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Diagnostics for neonatal sepsis: current approaches and

future directions

Pui-Ying Iroh Tam' and Catherine M. Bendel'

Progress has been made in the reduction of morbidity and
mortality from neonatal sepsis. However, diagnosis continues
to rely primarily on conventional microbiologic techniques,
which can be inaccurate. The objective of this review is to
provide the clinician with an overview of the current
information available on diagnosing this condition. We review
currently available diagnostic approaches for documenting
neonatal sepsis and also describe novel approaches for
diagnosing infection in neonates who are under development
and investigation. Substantial progress has been made with
molecular approaches and further development of non-
culture-based methods offer promise. The potential ability to
incorporate antimicrobial resistance gene testing in addition
to pathogen identification may provide a venue to incorpo-
rate a predominantly molecular platform into a larger
program of neonatal care.

he gold standard for establishing a diagnosis of neonatal

sepsis is through culture. However, several factors,
including the small blood volumes obtained from neonates,
the presence of low or intermittent bacteremia, as well as
maternal intrapartum antimicrobial exposure, can make the
confirmation of sepsis in a neonate a diagnostic challenge
(1,2). Given that the clinical diagnosis of infection in a
neonate is unreliable (3) and that excessive, unnecessary
empiric antimicrobial therapy for the treatment of suspected
sepsis can promote antimicrobial resistance, there is a
heightened need for an accurate and sensitive diagnostic tool
to confirm the diagnosis of early-onset neonatal sepsis (EOS),
variably defined as sepsis occurring in the preterm neonate in
the first 3 days of life or in the term neonate in the first week
of life (4), and late-onset neonatal sepsis (LOS), defined as
sepsis occurring in the following period up to 3 months of life.
Diagnostics with a faster turnaround time would not only
improve surveillance in all settings but also facilitate timely
management. The objective of this review is to present
information on advances in the diagnostics of neonatal sepsis,
which remains one of the leading causes of neonatal death (5).
Given that some areas presented herein are relatively new,
with limited data specifically regarding EOS and LOS, we also

extrapolate relevant concepts from the wider field of sepsis in
general.

CHALLENGES IN THE DIAGNOSIS OF NEONATAL SEPSIS
History and Physical Examination

History and physical examination is the cornerstone of
clinical practice; however, some clinical manifestations in
neonates are not a reliable indicator of illness (3). Many early
signs of infection in neonates are nonspecific and may also be
simply associated with prematurity or the transition to
extrauterine life. Conversely, asymptomatic presentation does
not completely rule out infection in the high-risk setting, as
seen in a study of 5,135 early-onset neonatal sepsis (EOS)
evaluations in neonates >37 weeks where positive blood
cultures were identified in 0.5% of asymptomatic infants,
compared with 3.2% of symptomatic infants (6).

Several clinical features are associated with the early stages
of late-onset neonatal sepsis (LOS), including primarily
feeding intolerance and apnea, along with bradycardia and
desaturations (7-9). Heart rate variability has also been
identified as a potential physiomarker (10), although other
studies did not find elevated heart rate characteristics to
improve detection of bloodstream infections, (11) and in
studies predominantly among premature very low birth
weight infants, LOS hypotension has been noted to be a
strong independent predictor (8). Increasingly, abnormal
changes have been noted in the 12-24 h prior to an infant’s
abrupt clinical deterioration, with reduced baseline variability
and subclinical short-lived decelerations in heart rate (sepsis
skewness from the mean of —0.59+0.10, compared with
—-0.10+0.13 for controls over the 24 h before to 24 h after
diagnosis) (12). When this was prospectively studied among
two validation cohorts in neonatal intensive care units
(NICUs) totaling 435 neonates, impending sepsis and
sepsis-like illness was not only significantly associated with
the heart rate characteristic index, but reduced heart rate
variability and decelerations also significantly aided in the
prediction of sepsis and sepsis-like illness (13).

Natural History of Changes in Neonatal Blood Counts
As the neonate’s physiological circulation transitions after
birth, other hematologic indices also adapt during this period.
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These patterns are unique to gestational age and should be
taken into account when interpreting likelihood of neonatal
sepsis. An analysis of 30,354 complete blood counts obtained
in the first 72 h following birth demonstrated that preterm
neonates with <28 weeks’ gestation have blood neutrophil
concentrations that peak around 24 h after birth, compared
with neonates having >28 weeks’ gestation whose counts
peak between 6 and 8 h after birth (14). Maternal labor and
female gender were also associated with higher average
neutrophil values (14). A cross-sectional study of 67,623
newborns > 34 weeks’ gestation comparing blood counts with
blood cultures obtained <72h of age found that using
interval likelihood ratios for the newborn’s age in hours
improved interpretation of culture-confirmed neonatal sepsis
(15). White blood counts (WBC) and absolute neutrophil
counts (ANC) were most informative when low (WBC
<5,000 and ANC < 1,000 at >4h had likelihood ratios of
81 and 115, respectively) (15), whereas elevated counts were
less helpful (WBC >20,000 and ANC >10,000 at >4h had
likelihood ratios of 0.16 and 0.31, respectively) (15), and no
test was very sensitive. Neutrophil counts can also be affected
by maternal (hypertension and fever), intrapartum (asphyxia,
meconium aspiration syndrome, and type of delivery), and
perinatal (periventricular hemorrhage, reticulocytosis, hemo-
Iytic disease, and pneumothorax, among others) factors (16).
Proper interpretation of the neonatal blood count based on
gestational age, and in combination with other hematologic
indices, may aid in the early recognition of neonatal sepsis as
well as may increase the sensitivity for diagnosis (17).
However, multiple factors can alter neutrophil dynamics
limiting the ability to make a definitive diagnosis based on
these markers alone.

Currently Available Laboratory Diagnostics

Conventional microbiological methods. Blood culture is
the gold standard for diagnosis but it is insensitive.
Antimicrobial and hospitalization management decisions are
additionally affected by the 48-72 h turnaround time for culture
results. Maternal antimicrobial treatment may lead to false-
negative culture results in infants (2). Inadequate volumes of
blood provided for culture further diminish the yield (1), and, in
cases of pediatric sepsis, they can miss up to 75% of cases among
those who meet sepsis terminology guidelines (18).

Biomarkers. Given the insensitivity of physical examination
and culture, diagnosis of EOS and LOS, as well as pediatric
sepsis more broadly, tends to rest on a combination of clinical
signs in association with laboratory markers that include blood
counts and acute-phase reactants (Table 1). Despite extensive
research, no single marker has a significant advantage over
others in determining the diagnosis of neonatal sepsis.
Furthermore, variation in the onset of elevation, duration of
elevation or half-life of markers may also influence the test
characteristics of these markers across studies.

The most extensively studied acute-phase reactants have
been C-reactive protein (CRP) and procalcitonin (PCT).
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Serum CRP increases within 6-10 h and peaks 2-3 days after
infection onset (19). Serum PCT rises within 4 h after onset
and attains maximum serum concentrations at 18-24 h (20).
In a study of 401 newborn infants of <28 days of age with
suspected sepsis, CRP on adjusted analysis was independently
predictive of a positive blood culture (8). In a study of 176
newborns > 1,500 g, CRP was calculated to have a negative
predictive value of 99% (21). This demonstrated the potential
usefulness of this biomarker to guide early discontinuation of
antimicrobial therapy in suspected early-onset neonatal
bacterial infection (21). In a systematic review and meta-
analysis, PCT in cord blood had high likelihood ratio (5.72)
and sufficient sensitivity (82%) and specificity (86%) to be
considered a reliable rule-in and rule-out test (22). Although
some studies have suggested improved sensitivity and
specificity of PCT for identification of LOS (23), given the
current evidence and the availability of tests in clinical
laboratories, serial CRP measurements are commonly used in
most NICUs to identify infants with LOS.

Other studied biomarkers include cytokines and chemo-
kines such as interleukins and cell adhesion molecules,
although data in their kinetics are generally unavailable.
Considerable variations exist, however, in the sensitivity and
specificity of these markers. These can be explained by the
different definitions of sepsis, test methodologies, reference
values, cutoff points, sampling procedures, and inclusion
criteria used among different studies, in addition to different
approaches to stratifying groups by either gestational age or
birth weight. Combinations of biomarkers as well as serial
measurements lead to improved sensitivity and accuracy, and
have contributed to antimicrobial management decisions (24).

NOVEL DIAGNOSTIC APPROACHES TO NEONATAL SEPSIS
Testing on Non-Neonatal Specimens

Cord blood. Cord blood, of which the cell composition is
similar to peripheral blood composition of the fetus during the
last stage of gestation, is the first hematologic source from
the neonate and does not require an invasive procedure nor the
infliction of pain; thus, specimen collection avoids iatrogenic
stress and procedural complications. Larger volumes of blood
may also be obtained, thereby increasing the potential of
organism recovery without risking hemodynamic instability in
the newborn. A study evaluating 350 pairs of samples from
umbilical cord and peripheral venous samples found that WBC
and platelet counts significantly correlated between them
(correlation coefficients r=0.683 and r=0.54, respectively),
but with a lower correlation for hemoglobin (r=0.36) (25).
This may be explained because cord blood from a premature
infant may not be identical to peripheral blood in a preterm
infant. Although no cases of EOS were detected, contamination
rates were higher in umbilical cord versus peripheral blood
(12% vs. 2.5%) (25). This rate of contamination in cord blood
samples was not seen in another study involving 200 neonates,
where the contamination rate was 0.5% (26). This study
demonstrated similarity in hematocrit, platelet, and elevated
WBC and ANC between cord and peripheral blood (26). A
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Table 1. Markers of neonatal sepsis

Marker

Performance

Sensitivity

Specificity

Positive predictive value

Negative predictive
value

Comments

Blood counts

Total leukocyte counts

Absolute neutrophil count

Neutrophil ratio:
Immature-to-mature

neutrophil ratio (I:M ratio);

immature-to-total

neutrophil ratio (I:T ratio)

Platelet count

Acute-phase reactants

C-reactive protein

Procalcitonin

Serum amyloid A

Lipopolysaccharide-binding

protein

Cytokines and chemokines

IL-18

IL-6

IL-8

TNF-a

EOS: 0.3(62)-18%(62)
LOS: 0.1(63)-23%(63)

EOS: 0.8(62)-68%(67)
LOS: 2.4(63)-5%(63)

EOS: 22(62)-62%(67)
LOS: 33(17)-54%(63)

EOS: 0.8(62)-4%(62)
LOS: 8(63)-48%(17)

EOS: 9(76)-89%(77)
LOS: 29(78)-94%(79)

7(86)-100%(87)

23(90)-75%(91)

94(92)-100%(87)

EOS: 74(93)-83%(94)
LOS: 95%(82)

EOS: 54(81)-84%(93)
LOS: 44(80)-100%(82)

EOS: 44(98)-96%(99)

EOS: 75%(94)
LOS: 60(102)-100%(82)

EOS: 79(62)-99%(62,63)
LOS: 80(63)-99%(63)

EOS: 95(62)-99%(62)
LOS: 34(17)-98%(63)

EOS: 74(62)-96%(62)
LOS: 62(63)-100%(17)

EOS: 97(62)-99%(62)
LOS: 89(63)-98%(63)

EOS: 59(19)-87%(77)
LOS: 78(79)-100%(80)

35(87)-99%(86)

44(91)-93%(90)

70(88)-94%(87)

EOS: 70(93)-86%(94)
LOS: 59%(82)

EOS: 70(93)-100%(81)
LOS: 74(82)-93%(80)

EOS: 70(100)-94%(101)

EOS: 88%(94)
LOS: 79(82)-86%(83)

EOS: 36%(64)
LOS: 13(65)-100%(17)

LOS: 14(17)-21%(68)

EOS: 2.5(62)
LOS: 12(65)-100%(17)

EOS: 13(73)-14%(73)
LOS: 9%(65)

EOS: 33(76)-96%(81)
LOS: 66(82)-100%(80,83)

33(87,88)-90%(89)

37(88)-80%(87)

EOS: 71%(94)
LOS: 35%(82)

EOS: 38(95)-100%(81)
LOS: 40(82)-86%(96)

EOS: 43(84)-91%(94)

EOS: 67%(94)
LOS: 54(82)-82%(83)

EOS: 94(64)-
>99.8%(62)
LOS: 74(17)-96%(65)

LOS: 74(17)-96%(65)

EOS: 99%(62)
LOS: 66(17)-96%(65)

LOS: 94%(65)

EOS: 50(76)-94%(84)
LOS: 38(78)-90%(80)

91(88)-100%(87)

92(88)-100%(87)

EOS: 94%(94)
LOS: 97%(82)

EOS: 59(81)-97%(97)
LOS: 74(96)-100%
(82)

EOS: 83(98)-98%(99)

EOS: 51%(94)
LOS: 78(102)-100%
(82)

Need to correlate value with newborn age in hours. Unreliable indicator of
infection during first few hours of EOS as infants with proven bacteremia
can have normal levels at the time of initial evaluation(66).

Low neutrophil counts have been noted among ELBW neonates at a rate
five times that of a general NICU population, and have been associated
with neonates born SGA and those with maternal hypertension(69).

Low band counts caused by exhaustion of marrow
can produce misleadingly low ratios in the presence of
serious/overwhelming infection(70-72).

Thrombocytopenia may accompany viral infections, as well as
complications associated with umbilical catheter placement, birth
asphyxia, maternal hypertension, mechanical ventilation,
meconium aspiration, multiple exchange transfusions, and
necrotizing enterocolitis(66,74,75).

CRP on adjusted analysis was independently predictive of a
positive blood culture(8). Nonspecific physiological 3-day increase is
affected by non-infectious perinatal and maternal factors(85).

Increased serum levels can be seen in non-infectious episodes such as
respiratory distress syndrome, perinatal asphyxia, intracranial hemorrhage,
hemodynamic failure, pneumothorax, resuscitation, and fetal distress(19).

Acute-phase reactant synthesized in the liver, regulated by
proinflammatory cytokines (IL-6 and TNF-a), and involved
in chemotaxis, immunomodulation, and tissue regeneration.

Synthesized primarily by hepatocytes as well as epithelial
and muscular cells. Does not differentiate between infectious
and non-infectious systemic inflammatory response syndrome.

Elevated in cord plasma specimens from infants born after
induced vaginal or urgent cesarean delivery.

Elevated in the presence of chorioamnionitis and delivery room
intubation, but depressed in the presence of maternal hypertension.

A neutrophil-activating agent produced by activated phagocytes,
which result in development of systemic inflammation.

Involved in systemic inflammation and a member of a
group of cytokines that stimulate the acute-phase reaction.
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Table 1 Continued

Marker Performance Comments
Sensitivity Specificity Positive predictive value Negative predictive
value
Soluble CD14 67(87)-83%(87) 67(87)-88%(87) May be affected by duration of labor and chronological age.
CD64 70(17)-96%(103) 62(17)-98%(104) Neutrophil surface marker, extensively expressed on the surface of
neutrophil granulocytes during bacterial infection(105-107).
Mannose-binding lectin 62%(108) 66%(108) Genetic variations in the promoter region of MBL are posited
to correlate with infection risk in neonates(108,109).
Hepcidin 76%(110) 100%(110) 100%(110) 87%(110) Acute-phase reactant expressed on neutrophils and

Molecular diagnostics

Broad-range
conventional PCR

Real-time PCR
Multiplex PCR

Species- and genus-specific

PCR
PCR followed by
post-PCR processing

Hybridization

Mass spectrometry

63(111)-100%(47,112)

59(114)-96%(45)
61(116)-75%(116,117)
69(118)-100%(119)

41(50)-100%(120)

72%(122)

76(124)-80%(125)

87(111)-95%(47)

53(114)-97%(115)
87(117)-92%(116)

97(119)-100%(118)

94(121)-98%(50,120)

100%(122)

96-100%(123)

37(111)-77.2%(47)

100%(118)

50(121)-96.8%(121)

99.3%(122)

99.2%(124)

82.8(111)-100%(47)

98%(118)

80.4(121)-99.2%(50)

90.4%(122)

macrophages, synthesized by hepatocytes and stimulated by
lipopolysaccharides and IL-6 in response to microorganisms.

16S rRNA PCR increased the sensitivity in detecting bacterial DNA in
newborns with signs of sepsis, allowed a rapid detection of the
pathogens, and led to shorter antibiotic courses. However, uncertainty
about the bacterial cause of sepsis was not reduced by this
method(47,48). PCR has the potential to detect bacteria in culture-negative
samples even after the initiation of intravenous antibiotics(113).

PCR coupled with mass spectrometry technology
led to the additional identification of pathogens
that were not found by conventional methods(121).

Some bacteria may be identified only at the
genus level because no species-specific probes are available(123).

Species that do not differ sufficiently in their ribosomal protein
sequences, such as Shigella spp., Escherichia coli, S. pneumonia, and S.
oralis/mitis group cannot be distinguished by MALDI-TOF MS(52).

CBC, complete blood count; CRP, C-reactive protein; ELBW, extremely low birth weight; EOS, early-onset neonatal sepsis; IL, interleukin; LBP, lipopolysaccharide-binding protein; LOS, late-onset neonatal sepsis; MALDI-TOF MS, matrix-
assisted laser desorption ionization time-of-flight mass spectrometry; MBL, mannose-binding lectin; NEC, necrotizing enterocolitis; NICU, neonatal intensive care unit; PCR, polymerase chain reaction; PCT, procalcitonin; SAA, serum
amyloid A; SGA, small for gestational age; TNF, tumor necrosis factor.
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review of 15 studies evaluating over 2,000 episodes of suspected
neonatal infection identified interleukin-6 (IL-6) and PCT in
cord blood as having high positive (9.47 and 5.72, respectively)
and negative likelihood ratios (0.10 and 0.20, respectively) (22).
Another study evaluating 40 neonates with two or more risk
factors for EOS found that, compared with peripheral venous
samples, cord blood had 100% sensitivity and 95% specificity
(27). Cord blood CRP, however, was negative in all 11 neonates
who screened positive for sepsis (27).

Maternal serum. Maternal serum has been examined as
another potential noninvasive source for early identification of
neonatal sepsis. Modest systemic inflammation in maternal
serum is associated with histological chorioamnionitis,
considered a risk factor for EOS. However, these serum
inflammatory markers may also increase postnatally,
diminishing their utility in diagnosing EOS (28). A review
and meta-analysis of inflammatory markers in maternal serum
found that only IL-6 accurately compared with, and had a high
positive likelihood ratio (5.47) in, cases of EOS (22).

Novel Biomarkers

Biomarkers identified from proteomic and metabolomic
studies have been promising. Proteomics is the large-scale
study of proteins from organisms, tissues, and cells, and this
approach provides an opportunity for detecting fetuses at risk
of sepsis (29). Metabolomics is the study of the metabolic
profile of an individual, and increases in metabolites can be
seen in septic patients, thereby carrying with it a diagnostic
potential (30,31). On the basis of proteomic analyses, a mass-
restricted scoring strategy has been devised using relevant
proteomic biomarkers. These measurements of amniotic fluid
have provided information regarding the fetal response to
intra-amniotic inflammation, and have successfully predicted
EOS with >92% accuracy (32,33). Altered protein expression
patterns have been identified in proteomic analysis of cord
blood. A proteomics approach identified biomarkers that were
validated in a prospective cohort study and identified two
promising biomarkers in proapolipoprotein CII and a des-
arginine variant of serum amyloid A (34). When infants were
stratified by risk category based on a score computed using
these two concentrations, these markers were effective in
directing antimicrobial management decisions and excluded
sepsis with 100% negative predictive value (34).

Although not specifically studied in neonatal sepsis, the use
of metabolomics and nuclear magnetic resonance imaging or
mass spectrometry to measure concentrations of metabolites
has demonstrated significantly higher concentrations of
acylcarnitines and glycerophosphatidylcholines in adult sepsis
patients compared with those with systemic inflammatory
response syndrome. This approach may have value in
differentiating infectious from non-infectious systemic
inflammation (35). The ability to use nuclear magnetic
resonance imaging may be limited to the critically ill neonate
who is too unstable to leave the NICU. Furthermore,
the urinary metabolomics profile of adult pneumococcal

578 Pediatric RESEARCH Volume 82 | Number 4 | October 2017

pneumonia has been found to be distinctly different from the
profiles for viral and other bacterial forms of pneumonia, with
the concentrations of 27/61 metabolites significantly increased
and 6/61 significantly decreased in S. pneumoniae-infected
subjects (36). This indicates that evaluation of urinary
metabolite profiles may be useful for effective diagnosis of
community-acquired pneumonia, and that this can be
extrapolated to aid management decisions for other infectious
processes, including neonatal sepsis.

However, these techniques are limited by the inability to
definitively ~distinguish whether the proteins identified
correlate with sepsis, in addition to the difficulty of detecting
low levels in the blood (29). This limitation is reflected in one
study that explored the serum proteome and metabolome
longitudinally in 10 preterm infants with necrotizing
enterocolitis (NEC) or LOS that was matched to 9 controls.
Four hundred and forty-seven unique proteins and 24,153
metabolites were detected (37). The result of the proteomic
and metabolomics profiles of serum identified eight proteins
that were associated with NEC and four that were associated
with LOS. However, no single protein or metabolite was
detected in all cases, which was absent from controls (37). As
these approaches can rapidly screen and identify potential
markers to aid diagnosis, future research should be focused on
independently and prospectively validating markers in larger
sample cohorts (35).

Identification of Sepsis Through Gene Expression Profiling
Gene expression microarray-based testing has been evaluated
in two neonatal studies. The first had high sensitivity (95%)
and specificity (60%), which could be used to reduce
inappropriate antimicrobial usage (38). When compared with
the culture, RNA biosignatures among 279 febrile and 19
afebrile infants <60 days attending the Emergency Depart-
ment, 10 classifier genes distinguished bacteremic infants with
94% sensitivity and 95% specificity (39). Evaluation of gene
expression profiling has been shown in pediatric studies to
predict sepsis (40), and clinically relevant phenotypes have
been identified within subclasses of pediatric septic shock
(41). Repression of genes corresponding to zinc-related
biology has been linked to patients with septic shock (42).
A prospective observational double-cohort study comparing
genome-wide expression profiles of 17 very low birth
weight infants with bacterial sepsis with 19 matched
controls identified distinct clusters of gene expression patterns
among those with Gram-positive versus Gram-negative
sepsis, and controls (43). Although a gene-expression-based
classification method has been developed that could poten-
tially be used to make therapeutic decisions in the clinical
setting (44), this has yet to be utilized prospectively in the
neonatal setting.

Molecular Diagnostics

Molecular pathogen detection methods predominantly eval-
uated in neonatal studies have used amplification methods
such as PCR, rather than hybridization-based methods or

Copyright © 2017 International Pediatric Research Foundation, Inc.



mass spectrometry techniques. Molecular diagnostics carry
the promise of more rapid and sensitive results, particularly,
as molecular assays can be completed in under 12h, and
would be of utility in settings where there is pretreatment with
antimicrobials, where low-density bacteremia occurs and
culture-negative sepsis is common. Of the various amplifica-
tion methods studied, broad-range conventional and real-time
PCR have both been documented to provide a higher
diagnostic sensitivity and specificity compared with other
assays, although other methods have been insufficiently
studied (45). Universal PCR, identifying conserved regions
of the 16S ribosomal RNA gene common to all bacteria, has
been an area of interest for researchers. As bacterial viability
is not a necessary requirement, this approach has the
potential to detect pathogens in patients with previous
antimicrobial exposure; unfortunately, this has not been
consistently demonstrated (46). One study that prospectively
evaluated several hundred neonates before and after
starting antimicrobial therapy found that several neonates
were culture-negative but PCR-positive at the onset of
antimicrobial therapy, and remained PCR-positive 12 h into
therapy, although none remained PCR-positive after 24 h of
therapy (46).

As PCR has increased the sensitivity in detecting bacterial
DNA in cases of suspected neonatal sepsis, leading to rapid
detection of pathogens and subsequently short antimicrobial
courses, the discordance between conventional culture and
PCR results has led to continued uncertainty about the
bacterial etiology of sepsis using this methodology. In one
study, blood cultures in over 700 neonates were positive in
13.5%, whereas PCR in this group was positive in 17.4%,
leading to a sensitivity and negative predictive value both of
100% (47). However, another study evaluated 48 infants
and detected bacterial DNA by PCR in 10 of them, missed 2
of the 6 specimens positive on culture, with a resulting
sensitivity of 67% and negative predictive value of 75% (48).
Hence, although molecular diagnostics provided a more
sensitive method to identify a pathogen, the increased
detection was not significant, and it was not the basis for
the immediate clinical management, which was informed by
the neonate’s irritability, feeding difficulty and a marked rise
in CRP (48). False positives can be seen when a high cycle
threshold is used in a PCR reaction, thereby opening the
possibility for nonspecific amplification and low reproduci-
bility (49). In addition, presence of PCR inhibitors, DNA
degradation, or low DNA quality can also contribute to
erroneous results (49).

Furthermore, studies evaluating molecular diagnostics
varied in the extraction methodologies, the processing utilized
to break down cell wall structures and the type of PCR used.
Sensitivity of molecular assays is dependent on the yield of
DNA from the extraction process and the presence of
inhibitors, and low sensitivity has been noted in studies
where DNA was extracted from whole blood, whereas high
sensitivity was noted in studies where specimens were
preincubated before PCR processing (50). The quality
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of the molecular assay is also affected by contamination,
either through other organisms or within the laboratory
environment, and in situations of low-level bacteremia (51). A
systematic review and meta-analysis of molecular assays in
the diagnosis of neonatal sepsis concluded that molecular
diagnostics had value as adjunctive tests with an overall
sensitivity of 90% and specificity of 96% (45). However, these
estimates would mean that two cases of sepsis in a cohort of
1,000 neonates would be missed, and 39 patients without
sepsis would be unnecessarily treated (45). The overall
sensitivity and specificity would arguably not be regarded as
sufficient to replace the currently available diagnostics.

Conversely, concern has also been raised that molecular
diagnostics may be too sensitive. Prospective studies that
utilized PCR for the diagnosis of neonatal sepsis found
that despite the increased sensitivity and rapid detection of
the pathogens that this allowed, uncertainty about whether
the bacteria present was the cause for the sepsis symptoms in
a specific patient was not reduced (48). A study evaluating 48
infants with suspected and culture-proven sepsis revealed that
the combination of PCR with blood culture identified bacteria
in only 35% of patients diagnosed with sepsis (48). As
advances in molecular diagnostics clearly hold promise,
studies need to evaluate the impact of using this diagnostic
approach on clinical management and outcomes, before it can
be adopted widely.

Newer molecular platforms using mass spectrometry such
as matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) have identified pathogens. As this process
remains dependent on culture, and hence some delay is
unavoidable, these spectrometers can shorten the diagnostic
process to within 30 min of a positive identification of a blood
culture (52). An additional benefit of this technology is that it
can detect antimicrobial resistance. Newer developments have
included broad-range PCR amplification with electrospray
ionization mass spectrometry (PCR/ESI-MS) that enables
diagnosis directly from a specimen without need for
culture (53).

FUTURE DIRECTIONS

The goal for developing diagnostics for use by providers and
patients to improve clinical outcomes must align with broader
societal goals of enhancing data on the etiologies of neonatal
sepsis, particularly in low- and middle-income countries
where GBS diagnosis has been surprisingly absent (54), as well
as in preventing the emergence of antimicrobial resistance by
limiting excessive and unnecessary antimicrobial use.

The focus of future research should be on identifying,
developing and refining rapid, sensitive and specific diag-
nostic tools that reliably screen for and identify all pathogens
relevant in neonatal sepsis, regardless of prior antimicrobial
exposure and not limited by small blood volumes obtained.
Novel techniques such as analysis of volatile organic
compounds in the breath has been demonstrated to be
reasonably sensitive and specific (55) and capable of
distinguishing sepsis from inflammation in rat models (56),
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but they have yet to be validated in human studies. Expression
of damage-associated molecular pattern (DAMP) molecules
has been noted to be significantly increased at sites of tissue
damage in animal models, indicating that these molecules
may be important mediators of cellular injury (57). However,
many of the technological concepts and approaches to
diagnosis are still years away from deployment into bedside
practice. Additional steps are required to move to a point-of-
care testing in the clinical realm, including the standardiza-
tion of technologies and various platforms, the demonstration
of clinical benefit either in management process or on patient
outcome, the improvement of workflow and efficiency, and
demonstrated cost-effectiveness. New biomarkers will need to
be independently and prospectively validated, ideally enrol-
ling large cohorts in multicenter studies. Optimization of
molecular assays that do not require growth of the organism
on culture, as well as the development of assays that
additionally evaluate for pathogen virulence and antimicrobial
resistance will be a contribution.

There is also growing recognition that improvement of
diagnostics exists within a larger framework that is composed
of a number of stakeholders, from funding and regulatory
bodies, public health agencies, diagnostics industry, healthcare
systems, professional societies, and to individual clinicians
(58). These interested parties all need to work in a
coordinated fashion to facilitate innovative approaches to
the diagnosis of neonatal sepsis and implementation of
algorithms to manage neonates with suspected sepsis.

CONCLUSION

Overall approaches to neonatal sepsis management will
incorporate a combination of measures beyond technology,
including clinical suspicion, coordination between laboratory
staff and healthcare providers, robust infection control, and
strong antimicrobial stewardship (59,60). Microbiological
diagnosis for neonatal sepsis has historically relied on culture;
however, novel diagnostic tools—from biomarkers to mole-
cular diagnostics—offer promise for more rapid and sensitive
detection of disease. It may be that a combination of a host
response biomarker (such as that derived from gene
expression, proteome, and/or metabolome) plus an advanced
molecular tool could prove to be the ultimate diagnostic
combination (61), which could confirm that a detected
pathogen is truly eliciting a host response suggestive of sepsis.
Until such a combination has been made available, the
evaluation and workup of a neonate with suspected sepsis
should include consideration of the patient’s risk factors
combined with a comprehensive physical exam. Any workup
should include careful thought regarding the diagnostic
sensitivity and specificity, and positive and negative predictive
value of the test used. Better understanding of the predictive
value of the diagnostic tools will also aid providers in making
a more informed interpretation of the results to guide
management. The potential ability to incorporate antimicro-
bial resistance gene testing in addition to pathogen
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identification may provide a venue to fully transition to a
molecular platform, and form part of a larger program of
neonatal care.

Disclosure: The authors declare no conflict of interest.

REFERENCES

1. Connell TG, Rele M, Cowley D, Buttery JP, Curtis N. How reliable is a
negative blood culture result? Volume of blood submitted for culture in
routine practice in a children's hospital. Pediatrics 2007;119:891-6.

2. Schelonka RL, Chai MK, Yoder BA, Hensley D, Brockett RM,
Ascher DP. Volume of blood required to detect common neonatal
pathogens. ] Pediatr 1996;129:275-8.

3. Mukhopadhyay S, Puopolo KM. Risk assessment in neonatal early
onset sepsis. Semin Perinatol 2012;36:408-15.

4. Simonsen KA, Anderson-Berry AL, Delair SF, Davies HD. Early-onset
neonatal sepsis. Clin Microbiol Rev 2014;27:21-47.

5. Liu L, Johnson HL, Cousens S, et al. Global, regional, and national
causes of child mortality: an updated systematic analysis for 2010 with
time trends since 2000. Lancet 2012;379:2151-61.

6. Johnson CE, Whitwell JK, Pethe K, Saxena K, Super DM. Term
newborns who are at risk for sepsis: are lumbar punctures necessary?
Pediatrics 1997;99:E10.

7. Cabal LA, Siassi B, Zanini B, Hodgman JE, Hon EE. Factors affecting
heart rate variability in preterm infants. Pediatrics 1980;65:50-6.

8. Ohlin A, Bjorkqvist M, Montgomery SM, Schollin J. Clinical signs and
CRP values associated with blood culture results in neonates evaluated
for suspected sepsis. Acta Paediatr 2010;99:1635-40.

9. Rudolph AJ, Vallbona C, Desmond MM. Cardiodynamic studies in the
newborn. 3. Heart rate patterns in infants with idiopathic respiratory
distress syndrome. Pediatrics 1965;36:551-9.

10. Nelson JC, Rizwan U, Griffin MP, Moorman JR. Probing the order
within neonatal heart rate variability. Pediatr Res 1998;43:823-31.

11. Coggins SA, Weitkamp JH, Grunwald L, et al. Heart rate characteristic
index monitoring for bloodstream infection in an NICU: a 3-year
experience. Arch Dis Child Fetal Neonatal Ed 2016;101:F329-32.

12. Griffin MP, Moorman JR. Toward the early diagnosis of neonatal sepsis
and sepsis-like illness using novel heart rate analysis. Pediatrics
2001;107:97-104.

13. Griffin MP, O'Shea TM, Bissonette EA, Harrell FE Jr, Lake DE,
Moorman JR. Abnormal heart rate characteristics preceding neonatal
sepsis and sepsis-like illness. Pediatr Res 2003;53:920-6.

14. Christensen RD, Henry E, Jopling J, Wiedmeier SE. The CBC: reference
ranges for neonates. Semin Perinatol 2009;33:3-11.

15. Newman TB, Puopolo KM, Wi S, Draper D, Escobar GJ. Interpreting
complete blood counts soon after birth in newborns at risk for sepsis.
Pediatrics 2010;126:903-9.

16. Manroe BL, Weinberg AG, Rosenfeld CR, Browne R. The neonatal
blood count in health and disease. I. Reference values for
neutrophilic cells. J Pediatr 1979;95:89-98.

17. 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.

18. Saez-Llorens X, Vargas S, Guerra F, Coronado L. Application of new
sepsis definitions to evaluate outcome of pediatric patients with severe
systemic infections. Pediatr Infect Dis ] 1995;14:557-61.

19. Altunhan H, Annagur A, Ors 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.

20. Mussap M, Degrandi R, Cataldi L, Fanos V, Plebani M. Biochemical
markers for the early assessment of neonatal sepsis: the role of
procalcitonin. ] Chemother 2007;19(Suppl 2):35-8.

21. EhlS, Gering B, Bartmann P, Hogel J, Pohlandt F. C-reactive protein is a
useful marker for guiding duration of antibiotic therapy in suspected
neonatal bacterial infection. Pediatrics 1997;99:216-21.

Copyright © 2017 International Pediatric Research Foundation, Inc.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Su H, Chang SS, Han CM, et al. Inflammatory markers in cord blood or
maternal serum for early detection of neonatal sepsis-a systemic review
and meta-analysis. ] Perinatol 2014;34:268-74.

Chiesa C, Panero A, Rossi N, et al. Reliability of procalcitonin
concentrations for the diagnosis of sepsis in critically ill neonates. Clin
Infect Dis 1998;26:664-72.

Hofer N, Zacharias E, Muller 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.

Rotshenker-Olshinka K, Shinwell ES, Juster-Reicher A, Rosin I,
Flidel-Rimon O. Comparison of hematologic indices and markers of
infection in umbilical cord and neonatal blood. ] Matern Fetal Neonatal
Med 2014;27:625-8.

Beeram MR, Loughran C, Cipriani C, Govande V. Utilization of
umbilical cord blood for the evaluation of group B streptococcal sepsis
screening. Clin Pediatr 2012;51:447-53.

Meena ], Charles MV, Ali A, Ramakrishnan S, Gosh S, Seetha KS. Utility
of cord blood culture in early onset neonatal sepsis. Australas Med ]
2015;8:263-7.

Howman RA, Charles AK, Jacques A, et al. Inflammatory and
haematological markers in the maternal, umbilical cord and infant
circulation in histological chorioamnionitis. PLoS ONE 2012;7:
e51836.

Buhimschi IA, Buhimschi CS. The role of proteomics in the diagnosis of
chorioamnionitis and early-onset neonatal sepsis. Clin Perinatol
2010;37:355-74.

Dessi A, Corsello G, Stronati M, et al. New diagnostic possibilities in
systemic neonatal infections: metabolomics. Early Hum Dev 2014;90
(Suppl 1): S19-21.

Izquierdo-Garcia JL, Nin N, Ruiz-Cabello J, et al. A metabolomic
approach for diagnosis of experimental sepsis. Intensive Care Med
2011;37:2023-32.

Buhimschi CS, Bhandari V, Han YW, et al. Using proteomics in
perinatal and neonatal sepsis: hopes and challenges for the future. Curr
Opin Infect Dis 2009;22:235-43.

Buhimschi CS, Bhandari V, Hamar BD, et al. Proteomic profiling of the
amniotic fluid to detect inflammation, infection, and neonatal sepsis.
PLoS Med 2007;4:¢18.

Ng PC, Ang IL, Chiu RW, et al. Host-response biomarkers for diagnosis
of late-onset septicemia and necrotizing enterocolitis in preterm infants.
J Clin Invest 2010;120:2989-3000.

Schmerler D, Neugebauer S, Ludewig K, Bremer-Streck S,
Brunkhorst FM, Kiehntopf M. Targeted metabolomics for discrimina-
tion of systemic inflammatory disorders in critically ill patients. J Lipid
Res 2012;53:1369-75.

Slupsky CM, Rankin KN, Fu H, et al. Pneumococcal pneumonia:
potential for diagnosis through a urinary metabolic profile. ] Proteome
Res 2009;8:5550-8.

Stewart CJ, Nelson A, Treumann A, et al. Metabolomic and proteomic
analysis of serum from preterm infants with necrotising entercolitis and
late-onset sepsis. Pediatr Res 2016;79:425-31.

Sweeney TE, Wynn JL, Cernada M, et al. Validation of the sepsis
metascore for diagnosis of neonatal sepsis. ] Pediatric Infect Dis Soc
2017 (doi:10.1093/jpids/pix021; e-pub ahead of print 13 April 2017).
Mahajan P, Kuppermann N, Mejias A, et al. Association of RNA
biosignatures with bacterial infections in febrile infants aged 60 days or
younger. JAMA 2016;316:846-57.

Wong HR, Wheeler DS, Tegtmeyer K, et al. Toward a clinically feasible
gene expression-based subclassification strategy for septic shock: proof
of concept. Crit Care Med 2010;38:1955-61.

Wong HR, Cvijanovich N, Lin R, et al. Identification of pediatric septic
shock subclasses based on genome-wide expression profiling. BMC Med
2009;7:34.

Wong HR, Cvijanovich N, Allen GL, et al. Genomic expression profiling
across the pediatric systemic inflammatory response syndrome, sepsis,
and septic shock spectrum. Crit Care Med 2009;37:1558-66.

Copyright © 2017 International Pediatric Research Foundation, Inc.

L]
Diagnostics for neonatal sepsis | REVIew

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Cernada M, Serna E, Bauerl C, Collado MC, Perez-Martinez G,
Vento M. Genome-wide expression profiles in very low birth weight
infants with neonatal sepsis. Pediatrics 2014;133:e1203-11.

Wong HR, Cvijanovich NZ, Anas N, et al. Developing a clinically
feasible personalized medicine approach to pediatric septic shock. Am J
Respir Crit Care Med 2015;191:309-15.

Pammi M, Flores A, Leeflang M, Versalovic J. Molecular assays in the
diagnosis of neonatal sepsis: a systematic review and meta-analysis.
Pediatrics 2011;128:¢973-85.

Dutta S, Narang A, Chakraborty A, Ray P. Diagnosis of neonatal sepsis
using universal primer polymerase chain reaction before and after
starting antibiotic drug therapy. Arch Pediatr Adolesc Med 2009;163:
6-11.

Liu CL, Ai HW, Wang WP, et al. Comparison of 16S rRNA gene PCR
and blood culture for diagnosis of neonatal sepsis. Arch Pediatr 2014;21:
162-9.

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.

Iroh Tam PY, Hernandez-Alvarado N, Schleiss MR, et al. Molecular
detection of Streptococcus pneumoniae on dried blood spots from
febrile Nigerian children compared to culture. PLoS ONE 2016;11:
e0152253.

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. ] Mol Diagn
2006;8:357-63.

Mancini N, Carletti S, Ghidoli N, Cichero P, Burioni R, Clementi M. The
era of molecular and other non-culture-based methods in diagnosis
of sepsis. Clin Microbiol Rev 2010;23:235-51.

Wieser A, Schneider L, Jung J, Schubert S. MALDI-TOF
MS in microbiological diagnostics-identification of microorganisms
and beyond (mini review). Appl Microbiol Biotechnol 2012;93:
965-74.

Jordana-Lluch E, Gimenez M, Quesada MD, Ausina V, Martro E.
Improving the diagnosis of bloodstream infections: PCR coupled with
mass spectrometry. Biomed Res Int 2014;2014:501214.

Iroh Tam PY, Delair SF, Obaro SK. Neonatal group B streptococcus
disease in developing countries: are we ready to deploy a vaccine? Expert
Rev Vaccines 2015;14:1401-3.

Guaman AV, Carreras A, Calvo D, et al. Rapid detection of sepsis in rats
through volatile organic compounds in breath. ] Chromatogr B Analyt
Technol Biomed Life Sci 2012;881-882:76-82.

Fink T, Wolf A, Maurer F, et al. Volatile organic compounds during
inflammation and sepsis in rats: a potential breath test using
ion-mobility spectrometry. Anesthesiology 2015;122:117-26.
Buhimschi CS, Baumbusch MA, Dulay AT, et al. Characterization of
RAGE, HMGBI, and S100beta in inflammation-induced preterm birth
and fetal tissue injury. Am J Pathol 2009;175:958-75.

Caliendo AM, Gilbert DN, Ginocchio CC, et al. Better tests, better care:
improved diagnostics for infectious diseases. Clin Infect Dis 2013;57
(Suppl 3): S139-70.

Holtzman C, Whitney D, Barlam T, Miller NS. Assessment of impact of
peptide nucleic acid fluorescence in situ hybridization for rapid
identification of coagulase-negative staphylococci in the absence of
antimicrobial stewardship intervention. ] Clin Microbiol 2011;49:
1581-2.

Leuthner KD, Doern GV. Antimicrobial stewardship programs. J Clin
Microbiol 2013;51:3916-20.

Smith CL, Dickinson P, Forster T, et al. Identification of a human
neonatal immune-metabolic network associated with bacterial infection.
Nat Commun 2014;5:4649.

Hornik CP, Benjamin DK, Becker KC, et al. Use of the complete blood
cell count in early-onset neonatal sepsis. Pediatr Infect Dis J 2012;31:
799-802.

Volume 82 | Number 4 | October 2017 Pediatric RESEARCH 581



Review

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

582

Iroh Tam and Bendel

Hornik CP, Benjamin DK, Becker KC, et al. Use of the complete blood
cell count in late-onset neonatal sepsis. Pediatr Infect Dis ] 2012;31:
803-7.

Rodwell RL, Leslie AL, Tudehope DI. Early diagnosis of neonatal sepsis
using a hematologic scoring system. ] Pediatr 1988;112:761-7.
Gonzalez BE, Mercado CK, Johnson L, Brodsky NL, Bhandari V. Early
markers of late-onset sepsis in premature neonates: clinical, hematolo-
gical and cytokine profile. J Perinat Med 2003;31:60-8.

Weinberg GA, D'Angio CT. Laboratory aids for diagnosis of neonatal
sepsis. In: Wilson CB NV, Maldonado YA, Remington JS, Klein JO,
(eds) Remington and Klein's Infectious Diseases of the Fetus and
Newborn Infant. Philadelphia, PA: Elsevier Saunders, 2016.

Newman TB, Draper D, Puopolo KM, Wi S, Escobar GJ. Combining
immature and total neutrophil counts to predict early onset sepsis in
term and late preterm newborns: use of the I/T2. Pediatr Infect Dis J
2014;33:798-802.

Fanaroff AA, Korones SB, Wright LL, et al. Incidence, presenting
features, risk factors and significance of late onset septicemia in very low
birth weight infants. The National Institute of Child Health and Human
Development Neonatal Research Network. Pediatr Infect Dis ] 1998;17:
593-8.

Christensen RD, Henry E, Wiedmeier SE, Stoddard RA, Lambert DK.
Low blood neutrophil concentrations among extremely low birth weight
neonates: data from a multihospital health-care system. ] Perinatol
2006;26:682-7.

Da Silva O, Ohlsson A, Kenyon C. Accuracy of leukocyte indices and
C-reactive protein for diagnosis of neonatal sepsis: a critical review.
Pediatr Infect Dis ] 1995;14:362-6.

Philip AG, Hewitt JR. Early diagnosis of neonatal sepsis. Pediatrics
1980;65:1036-41.

Zipursky A, Palko J, Milner R, Akenzua GI. The hematology of bacterial
infections in premature infants. Pediatrics 1976;57:839-53.

Spector SA, Ticknor W, Grossman M. Study of the usefulness of clinical
and hematologic findings in the diagnosis of neonatal bacterial
infections. Clin Pediatr 1981;20:385-92.

Boutaybi N, Razenberg F, Smits-Wintjens VE, et al. Neonatal
thrombocytopenia after perinatal asphyxia treated with hypothermia: a
retrospective case control study. Int J Pediatr 2014;2014:760654.
Christensen RD, Henry E, Del Vecchio A. Thrombocytosis and
thrombocytopenia in the NICU: incidence, mechanisms and
treatments. ] Matern Fetal Neonatal Med 2012;25(Suppl 4):15-7.

Choo YK, Cho HS, Seo IB, Lee HS. Comparison of the accuracy of
neutrophil CD64 and C-reactive protein as a single test for the early
detection of neonatal sepsis. Korean ] Pediatr 2012;55:11-7.

Chiesa C, Pellegrini G, Panero A, 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.

Terrin G, Passariello A, Manguso F, et al. Serum calprotectin: an
antimicrobial peptide as a new marker for the diagnosis of sepsis in very
low birth weight newborns. Clin Dev Immunol 2011;2011:291085.
Leante-Castellanos JL, de Guadiana-Romualdo LG, Fuentes-Gutierrez C,
Hernando-Holgado A, Garcia-Gonzalez A, Jimenez-Santos E. The value of
lipopolysaccharide binding protein for diagnosis of late-onset neonatal
sepsis in very low birth weight infants. J Perinat Med 2015;43:253-7.

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.
Resch B, Gusenleitner W, Muller WD. Procalcitonin and interleukin-6
in the diagnosis of early-onset sepsis of the neonate. Acta Paediatr
2003;92:243-5.

Hotoura E, Giapros V, Kostoula A, Spyrou P, Andronikou S.
Pre-inflammatory mediators and lymphocyte subpopulations in preterm
neonates with sepsis. Inflammation 2012;35:1094-1101.

Ng PC, Cheng SH, Chui KM, et al. Diagnosis of late onset neonatal
sepsis with cytokines, adhesion molecule, and C-reactive protein in

Pediatric RESEARCH Volume 82 | Number 4 | October 2017

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

preterm very low birthweight infants. Arch Dis Child Fetal Neonatal Ed
1997;77:F221-7.

Franz AR, Steinbach G, Kron M, Pohlandt F. Interleukin-8: a valuable
tool to restrict antibiotic therapy in newborn infants. Acta Paediatr
2001;90:1025-32.

Delanghe JR, Speeckaert MM. Translational research and biomarkers in
neonatal sepsis. Clin Chim Acta. 2015;451(Pt A):46-64.

Sherwin C, Broadbent R, Young S, et al. Utility of interleukin-12 and
interleukin-10 in comparison with other cytokines and acute-phase
reactants in the diagnosis of neonatal sepsis. Am ] Perinatol 2008;25:
629-36.

Pavenik-Arnol M, Hojker S, Derganc M. Lipopolysaccharide-binding
protein, lipopolysaccharide, and soluble CD14 in sepsis of critically ill
neonates and children. Intensive Care Med 2007;33:1025-32.
Pavcnik-Arnol M, Hojker S, Derganc M. Lipopolysaccharide-binding
protein in critically ill neonates and children with suspected infection:
comparison with procalcitonin, interleukin-6, and C-reactive protein.
Intensive Care Med 2004;30:1454-60.

Enguix A, Rey C, Concha A, Medina A, Coto D, Dieguez MA.
Comparison of procalcitonin with C-reactive protein and serum
amyloid for the early diagnosis of bacterial sepsis in critically ill
neonates and children. Intensive Care Med 2001;27:211-5.

Edgar JD, Gabriel V, Gallimore JR, McMillan SA, Grant J. A prospective
study of the sensitivity, specificity and diagnostic performance of soluble
intercellular adhesion molecule 1, highly sensitive C-reactive protein,
soluble E-selectin and serum amyloid A in the diagnosis of neonatal
infection. BMC Pediatr 2010;10:22.

Ucar B, Yildiz B, Aksit MA, et al. Serum amyloid A, procalcitonin,
tumor necrosis factor-alpha, and interleukin-1beta levels in neonatal
late-onset sepsis. Mediators Inflamm 2008;2008:737141.

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 Child Fetal
Neonatal Ed 2006;91:F283-6.

Dollner 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.

Berner R, Niemeyer CM, Leititis JU, 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.

Doellner H, Arntzen KJ, Haereid PE, Aag S, Austgulen R. Interleukin-6
concentrations in neonates evaluated for sepsis. ] Pediatr 1998;132:
295-9.

Sarafidis K, Soubasi-Griva V, Piretzi K, et al. Diagnostic utility
of elevated serum soluble triggering receptor expressed on myeloid
cells (STREM)-1 in infected neonates. Intensive Care Med 2010;36:
864-8.

Messer ], 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. ] Pediatr 1996;129:574-80.

Franz AR, Bauer K, Schalk A, et al. Measurement of interleukin 8 in
combination with C-reactive protein reduced unnecessary antibiotic
therapy in newborn infants: a multicenter, randomized, controlled trial.
Pediatrics 2004;114:1-8.

Procianoy RS, Silveira RC. Association between high cytokine levels with
white matter injury in preterm infants with sepsis. Pediatr Crit Care
Med 2012;13:183-7.

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.

Krueger M, Nauck MS, Sang S, Hentschel R, Wieland H, Berner R. Cord
blood levels of interleukin-6 and interleukin-8 for the immediate
diagnosis of early-onset infection in premature infants. Biol Neonate
2001;80:118-23.

Copyright © 2017 International Pediatric Research Foundation, Inc.



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Layseca-Espinosa E, Perez-Gonzalez LF, Torres-Montes A, et al.
Expression of CD64 as a potential marker of neonatal sepsis. Pediatr
Allergy Immunol 2002;13:319-27.

Ng PC, Li G, Chui KM, et al. Neutrophil CD64 is a sensitive diagnostic
marker for early-onset neonatal infection. Pediatr Res 2004;56:796-803.
Lam HS, Cheung HM, Poon TC, et al. Neutrophil CD64 for daily
surveillance of systemic infection and necrotizing enterocolitis in
preterm infants. Clin Chem 2013;59:1753-60.

Erbe DV, Collins JE, Shen L, Graziano RF, Fanger MW. The effect of
cytokines on the expression and function of Fc receptors for IgG on
human myeloid cells. Mol Immunol 1990;27:57-67.

Huizinga TW, Van der Schoot CE, Roos D, Weening RS. Induction of
neutrophil FC-gamma receptor I expression can be used as a marker for
biologic activity of recombinant interferon-gamma in vivo. Blood
1991;77:2088-90.

Kerst JM, van de Winkel JG, Evans AH, et al. Granulocyte colony-stimulating
factor induces hFc gamma RI (CD64 antigen)-positive neutrophils via an
effect on myeloid precursor cells. Blood 1993;81:1457-64.

Luo J, Xu F, Lu GJ, Lin HC, Feng ZC. Low mannose-binding lectin (MBL)
levels and MBL genetic polymorphisms associated with the risk of neonatal
sepsis: An updated meta-analysis. Early Hum Dev 2014;90:557-64.

Israels J, Frakking FN, Kremer LC, Offringa M, Kuijpers TW,
van de Wetering MD. Mannose-binding lectin and infection risk in
newborns: a systematic review. Arch Dis Child Fetal Neonatal Ed
2010;95:F452-61.

Wu TW, Tabangin M, Kusano R, Ma Y, Ridsdale R, Akinbi H. The
utility of serum hepcidin as a biomarker for late-onset neonatal sepsis. ]
Pediatr 2013;162:67-71.

El Gawhary S, El-Anany M, Hassan R, Ali D, El Gameel el Q. The Role
of 16S rRNA Gene Sequencing in Confirmation of Suspected
Neonatal Sepsis. ] Trop Pediatr 2016;62:75-80.

Chen LH, Duan QJ, Cai MT, Wu YD, Shang SQ. Rapid diagnosis of
sepsis and bacterial meningitis in children with real-time fluorescent
quantitative polymerase chain reaction amplification in the bacterial 16S
rRNA gene. Clin Pediatr (Phila) 2009;48:641-7.

Ohlin A, Backman A, Ewald U, Schollin J, Bjorkqvist M. Diagnosis of
neonatal sepsis by broad-range 168 real-time polymerase chain reaction.
Neonatology 2012;101:241-6.

Copyright © 2017 International Pediatric Research Foundation, Inc.

L]
Diagnostics for neonatal sepsis | REVIew

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Nguyen MH, Wissel MC, Shields RK, et al. Performance of Candida
real-time polymerase chain reaction, beta-D-glucan assay, and blood
cultures in the diagnosis of invasive candidiasis. Clin Infect Dis 2012;54:
1240-8.

Chan KY, Lam HS, Cheung HM, et al. Rapid identification and
differentiation of Gram-negative and Gram-positive bacterial blood-
stream infections by quantitative polymerase chain reaction in preterm
infants. Crit Care Med 2009;37:2441-7.

Chang SS, Hsieh WH, Liu TS, et al. Multiplex PCR system for rapid
detection of pathogens in patients with presumed sepsis - a systemic
review and meta-analysis. PLoS ONE 2013;8:€62323.

Paolucci M, Capretti MG, Dal Monte P, et al. Laboratory diagnosis of
late-onset sepsis in newborns by multiplex real-time PCR. ] Med
Microbiol 2009;58:533-4.

Makhoul IR, Smolkin T, Sujov P, et al. PCR-based diagnosis of neonatal
staphylococcal bacteremias. J Clin Microbiol 2005;43:4823-5.

Wu YD, Chen LH, Wu X], et al. Gram stain-specific-probe-based
real-time PCR for diagnosis and discrimination of bacterial
neonatal sepsis. ] Clin Microbiol 2008;46:2613-9.

Shang S, Chen G, Wu Y, Du L, Zhao Z. Rapid diagnosis of bacterial
sepsis with PCR amplification and microarray hybridization in 16S
rRNA gene. Pediatr Res 2005;58:143-8.

Jordana-Lluch E, Carolan HE, Gimenez M, et al. Rapid diagnosis of
bloodstream infections with PCR followed by mass spectrometry. PLoS
ONE 2013;8:62108.

Lindholm L, Sarkkinen H. Direct identification of Gram-positive cocci
from routine blood cultures by using AccuProbe tests. ] Clin Microbiol
2004;42:5609-13.

Liesenfeld O, Lehman L, Hunfeld KP, Kost G. Molecular diagnosis of
sepsis: new aspects and recent developments. Eur ] Microbiol Immunol
2014;4:1-25.

La Scola B, Raoult D. Direct identification of bacteria in positive blood
culture bottles by matrix-assisted laser desorption ionisation time-of-
flight mass spectrometry. PLoS ONE 2009;4:e8041.

Stevenson LG, Drake SK, Murray PR. Rapid identification of bacteria in
positive blood culture broths by matrix-assisted laser desorption
ionization-time of flight mass spectrometry. J Clin Microbiol 2010;48:
444-7.

Volume 82 | Number 4 | October 2017 Pediatric RESEARCH 583



	Diagnostics for neonatal sepsis: current approaches and future directions
	Main
	Challenges in the diagnosis of neonatal sepsis
	History and Physical Examination
	Natural History of Changes in Neonatal Blood Counts
	Currently Available Laboratory Diagnostics
	Conventional microbiological methods
	Biomarkers


	Novel diagnostic approaches to neonatal sepsis
	Testing on Non-Neonatal Specimens
	Cord blood
	Maternal serum

	Novel Biomarkers
	Identification of Sepsis Through Gene Expression Profiling
	Molecular Diagnostics

	Future directions
	Conclusion
	References




