.2014.896028
https://doi.org/10.1034/j.1399-3038.2002.01064.x
https://doi.org/10.1002/jcla.20370
https://doi.org/10.1055/s-0033-1334453
https://doi.org/10.1203/00006450-200203000-00006
https://doi.org/10.1155/2020/6214363
https://doi.org/10.1177/0300060513489799
https://doi.org/10.1186/s13052-016-0268-1
https://doi.org/10.1186/s13054-020-03423-2
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Eichberger et al. Diagnosis of Neonatal Sepsis

126. Kurul S, Simons SHP, Ramakers CRB, De Rijke YB, Kornelisse RF, Kroon
AA, et al. Using classification tree analysis to predict the type of infection
in preterm neonates: proof of concept study. Critic Care Explorat. (2021)
3:e0585. doi: 10.1097/CCE.0000000000000585

127. Berardi A, Buffagni AM, Rossi C, Vaccina E, Cattelani C, Gambini L,
et al. Serial physical examinations, a simple and reliable tool for managing
neonates at risk for early-onset sepsis. World J Clin Pediatr. (2016) 5:358–
64. doi: 10.5409/wjcp.v5.i4.358

128. Sharma NK, Salomao R. Sepsis through the eyes of proteomics
- the progress in the last decade. Shock. (2017) 47:17–
25. doi: 10.1097/SHK.0000000000000698

129. Ludwig KR, Hummon AB. Mass spectrometry for the
discovery of biomarkers of sepsis. Mol Bio Syst. (2017)
13:648–64. doi: 10.1039/C6MB00656F

130. Thavarajah T, dos Santos CC, Slutsky AS, Marshall JC,
Bowden P, Romschin A, et al. The plasma peptides of
sepsis. Clin Proteom. (2020) 17:26. doi: 10.1186/s12014-020-
09288-5

131. Eckerle M, Ambroggio L, Puskarich MA, Winston B, Jones AE,
Standiford TJ, et al. Metabolomics as a driver in advancing precision
medicine in sepsis. Pharmacotherapy. (2017) 37:1023–32. doi: 10.1002/phar.
1974

132. Wee BYH, Lee JH, Mok YH, Chong SL. A narrative review of heart rate and
variability in sepsis.Ann Transl Med. (2020) 8:768. doi: 10.21037/atm-20-148

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Eichberger, Resch and Resch. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Pediatrics | www.frontiersin.org 13 March 2022 | Volume 10 | Article 840288

https://doi.org/10.1097/CCE.0000000000000585
https://doi.org/10.5409/wjcp.v5.i4.358
https://doi.org/10.1097/SHK.0000000000000698
https://doi.org/10.1039/C6MB00656F
https://doi.org/10.1186/s12014-020-09288-5
https://doi.org/10.1002/phar.1974
https://doi.org/10.21037/atm-20-148
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Diagnosis of Neonatal Sepsis: The Role of Inflammatory Markers
	Introduction
	Early vs. Late Onset Sepsis
	Preterm vs. Term Neonate

	Diagnosis of Neonatal Sepsis
	Systemic/Fetal Inflammatory Response Syndrome (SIRS/FIRS)
	The Ideal Biomarker
	Inflammatory Markers and Their Dynamics in Neonatal Sepsis
	Cytokines and Chemokines
	Acute Phase Proteins
	Cell Surface Molecules


	Discussion
	Future Aspects and Conclusion

	Author Contributions
	References


