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Abstract

Background: The clinical signs of neonatal sepsis are nonspecific and therefore antibiotic
treatment is often initiated in clinically suspected cases. This approach causes concern in
regard to possible overuse of antibiotics in newborns.

Metabolomics is an emerging field of focus for neonatologists due to its potential
phenotypical insight into cellular and metabolic processes, contributing to or resulting in

disease in addition to having the potential to improve diagnosis.

Objectives: The purpose of this systematic review is to summarize current knowledge on
metabolomics in neonatal infections, with a particular focus on how this method can
contribute to identify sepsis in preterm and term infants. The main objective of the review
will be on urine and blood metabolomics and the use or possible use of urine/blood

metabolomics in clinical practice.

Methods: A systematic literature search was performed in the databases MEDLINE and
EMBASE up to the 1% of August 2020. We included studies that assessed neonatal sepsis on
the following outcomes; (1) change in the metabolism compered to healthy neonates and/or
(2) metabolomics compared to traditional diagnostic tools of neonatal sepsis. The screened
abstracts were independently considered for eligibility by two researchers. The study is
registered in an international prospective register of systematic reviews; PROSPERO ID:

CRDA42020164454.

Results: The search identified in total 703 articles. 524 articles were screened after duplicates
and triplicates were removed. 15 articles were assessed for eligibility. We included 3 studies,
including a total of 71 newborns, that met the inclusion criteria. One study was included from
the reference list of a literature review. The study did not conduct statistical analysis on the
small neonatal group (n = 7), but had a large group of infants from 1 month up to one year (n
= 46). This group of infants was considered to have a metabolomic profile likely to be
comparable to the neonates, so it was included in the qualitative analysis of the systematic
review. The studies used different diagnostic criteria and had small study samples. Three
studies conducted untargeted metabolomics, while one study conducted both untargeted and

targeted metabolomics. There was a significant difference in the metabolomic profile in septic



neonates and infants compared to controls. All included studies found alteration in the

glucose and lactate metabolism.

Conclusion: The identified biomarkers in the included studies have yet to be validated in
large-scale multicentre studies. In regard to neonatal sepsis, more large-scale standardised
studies are needed in both untargeted and targeted metabolomics. In addition, future studies

should consider alternative methods like the hybrid approaches of NMR/MS.
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1 Introduction

Neonatal sepsis is most commonly viewed as a clinical syndrome in infants up to 28 days of
life. The syndrome can manifest as systemic signs of infection. Often also isolation of a
pathogen from the bloodstream can be obtained, but an undisputable uniform definition for

neonatal sepsis is still lacking (1).

Neonatal sepsis and other severe infections (e.g. meningitis) accounted for an estimated

430 000 of the 2.8 million global neonatal deaths in 2013 (2).

Neonates are born with an immature immune system. The maturation of the immune system
commences in the early embryonic stages, but bares signs of the semi-allogenic sterile
environment in which the immune system develops (3, 4). The intrauterine environment is a
contrast to the rich microbial environment the neonate is exposed to from the time of delivery
(4). Neonates are equipped with passive protection through the transferred maternal
antibodies, but this protection has a an estimated duration of 3 - 4 months for common
infectious agents that can infect newborns (5). In addition to the passive protection, the
neonates’ immune system undergoes an accelerated maturation in the first 3 months of life.
This protects most newborns from infections, but infection susceptibility is highly influenced

by different genetic and environmental factors (3-5).

Neonatal sepsis is often dived in two sub-groups based on the onset of the clinical symptoms;
Early-Onset Neonatal Sepsis (EOS) and Late-Onset Neonatal Sepsis (LOS). The two
conditions are separated by the different modes of transmission, causative pathogens and

guidelines and recommendations for treatment (6, 7).

1.1 Early-onset neonatal sepsis

One common definition of EOS is bloodstream infections occurring within the first 72 hours
of life (8-10). The American Academy of Pediatrics (AAP) reports that there are also some
experts that define EOS as the onset of symptoms occurring in the first 7 days of life (11). In
the western world the incidence of EOS lies between 0.5 — 1.2 per 1000 live born (LB) infants
(8, 12), and the majority of these paediatric patients have a gestational age (GA) > 30 weeks
and a birth-weight (BW) > 1500 g (9, 13, 14).

Page 1 of 54



The main cause of EOS is vertically transmission of pathogens from the mother to the neonate
during delivery. Neonates can be colonised by maternal bacteria, most commonly Group B
Streptococcus (GBS) or Escherichia coli (E. coli), in the birth canal or through aspiration of

infected amniotic fluid (15).

An American multicentre surveillance during 1995 to 1996 reported an incidence of 3.5 EOS
cases per 1000 LB infants, and the most frequent causative bacteria were GBS (40 %) and E.
coli (approx. 18 %) (16). Stoll et al. 2011 published a prospective surveillance study from the
period 2006-2009 and found a decreased incidence of 0.98 EOS cases per 1000 LB infants.
The most frequently isolated bacteria were GBS (43 %) and E.coli (29 %) (9). Recently a new
prospective surveillance study, that included a cohort of infants from the period 1% of April
2015 to 31% of March 2017, was published by Stoll et al. 2020. The incidence of EOS was
1.08 cases per 1000 LB infants, and the most frequent pathogens were E. coli (36.6 %) and
GBS (30.2 %)(17). The incidence of EOS increases with the decrease of GA(12, 13, 17), with
the highest incidence among infants with a GA of 22 to 28 weeks (18.47 EOS cases per 1000
LB infants) (17).

The introduction of intrapartum antibiotic prophylaxis (IAP) and maternal screening for
vaginal carriage of GBS has reduced the GBS EOS in the USA (17, 18). The American
Centers for Disease Control and Prevention (CDC) has been responsible for the American
guidelines for prevention of neonatal GBS disease up to 2019 (19, 20). In 2019 the American
College of Obstetricians and Gynecologists (ACOGQG) took over the role of updating the
guidelines. The guidelines from ACOG continued the focus on IAP administration in women
with a positive rectal-vaginal GBS culture (culture-based approach) rather than solely on
predefined maternal characteristics associated with EOS (risk factor-based approach). They
implemented in the guidelines that all pregnant women at 36+0 to 37+6 weeks of GA should
be offered a GBS rectovaginal screening culture, with the exception of pregnant women with
GBS bacteriuria during the current pregnancy and women who previously gave birth to an
infant with invasive GBS disease (21). The traditional risk factor-based approach includes
evaluating risk factors such as intrapartum fever > 38°C, delivery before 37+0 weeks of GA,
rupture of membranes >18 hours, previous delivery of an infant affected by GBS disease and

GBS bacteriuria in the current pregnancy (21, 22).
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Though GBS and E. coli are the two most frequent bacteria causing EOS, there are other less
common bacterial and non-bacterial agents associated with EOS and LOS. The less common
bacterial agents associated with EOS are Klebsiella spp., Enterobacter spp., Listeria
monocytogenes, enteric Gram-negatives, non-enteric Gram-negatives (e.g. Hemophilus
influenzae and Neisseria meningitidis), Viridans group streptococci (VGS), Staphylococcus
aureus and coagulase-negative staphylococci (CoNS) (23). Non-bacterial agents that can be
associated with EOS are Herpes simplex virus (24), enterovirus and parechovirus (25) and

Candida (26).

EOS is associated with complications such as retinopathy of prematurity, intraventricular
haemorrhage, bronchopulmonary dysplasia and periventricular leukomalacia in VLBW
infants. The morbidity and mortality associated with EOS is therefore considerably high (27).
Studies indicate that there might be a higher mortality rate associated with Gram-negative
EOS, though GA seems to be a confounding factor (9, 17). Stoll et al. 2020 reported a total
case fatality rate of 29 % for preterm infants born at 22 to 36 weeks of GA. Further the study
reported that preterm infants infected with GBS had a case fatality rate of 24 %, but for those
infected with E. coli the case fatality rate was 40 %. The study has its limitations because of

the small numbers, so there could be confounding factors effecting the results (9, 17).

1.2 Late-onset neonatal sepsis

AAP reports that similar to EOS there are some experts that define LOS as the onset of
symptoms occurring > 7 days of life (11). Another common definition is bloodstream

infections occurring after the first 72 hours of life (2, 28).

LOS is associated with horizontal transmission through the postnatal nosocomial or
community environment (29). Advances in neonatology have increased survival of premature
VLBW infants, but the increased survival rate causes challenges seen as an increased
incidence of LOS (12, 29). The incidence rate of LOS in England is reported to be 3 per 1000
LB infants, but is significantly influenced by the BW. LOS effects between 10 to 30 % of
VLBW infants, with a peak of onset reported to be between 11 - 22 days (8, 29-32).

The majority of LOS cases are caused by Gram-positive bacteria (57.9%) compared to the
Gram-negative bacteria (32.6 %) (31). Coagulase-negative staphylococci (CoNS),

predominantly Staphylococcus epidermidis, are the predominant pathogens associated with
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LOS. They are the causative pathogens in 35.5 — 47.4% of LOS cases in some developing
regions, while they account for 53.2 — 77.9% of LOS cases in industrialised countries (30-32).

Other pathogens associated with LOS are E. coli, Klebsiella spp., Enterobacter spp.,
Pseudomonas spp., Acinetobacter spp. and Candida spp. The distribution of these infectious
agents varies depending on demographic characteristics of the patients, colonisation of the

nosocomial environment and the policy regarding antibiotic usage at the hospital (31).

Though decreased GA and VLBW are strongly associated with LOS, another important risk
factor is the use of percutaneous catheters, central venous catheters (CVC) and umbilical
catheters. These indwelling catheters provide a passageway for nosocomial bacteria, such as
CoNS, and provide a surface for the development of biofilms. The longer the duration of the
catheter use, the higher is the risk of infection (33, 34). Other risk factors are long-term use of
mechanical ventilation and parenteral nutrition, hospitalisation, surgery, underlying
respiratory and cardiovascular diseases and late introduction of enteral feeding with breast

milk (29, 31).

LOS is a significant cause of mortality in preterm neonates, and treatment of sepsis is not
always successful in protecting the infants from the long-term neurodevelopmental
impairments (30, 35). It is strongly argued that preventing LOS is the preferable strategy
rather than solely focusing on novel treatment options (35). Bion et al. 2013 reported a 47.3 %
decrease in bloodstream infections from venous catheters in 19 paediatric ICUs by
implementing proper hand hygiene, full-barrier precautions, 2% chlorhexidine skin
antiseptics, avoiding the femoral route and promptly removing unnecessary catheters (36). In
the recent years there have been studies on the potential benefits of prophylactic probiotics,
but the results have been inconsistent in regard to nosocomial sepsis. Metanalyses have
shown no significant reduction of the incidence of sepsis with the use of probiotics, though
heterogeneity among trials might significantly influence the results (37, 38). Early initiation
of enteral feeding in VLBW infants causes concerns because of the possible implication in the
pathogenesis of necrotising enterocolitis (NEC) (39, 40), but human milk feeding within the
first 72 h after birth is associated with a significant (approx. threefold) reduction in the risk of
LOS (41). Lactoferrin is an important glycoprotein in human milk, that plays an important

component in the innate immune defence against infections. The trials involving the protein
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and preterm infants had been promising (35, 42), but a recent Cochrane systematic review
including 12 randomized controlled studies found low evidence that lactoferrin

supplementation decreases the incidence of LOS (43).

1.3 Immunopathology of neonatal sepsis

Contrary to the traditional understanding of sepsis as an in initial hyper-inflammatory phase
followed by hypo-inflammatory responses, recent adult studies suggest that sepsis
simultaneously induces both hyper- and hypo-inflammatory responses. Furthermore the
studies find a correlation between early deaths and an acute hyper-inflammatory phase,
whereas late deaths are associated with a prolonged immunosuppression and recurrent
infection (44, 45). However, when it comes to neonatal sepsis it still remains unknown
whether the associated morbidity and mortality is due to hyper-inflammation and/or

immunosuppression (46).

“Immunometabolism” is an emerging field, that recognizes the complex interactions between
the metabolism and the immune system. The amino acid pathway, fatty acid synthesis, fatty
acid oxidation, glycolysis and the tricarboxylic acid cycle (TCA, also known as the Krebs
Cycle) are all metabolomic pathways that promote innate immune cell survival or growth,
function, and activation (47, 48). During inflammation, glycolysis is an ineffective, but rapid
pathway of generating the essential chemical energy substrate adenosine triphosphate (ATP).
ATP drives many processes in living cells from muscle contraction to chemical synthesis.
However, oxidative phosphorylation in the mitochondria (in the Krebs Cycle) is more
effective than glycolysis in generating ATP (49, 50). High levels of ATP can dangerously
prolong the immune response during sepsis (51), but through the hydrolyzation of ATP to
adenosine diphosphate (ADP) and adenosine monophosphate (AMP), adenosine levels rise.
Unlike ATP, adenosine reduces pro-inflammatory/Th1-polarizing immune responses (47, 52).
Compared to adults, neonatal blood contains higher levels of adenosine, that may promote an

anti-inflammatory immunological status (53, 54).

1.4 Traditional diagnostic tools

Neonatal sepsis often presents with subtle and non-specific clinical manifestations, but there
are some symptoms that seem to have a significant association with LOS. These are

symptoms like respiratory distress, prolonged capillary refill time (> 2 seconds), pallor and
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lethargy (55, 56). However, isolation of a pathogen in a microbiological culture of blood or
cerebrospinal fluid (CSF) is the “gold standard” of diagnosing neonatal sepsis, while
adjunctive tests include C-reactive protein (CRP) and procalcitonin (PCT) and a
haematological panel. Mortality increases with delayed treatment of sepsis, and as a result a
more conservative clinical approach is used in diagnosing neonatal sepsis. Empirical
treatment with antibiotics usually commences without confirmed clinical and microbiological

finding of sepsis (57-60).

1.4.1 Microbiological cultures

Microbiological blood cultures have some limitations, like contaminations by skin
microbiota. In preterm infant there are challenges with small blood volumes, low colony
count and exposure to empiric antibiotic therapy. In turn this may lead to uninfected neonates
receiving unnecessary prolonged antibiotic therapy, which is associated with an adverse effect
on the gut microbiota and provides pressure on antimicrobial resistance (AMR) (29, 60). The
previous reported average amount of blood collected in neonates was 0.5 mL (61). This
amount has been demonstrated to be insufficient in detecting bacteria in low count colony
sepsis with a 60 % risk of false negative result. During a moderate to high grade of
bacteraemia 0.5 mL can be adequate to detect bacteria, but one should try to obtain a
minimum of 1 mL blood (57, 62, 63). A positive blood culture requires 12 - 48 hours in order
to expand microbial numbers, this leads to empirical antibiotic treatment of neonates. Initiated
antibiotic treatment before blood draw is a significant challenge as it reduces bacterial
density, and hinders sensitivity (64, 65). Though blood cultures have significant shortcomings
in diagnosing neonatal sepsis, the method is crucial for isolating bacteria for antibiotic
susceptibility testing as microbiological independent techniques like PCR, cannot distinguish

between live or dead bacteria (66).

The initial clinical signs of meningitis are subtle and might overlap with sepsis, and lumbar
puncture remains the most important tool for diagnosing meningitis. The incidence of
neonatal meningitis varies from 0.8 - 6.1 per 1000 LB infants in low income countries, while
in high income countries the incidence is reported to be 0.3 per 1000 LB infants (67, 68).
Though difficult to diagnose solely based on a lumbar puncture, it is an important differential
diagnosis in regard to neonatal sepsis as meningitis affects the antibiotic treatment type,

dosage and duration of treatment. It is reported that at least 15 % of neonates with meningitis
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may present with a negative blood culture, and the question has been raised whether lumbar

puncture should be considered a part of the routine investigation of LOS (69).

1.4.2 The use of biomarkers

The liver produces acute phase reactants that can activate the complement system, enhance
phagocytosis modulate pro-inflammatory cytokines and reduce tissue damage. The majority
of studies on sepsis biomarkers have focused on the acute phase proteins CRP and PCT,
mostly due to their inexpensive assays and ease in which these analyses can be performed.
CRP and PCT are non-specific acute phase proteins that are influenced by the maturity of the
liver and the progression of organ dysfunction associated with sepsis (70, 71). CRP is the
most commonly used adjunctive indicator for sepsis, as it elevates in response to IL-6 and
other pro-inflammatory cytokines approximately 4 - 6 hours after onset of infection and/or
inflammation. The protein has been extensively studied in regard to neonatal sepsis, but
results vary depending on the definition of sepsis, EOS or LOS, sampling time, study
population, sample size and cut-off values (71-73). CRP sensitivity of neonatal sepsis is
reported for most studies to be between 50 - 77%, while the specificity is between 78 - 100 %.
There is an increased sensitivity associated with CRP measurements during the first 24 - 72
hours of suspected neonatal sepsis cases, but non-infectious causes like foetal distress and

maternal fever can also increase CRP and thereby decrease sensitivity (73, 74).

Another widely used indicator of neonatal sepsis is PCT, the prohormone of calcitonin. The
protein is mainly produced by peripheral mononuclear cells and increases approximately 2 - 6
hours after infection and/or inflammation. The more rapid increase of PCT compared to CRP
makes it a more practical biomarker for early detection of neonatal sepsis (72, 75). The PCT
sensitivity and specificity is reported to be comparable to CRP, with sensitivity ranging from
67 - 98 % and specificity from 67 - 100 % (76, 77). There seem to be an increase of
sensitivity when CRP and PCT are both included as adjuvant tests. However, the metanalysis
conducted by Ruan et al. 2018 had limitations due to the heterogenous definitions of sepsis,
and the included studies in the metanalysis used different techniques for detection of septic

infants (77).

There has also been extensive research in other biomarkers (e.g. acute phase proteins and

cytokines) besides CRP and PCT. The metanalysis of the cytokines TNF, IL-8 and IL-6 have
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limitations mostly due to the heterogenicity of the included studies (78-80). Despite extensive
research, there is still no single test, biological marker or panel of markers reported to more

superior for the diagnosis of neonatal sepsis (29, 81, 82).

1.4.3 Haematological profiling

Other adjuvant tests routinely taken in the diagnosis of neonatal sepsis are complete blood
count (CBC), which includes tests like white blood count (WBC), absolute neutrophil count
(ANC) and immature-to-total neutrophil ratio (83, 84). The haematological profile showing
an increase of immature compared to mature neutrophils (IT-ratio), abnormal WBC and/or a
left shift in ANC (57, 81, 85). The CBC tests have wide ranges of sensitivity from 17 - 90%
and specificity from 31 - 100 %. This is mainly due the broad abnormal ranges, slow time for
positive result, restrictive sampling times and the influence of non-specific factors (57, 64, 83,

86, 87).

1.5 Metabolomics

The word metabolite has its origin from the ancient Greek word metaboli, meaning change.
Metabolomics or metabonomics is derived from the same word and describes a modern
profiling technique in medicine. The method can be used to investigate and detect a
comprehensive set of molecules, like carbohydrates, lipids, vitamins and amino acids. These
molecules can be located intracellular and/or in the extracellular matrix (88). In the recent
years there has been extensive research in genomics, transcriptomics, proteomics and
metabolomics. One way to differentiate the different methods in the field of medicine is to
focus on what information they give us. Genomics informs us about the neonates’
predispositions to sepsis, while transcriptomics relay information about transcriptional
changes that occur during sepsis. Proteomics illustrates how protein expression is altered by
sepsis, and finally metabolomics give us information about the metabolites produced as a

result of sepsis (89, 90).

Sepsis causes a dysregulation of the metabolome by inducing hypoxia, oxidative stress and
high energy demand. The novel field of research, metabolomics, can profile/characterise the
products of the intricated interaction between the gut microbiome, host genome and

environment. The method is important in order to characterise the normal state of neonates as
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well as the metabolic state during sepsis, in the hopes of identifying novel biomarkers (89,

90).

The main techniques for analysing the metabolic state of an organism (Table 1) is through
proton nuclear magnetic resonance spectrometry (H-NMR), gas chromatography mass
spectrometry (GC-MS) and liquid chromatography mass spectrometry (LC-MS) (91, 92).
Methods based on MS are reported to be time-consuming and expensive. MS-based methods
involve an extensive sampling process and the data has to be pre-processed before analysing
the data, which requires specialized hardware and software. NMR is reported to be less time-
consuming compered to MS, and without the need of pre-processing the data before

analysing. MS on the other hand is more sensitive and can detect low-abundance metabolites

(Table 1) (93, 94).

1.5.1 Targeted metabolomics

In some studies, it is important to predetermine metabolites of interest and quantify the
metabolites in biological samples. Other times there might be a library of metabolites
available and researchers can use the library to predetermine metabolites of interest. These are
examples of targeted or semi-targeted metabolomics. Statistical tools can then assess how
successful the targeted metabolites contributed to the group differences observed between
cases and controls (95). Correlations can then be evaluated further by studying the different

variables in order to understand the underlying metabolomic differences between the groups

(96).

There is extensive research in improving the methods of targeted metabolomics. 1D 'H NMR
is the most used method, but some studies have started using 2D NMR and others are looking

into combining NMR and MS (97-101).
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Figure 1 An example of targeted metabolomics with NUR.

This figure shows an illustration of targeted metabolomics. The process is hypothesis-driven, and identification of
metabolites is already conducted. The method results in an absolute quantification of metabolites. Figure is
created at BioRender.com.

1.5.2 Untargeted metabolomics
Untargeted metabolomics relies on metabolomics databases for identification of the

metabolites. These studies focus on the qualitative identification and relative quantification of

metabolites in samples (100, 102, 103).

Untargeted metabolomics uses mainly MS techniques, NMR based techniques or MS/NMR
hybrid techniques. In MS methods the fragmentation spectra of the unknown metabolites are
compared to a set of standards for known chemical structures to find the best match (104-
107). NMR methods compare processed experimental chemical shifts of the unknown
metabolite against a quantum NMR chemical shift prediction (108, 109). In order to increase
the power of these experiment, developments in hybrid MS/NMR is ongoing. The
combination of the two methods increase the power of the experiment by combining two

methods, instead of relying on a single technique (110-112).
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Figure 2 An example of untargeted metabolomics with GC/LC - MS.

This figure shows an illustration of untargeted metabolomics. This process is hypothesis generating, because of
its global analysis and the qualitative identification of metabolites. The method results in a relative quantification
of metabolites. Figure is created in BioRender.com.
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2 The aim of the thesis

The purpose of this systematic review is to summarize current knowledge on the use of
metabolomics in neonatal infections, with a particular focus on how metabolomics can
contribute to identify sepsis in preterm and term infants. The focus will be on urine and blood
metabolomics and the use or possible use of metabolomics in clinical practice. We aimed to
assessed neonatal sepsis on the following outcomes; (1) change in the metabolism compered
to healthy neonates and/or (2) metabolomics compared to traditional diagnostic tools of

neonatal sepsis.

3 Methods

3.1 PICO
Patient Intervention Comparison QOutcome
Neonates: Metabolomics: Traditional Detection of
first 28 days  metabolic profiling = diagnostic tools: (1) Culture proven
of life or using the methods  e.g. blood culture, sepsis
preterm nuclear magnetic CRP, other (2) Culture-negative
neonates up  resonance (NMR)  inflammatory sepsis
to 44 weeks  or/and mass markers

postmenstrual = spectrometry

age (MS).!

Comparison:

Culture proven sepsis: The gold standard to confirm the diagnosis of neonatal

sepsis is isolating a pathogenetic isolate from a blood culture.

' We also considered other methods that screen for multiple metabolites.
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Culture-negative sepsis: An isolate is not always detected in a blood culture,

but the neonates still present with a clinical course that is concerning for
sepsis. This could be seen as ongoing temperature instability, ongoing
respiratory distress, cardiocirculatory symptoms or neurologic symptoms that
cannot be explained by other conditions. It can also be ongoing laboratory
abnormalities suggestive of sepsis, like cerebrospinal fluid (CSF) pleocytosis

or elevated IT-ratio, PCT or CRP.

In this systematic review we will include diagnostic tools for both culture

proven sepsis (blood culture) and culture-negative sepsis (e.g. CRP).

3.2 Selection criteria

Searches were conducted with both Medical Subject Headings (MeSH) terms and without
MeSH terms.

Search words:

NEONATAL SEPSIS (MeSH - Term) METABOLOMIC(S) (MeSH - Term)

*Neonatal sepses * Metabolomic(s)

* Neonatal Late Onset Sepsis e Urine Metabolomic(s)

* Neonatal Late Onset Sepses *Blood Metabolomic(s)

* Neonatal Early Onset Sepsis e Fetal blood Metabolomic(s)
* Neonatal Early Onset Sepses *Plasma Metabolomic(s)

*Serum Metabolomic(s)
* Metabonomic(s)
e Urine Metabonomic(s)
*Blood Metabonomic(s)
e Fetal blood Metabonomic(s)
*Plasma Metabonomic(s)
*Serum Metabonomic(s)
+ BIOMARKER (MeSH)
e Urine/Blood/Fetal blood/Plasma/Serum Biomarker(s)
* Urine/Blood/Fetal blood/Plasma/Serum Biologic
Marker(s)
* Urine/Blood/Fetal blood/Plasma/Serum Biological
Marker(s)
* Urine/Blood/Fetal blood/Plasma/Serum Clinical
Marker(s)
* Urine/Blood/Fetal blood/Plasma/Serum Biochemical
Marker(s)

Inclusion criteria: Human newborns (neonatal period = first 4 weeks of life or premature

neonates up to 44 weeks postmenstrual age), use of metabolomics for studying sepsis.
Metabolic profiling in urine and blood. Published in peer reviewed journals from 1st of

January 1999 to 1st of August 2020.
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Exclusion criteria: Animal studies. Research methods not including nuclear magnetic
resonance (NMR) or mass spectrometry (MS) or screening for multiple metabolites.

Publications older than 20 years. Descriptive or narrative review. Single case study.

3.3 Search strategy

The search for articles was performed in the databases MEDLINE and EMBASE
(APPENDIX 2 and 3). All titles and abstracts of all articles citing metabolic testing in
diagnosing neonatal sepsis, identified through Google Scholar and/or Scopus/Web of Science
search engines, were also reviewed. The screened abstracts were independently considered for

eligibility by two researchers.

3.4 Data collection
Data was exported to an excel spreadsheet from the databases EMBASE and MEDLINE.

Management of the data was conducted in an excel spreadsheet. The studies identified by the

search strategy were collated and duplicates/triplicates were manually removed.

Data was screened by medical research student Aline Bjerkhaug and checked by Associate
Professor Hildegunn Norbakken Granslo. Potential eligible full-text articles were
independently selected by Aline Bjerkhaug and Hildegunn N. Granslo according to

predetermined inclusion and exclusion criteria.

All randomized control trial, clinical control trial, other research that has been randomized,
observational studies (case-control studies, retrospective cohort studies, prospective cohort
studies, cross-sectional studies, before-after studies, case-series), systematic review or meta-
analysis meeting the inclusion criteria were considered. Descriptive or narrative review and

single case study were not included.

Types of data that was extracted:

0 Study name/article title
0 Authors
0 Year of publication

Page 14 of 54



0 Journal and full reference details
0 Country

0 Study design

0 Participants

0 Setting

0 Interventions including metabolomics and traditional diagnostic tools
0 Main results

0 Statistical methods

The reference list and citations of included studies and relevant previous reviews was used to
identify any additional eligible studies. Corresponding authors were contacted for additional

data when necessary.

3.5 Analysis and synthesis
GRADE (Grades of Recommendation, Assessment, Development and Evaluation) is a tool to

estimate the quality of evidence, from very low to high. This tool was used to rank the

selected articles.

No individual patient data was reported. The data was not possible to meta-analyse, therefore

a narrative (descriptive) synthesis was conducted.

3.6 Registration of the systematic review
The systematic review is registered in an international prospective register of systematic

reviews; PROSPERO ID: CRD42020164454. The protocol is available at:
https://www.crd.york.ac.uk/PROSPEROFILES/164454 PROTOCOL 20200116.pdf
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4 Results

The systematic search in this review resulted in the inclusion of four peer-reviewed articles
that are summarized in Table 2. There are in total n = 71 neonates included in this systematic
review (93, 113, 114). Mickiewicz ef al (2013) included in total n = 140 paediatric cases and
controls; n = 60 septic shock, n = 40 Systemic Inflammatory Response Syndrome (SIRS)
criteria and n = 40 healthy children. The decision was made to include the infant group (ages
from 1 month up to 1 year, n=46) in the qualitative analysis, based on the possibility that the

neonates might share some of the characteristics in their metabolomic profile during sepsis.

Paper 1: Mickiewicz et al (2013) used NMR for metabolite profiling in venous blood taken
from 7 neonates, where 5 neonates had septic shock and 2 neonates met the SIRS criteria. The
neonatal group was significantly smaller than the other age groups, so the neonates were not
considered in the predictive model analysis. However, the neonatal group could potentially
share a metabolomic profile similar to the infant group. Mickiewicz ef al (2013) reports
decrease in the metabolites 2-Aminobutyrate, acetate, adipate and threonine in septic infants
compared to healthy infants (Table 2). Furthermore, an increase in 2-Hydroxybutyrate, 2-
Hydroxyisovalerate, 2-Oxoisocaproate, creatinine, glucose and lactate were reported in septic

infants compared to healthy infants.

The level of evidence for main outcome, diagnostic value of metabolomics, was considered

very low (GRADE).

Paper 2: Desi et al (2014) used GC-MS for metabolite profiling in urinary samples taken from
1 neonate with fungal sepsis and 13 healthy neonates. The study reports decrease of citric
acid, hexadecanoic acid and octadecanoic acid in single case with fungal sepsis vs healthy
controls. There is an increase of D-glucose, L-threonine, maltose, N-glycine and N-serine in

single case with fungal sepsis vs healthy controls.

The level of evidence for main outcome, diagnostic value of metabolomics, was considered

very low (GRADE).
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Paper 3: Fanos et al (2014) used GC-MS and '"H NMR for metabolite profiling in urinary
samples from 9 neonatal sepsis cases and 16 healthy neonates. In addition, there were also
able to conduct NMR in urinary samples from 7/9 neonatal sepsis cases and 14/16 healthy

neonates. They reported a decrease in 2,3,4-trihydroxybenzoic acid, ribitol, ribnic acid and

citrate in the neonatal sepsis cases vs healthy controls. They also found an increase of

glucose, lactate and acetate in neonatal sepsis cases vs healthy controls.

The level of evidence for main outcome, diagnostic value of metabolomics, was considered

very low (GRADE).

Paper 4: Sarafidis ef al (2017) used H-NMR that was complemented with LC-MS/MS in
urinary samples taken at symptom debut (day 0), day 3 and day 10. The population group was
16 neonatal cases with confirmed and possible LOS, and 16 healthy controls. Table 3
compares significant finding at the different time-points. H-NMR found 10 metabolites that
were altered at day 0 in LOS cases compared to healthy controls, in particularly acetone,
sarcosine, leucine and dimethylamine. There were no significant changes at day 3 and day 10.
LC-MS/MS found differences in 17 metabolites at day 0 in LOS cases compared to healthy
controls. There were much more subtle changes at day 3 and no significant changes at day 10

when comparing LOS cases with healthy controls.

The level of evidence for main outcome, diagnostic value of metabolomics, was considered

low or very low (GRADE).

Summary of findings from the four studies: All four studies showed an alteration in glucose

and lactate when comparing septic neonates/infants with healthy controls. The other
metabolites described in the four studies vary. However, the metabolites may be connected to
the same (dysfunctional) metabolomic pathways during sepsis, such as the mitochondrial
oxidative phosphorylation, the pentose phosphate pathway and the glycolysis(93, 113-115).
Table 3 shows the trend of the significant metabolites in the four studies. None of the studies
included evaluated the diagnostic value of metabolomics compared to traditional diagnostic

tools.
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5 Discussion

5.1 Metabolomic markers for identification of neonatal sepsis?
The systematic search resulted in only four included articles. None of the articles evaluated

metabolomics as a diagnostic tool for neonatal sepsis. Therefore, no conclusion can be made
about the effectiveness of metabolomics compared to traditional diagnostic methods. The four
included studies did report alteration in the glucose and lactate metabolism that could be
viewed as a significant finding. In addition, the different studies detected different metabolites

that could be connected to the same metabolomic pathway.

Three studies reported increase in glucose (93, 114, 115), while one study specified the
finding as an increase of D-glucose (113). One study conducted metabolomics in serum,
while the other three used urine. These are important results, because one of the significant
changes in the metabolism of septic neonates is a change in plasma glucose. The disturbances
in the metabolism can manifests clinically in preterm neonates as hypo- or hyperglycemia
(114), though hyperglycemia or increased glucose is more often associated with neonatal
sepsis than hypoglycemia (115). These alteration can be viewed as the redistribution of
glucose consumption from mitochondrial oxidative phosphorylation to among other
pathways, the lactate and the pentose phosphate pathway (93). The increased glucose levels in
septic neonates and infants discovered in the four studies, indicates that glucose might be an
interesting metabolite to quantify through targeted metabolomics in regard to neonatal sepsis.
Three of the studies conducted untargeted metabolomics(93, 113, 115), though one of the
studies conducted untargeted metabolomics using both GC-MS and 'H NMR (93). It is not
possible to exactly quantify metabolites through untargeted metabolomics, so we can only
speculate about the role of glucose or the underlying cause of the change in the glucose

metabolism in regard to neonatal sepsis.

Another interesting metabolite discovered in three of the studies was the alteration in the
lactate pathway. Two studies found an increase of lactate (93, 115), while one study reported
increased lactic acid (114). The study that did not report any changes in lactate, specifically
chose a neonate with fungal sepsis (n = 1) (113). One study found elevation of lactate levels
in all septic pediatric patients up to 11 years old (n = 60) (115). In a clinical setting, serum

lactate levels are often incorporated in the clinical management of critically ill patients. Serum
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lactate is particularly important in the cases of severe sepsis and septic shock (116-118).
International guidelines have recommended that serum lactate values over 2 mmol/L should
be considered a new criterion when clinically defining septic shock, despite adequate fluid

resuscitation (118, 119).

Vincent et al (2016) conducted a systematic review that included 96 studies. The studies
evaluated the capacity of serum lactate concentrations to predict outcome. Decreased blood
lactate concentrations were associated with better outcome and the results were not limited to
septic patients. The authors clarified the preferred term “lactate kinetics”, which refers to
greater lactate production than clearance. Lactate kinetics was found to be significant despite

the initial value of lactate (120).

Increased lactate production is associated with activated immune cells through a possess
called aerobic glycolysis. Aerobic glycolysis is essential for the immune system as it provides
rapid energy production and precursors that can be utilized in the growth and proliferation of
immune cells (121, 122). Aerobic glycolysis sustains the energy requirements for the
activated immune cells, but recently this process has also been shown to alter the metabolism

in a way that promotes changes in the immune cell’s phenotype (123-127).

Other than the metabolites glucose and lactate there are no clear findings in the identified
metabolites described in the four studies. We can only speculate on the discovered

metabolites in light of the metabolomic pathway they might be a part of.

One study showed elevated levels of 2-oxoisocaproate and creatinine(115), while another
study showed elevated levels of creatine and phenylalanine (114). Elevated levels of
metabolites such as 2-oxoisocaproate, creatine, creatinine and phenylalanine are associated
with decreased energy supply and organ failure during sepsis (128-130). There is a likelihood
that the two studies illustrate the same metabolomic process, but have identified different
metabolites. Another example of this is that one study reports increased levels of 2-
Hydroxybutyrate and decreased threonine (115), while another study found increased levels
of L-Threonine (113). 2-Hydroxybutyric acid, also known as alpha-hydroxybutyrate, is an
organic acid. One of the metabolomic pathways of alpha-hydroxybutyrate is through hepatic
tissue that catabolize L-threonine. L-threonine is the active form of the essential amino acid

threonine and can be used in the production of alpha-hydroxybutyrate. Therefore, one could
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consider the decrease of threonine and increase of L-threonine, as part of the metabolic
process of producing alpha-hydroxybutyrate. Increased alpha-hydroxybutyrate is associated
with increased lipid oxidation and oxidative stress. The metabolite has also been suggested as

a potential early marker for insulin resistance (113, 131).

The road of metabolomic is not straightforward, it is first and foremost about understanding
the network in which all of these identified metabolites interact with each other. The
metabolites described in the four included articles, are part of an intricate system that involves
several pathways. The screening of biomarkers can result in a potential fingerprint for
syndromes like neonatal sepsis, or can be followed by targeted analysis to better understand
the metabolites’ role (132). The challenge with interpreting the data from these studies, is that

all included studies have several limitations.

5.2 Limitations

As previously mentioned, there are three studies (93, 113, 115) that used untargeted
metabolomics with the use of NMR, MS or NMR/MS, while one study (114) conducted
untargeted metabolomics with NMR and then targeted metabolomics with LC-MS/MS in
order to improve sensitivity, specificity, chemical coverage and the dynamic range (133, 134).
One of the key limitations for all included studies, is the single method approaches. Though
two studies use NMR and MS (93, 114); one study focuses on untargeted metabolomics (93)
while the other conducts both untargeted and targeted metabolic profiling (114). Considering
the limitations of MS and NMR approaches (93, 113-115), Sarafidis et al (2017) was the only
study that attempted validation and absolute quantification through targeted metabolomics
(114). By conducting untargeted and then targeted metabolomics, they eliminated the bias
information from targeted metabolomics as the method only captures a limited part of the
metabolome (132). However, they used a single method approach for the untargeted and
targeted metabolomic profiling of the neonates. This review has previously mentioned the

significant limitations to the single-approach method (110-112).

Furthermore, the results from the metabolomic profiling should be considered “snapshots” in
the metabolomic status at the timepoint of which the sample is taken. Sarafidis et a/ (2017)
illustrate this well by using different time points in their study (day 0, day 3 and day 10). The

alteration in the metabolism is significant at the onset of symptoms (day 0), but they are not
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necessarily significantly altered at the other time points (114). The dynamic metabolic process
during sepsis and the ambiguous clinical presentation of neonatal sepsis, makes it challenging
to standardize key variables. In order to be sure that the studies are using similar sampling
time points, one should have a clear understanding and documentation of the diagnosing
criteria utilized in the studies. Two studies provide adequate information about the diagnostic
criteria for culture proven and culture negative neonatal sepsis, though one study involved
only one neonatal fungal sepsis case (113, 114). There should also be information about
whether there has been initiated a treatment regime before sampling, which one study proved

along with the clinical response (113).

Another important factor to consider when collecting samples in cases and controls, is the
circadian variation. The time of day one collects the sample could influence the metabolomic
results. In addition, the neonate’s nutritional status should be carefully considered in addition
to GA at birth, when including patients in the study. An example of the importance of the
neonate’s nutrition is that plasma concentration of threonine are up to twice as high in
formula fed infants compered to infants fed with breast milk (113, 135). One should also
conduct quality checks for the sampling material and consider the metabolites stability over

time (132).

The larger issue with the included studies is the small sample size of neonates. This was the
case for all the included studies. The study by Mickiewicz et al (2013) reported that the
metabolic profile in infants and toddlers are comparable, and that the significant changes are
seen in the school age. We have used this as an argument to include Mickiewicz et al (2013)
in the qualitative analysis of this systematic review, since we were not able to get in touch
with the corresponding author. The neonates’ serum was collected in this study and as far as
we can interpret from the journal article so was the metabolomic screening. However, the
neonates’ metabolomic profile was not analysed with a predictive model. The study also
included mixed cases of Gram-positive, Gram-negative and polymicrobial neonatal sepsis
cases that makes the correlations challenging to evaluate (115). Three of the four studies have
not validated the identified biomarkers with targeted metabolomics, while biomarkers
identified in Sarafidis ef a/ (2017) have not yet been validated in a large-scale multicenter

study.
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All of the mentioned limitations make the reproducibility of the studies challenging. Though
one may argue that the three studies using NMR would have the possibility to replicate their
studies, since the NMR method is non-destructive in the detection of metabolites. This review
raises the question whether certain metabolites may be affected by the storage conditions, and

thereby effecting the reproducibility of the studies even when using NMR method.

5.3 Strength and weaknesses
The strength of this systematic review is the search strategy protocol. Both Mesh terms and

relevant keywords were used in different combinations. The articles were screened by two
researchers independently. Still, there are always limitations to any literature search
conducted. We discovered the article Mickiewicz ef al (2013) when assessing relevant
reviews. Mickiewicz et al (2013) included a large range of paediatric patients in their
metabolomic study, including a neonatal group (n = 7). No statistical analysis was conducted
on the neonatal group. Therefore, this article did not match the predefined search criteria. We
also did not include articles that compered metabolomics with other -omics in regard to
neonatal sepsis as this was not in the scope of this review. Unfortunately, none of the articles
included evaluated the diagnostic value of metabolomics compared to traditional diagnostic
tools. However, this systematic review provides important information to take into

consideration when designing a future neonatal sepsis metabolomics study.
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6 Conclusion

Precision medicine led by the fields of the -omics is reported to be the future of medicine, but
there are still significant challenges to overcome. The lack of consensus in diagnosing
neonatal sepsis limits the comparison in sepsis studies in neonates. The identified biomarkers
in metabolomics have yet to be validated in large-scale multicenter studies. However, these
studies have provided more knowledge about the pathophysiology of neonatal sepsis and
gives researchers the opportunity to test hypothesis in regard to different metabolic pathways.
To date there is a very low-certainty evidence for identifying markers for neonatal sepsis with
metabolomics. In addition, there are no studies evaluating the diagnostic value of

metabolomics compared to traditional diagnostic tools.
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Figures and Tables

Figure 3 Prisma flow diagram of selected articles.
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Table 1 Methods of detecting metabolites

PREPARATION OF SENSITIVITY QUANTIFICATION ADVANTAGES DISADVANTAGE
SAMPLE
NMR No sample preparation or Micromolar (uM) to No standard required, Non-destructive Low sensitivity, peak
extraction required millimolar (mM) linear response detection of metabolites, overlap can occur
possible to replicate,
information about the
metabolite structure
GC-MS Extraction, derivatization Picomolar (pM) to Must have standard, Standard library Challenging sample
micromolar (LM) matrix and ionization available for preparation,
dependent response identification, high destructive detection,
sensitivity not suitable for heat-
labile, use of high
boiling point
LC-MS Extraction, desalting, Picomolar (pM) to Must have isotope labelled High sensitivity, can Ion depression effect,

filtration

micromolar (uM)

standard, matrix and
ionization dependent

response
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Table 2 Summary of included studies using metabolomics.

Study Method Study population Material Main results
Mickiewicz et al. NMR Septic shock, neonates (n = 5) Serum e Decrease in the metabolites 2-Aminobutyrate, acetate,
(2013) SIRS/ICU, neonates (n = 2) adipate and threonine in sepsis
Septic shock, infants (n =21) e Increase in 2-Hydroxybutyrate, 2-Hydroxyisovalerate, 2-
SIRS/ICU, infants (n = 13) Oxoisocaproate, creatinine, glucose and lactate in sepsis
Healthy controls, infants (n =13,
outlier removed n = 1)
Desi et al. (2014) GC-MS Fungal sepsis (n = 1) Urine e Decrease of citric acid, hexadecanoic acid and octadecanoic
Healthy control (n = 13) acid in sepsis
e Increase of D-glucose, L-threonine, maltose, N-glycine and
N-serine in sepsis
Fanos et al. (2014) GC-MS and Sepsis, neonates (n = 9) Urine e Decrease of THBA, ribitol, ribnic acid and citrate in sepsis
'HNMR Healthy controls (n = 16) e Increase of glucose, lactate and acetate
Sarafidis et al. (2017) H-NMR and Confirmed sepsis, neonates (n=9)  Urine e 10 metabolites altered discovered by H-NMR at day 0 (onset
LC-MS/MS Possible sepsis, neonates (n = 7) of symptoms)

Healthy controls, neonates (n = 16)

17 metabolites altered discovered by LC-MS/MS at day 0.
Metabolic alteration become less significant at timepoint day

3 and day 10.
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Table 3 Trend of significant metabolites in the included studies.

Me’wia et al. 2013 Sarafidis et al.2017 Sarafidis et al.2017 Fanos et al. 2014 Dessi et al. 2014

Septic vs Healthy (Infants) Confirmed sepsis vs Healthy (Day 0) Possible sepsis vs Healthy (Day 0) Septic vs Healthy Septic (fungal) vs Healthy

2-Aminobutyrate N2

2-Hydroxybutyrate T

2-Hydroxyisovalerate T
T

2-Ketogluconic acid
2-Oxoisocaproate
2,3,4-Trihydroxybutyric acid
3,4-dihydroxybutanoic acid
3,4,5-trihydroxypentanoic acid
Acetate

Acetone

Adipate N2

Biotin ™ ™
Citrate
Citric acid N2
Creatine ™
Creatinine ™

D-Glucose ™
Fumaric acid
G-aminobutyric acid ™*
Glucose ™ ™
Glutamic acid N*
Glycine T

Hexadecanoic acid N2
Hippuric acid v*
Hypotaurine
Inosine
Isoleucine
Lactate ™
Lactic acid
Lysine T~

L-Threonine T
Maltose
Methylamine
Methylguanidine
Myo-Inositol
Nicotinamide
N-Glycine
N-Serine
Octadecanoic acid
Pseudo uridine T
Phenylalanine
Pyruvic acid
Quinolinic acid
Ribitol
Riboflavine
Ribonic acid N2
Taurine
Thiamine
Threonine N2
Trimethylamine-N-oxide
Valine
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APPENDIX 3

Screening form for source

Animal research study?

Yes: not included

No/unclear: continue

Neonatal period or preterm
neonates ypto.44 weeks

postmenstrual age

No: not included

Yes/unclear: continue

Research addresses:
- Metabolomics in urine
- Metabolomics in plasma
- Metabolomics in serum
- Metabolomics in blood

None of the mentioned: not included

Yes/Unclear: any or all of the

mentioned are considered

Research methods

Nuclear magnetic resonance
(NMR) or mass spectrometry
(MS) or screening for multiple

metabolites.

No: not included

Yes/Unclear: any or all of the

mentioned are considered

Research study design:

- Randomized control trial,
clinical control trial, other
research that has been
randomized

- Observational study:
Cohort, case-control or
case-series

- Systematic review or
meta-analysis

- Narrative or descriptive
review

- Case study

Narrative or descriptive review: not
included

Single Case study: not included

Unclear or not mentioned: full-text

assessment
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APPENDIX 4

Reference: Design: prospective case-

Metabolomics as a Novel Approach for Early Diagnosis of Pediatric Septic Shock and Its Mortality. control

Mickiewicz et al. 2013 GRADE ®
Purpose Material and method Results Discuscion/comments

Developing new
diagnostic tool for early
recognition of septic
shock. Using a metab-
qlemigs approach for
the diagnosis and
prognosis of pediatric
septic shock.

Conclusion

Septic shock leads to
significant disruption in
biochemical
homeostasis that
strongly contributes to
changes in body
metabolites.

Country

Canada

Year data collection

Location: Intensive Care Unit
(NICU) of the University of Cagliari

Participants = 140 (7 neonates)
Case = 60 patients with septic shock
Control 1 = 40 systemic
inflammatory response syn- drome
(not suspected of having an
infection)

Control 2 = 40 healthy children

Total of 140 children.
*7 neonates (5 septic shock, 2 SIRS,
0

*47 infants

*54 toddlers

*32 schoolchildren

Included if: Admitted to PIGU/NICU
in addition to clinical signs of
sepsis/septic shock and < 11years of
age.

Controles recruited from outpatient
clinics

Sample: serum

Samples collected from arterial or
venous lines within 24 hours after
admitted to PICUJ/diagnose septic
shock.

Controls: Samples collected at the
same time as other pre-planed test
in the outpatient clinic.

Method: Proton nuclear magnetic
resonance spectroscopy spectra

Statistical analysis: multivariate
analysis

*Neonates and infants have a similar metabolic profile during
septic shock

* The metabolic profile is a good tool differentiate between
the groups

*Promising results when used to predict mortality of septic
shock in the pediatric population

GRADE:

Initial GRADE = Low

Downgrade: Imprecision (No criteria listed
for case definitions), Small sample size
with no power analysis conducted,
Identified biomarkers not yet validated in
large-scale multicenter studies

Upgrade: -
Final GRADE = Very low
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APPENDIX 5

P

Reference:

Dessi et al. (2014) Monitoring neonatal fungal infection with metabolomics

Design: prospective
case-control

GRADE @

Purpose

Material and method

Results

Discussion/comments

Evaluate the capability
of the metabolomics
approach to identify
the variations of urine
metabolites over time
related to the neonatal
fungal septic
condition.

Gongluscion

Unique urine
metabolic profile in
septic patient.
Possible to evaluate
the efficacy of therapy
in improving patient
health./

Country

Italy

Year data collection

Setting: Neonatal intensive care unit

(Singelsenter)

Location:
e NICU of the University of
Palermo

Participants: 14 neonates,

Case = fungal sepsis (n=1), (VLBW,
1100 g) male infant born by
cesarean delivery at 32 weeks of
gestation

Control = Healthy (n=13); males,
34+6 weeks mean gestation, not
diagnosed with sepsis and
considered healthy

Sampling:

Five urine samples from one
neonate with fungal sepsis.
Collected at 36 hours, 7, 14, 21 and
28 days of life.

Controls: samples taken at different
timepoints, at least two controls
were coupled with a urine sample
of septic patient based on time.

Method:
e Gas chromatography—-mass
spectrometry (GC-MS)

Analysis:
e Multivariate statistical
analysis

A significant different metabolic profile in the
urinary sample from the neonate with fungal
sepsis compared to the control group.

Once the infection resolved the metabolic profile
became more similar to the control group

GRADE:

Initial GRADE = Low

Downgrade: Imprecision (No criteria listed
for case definitions), Small sample size
with no power analysis conducted,
Identified biomarkers not yet validated in
large-scale multicenter studies

Upgrade: -
Final GRADE = Very low

OBS! Only one case. Difference in
gestation age, difference in sampling
timepoint (at least two were coupled with
the sepsis case sampling timepoint).
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APPENDIX 6

Reference: Design: Case-control
Urinary (1)H-NMR and GC-MS metabolomics predicts early and late onset neonatal sepsis GRADE ®
| Eangs et al. 2014 |
Purpose Material and method Results Discussion/comments

Metabolomic analysis
to assess variations of
metabolites preceding
the onset of early and
late sepsis in
neonates for the
purpose of identifying
a metabolic state
leading to the onset of
infection

Gongluscion.

Unique metabolic
profile of the patients
affected by sepsis
compared to non-
affected ones with a
statistically significant
difference between
the two groups (p =
0.05).

Country

Italy

Year data collection

Location:

e The Neonatal Intensive Care
Unit (NICU) of the University
of Cagliari

e The NICU of the San Matteo
General Hospital (Pavia)

e The NICU of the University
of Palermo and Department
of Maternal

e Fetal and Neonatal Health in
the C. Arrigo Children’s
Hospital (Alessandria)

Participants: 25 neonates <35
weeks mean gestation.

Case = Sepsis (n=9); Received
diagnosis of sepsis

Control = Healthy (n=16); Not
diagnosed with sepsis and
considered healthy

Sampling: urine

Method:

e Gas chromatography—-mass
spectrometry (GC-MS) and
Nuclear Magnetic
Resonance (NMR)

Analysis:

e GC-MS: Orthogonal partial
least square discriminant
analysis (QPLS:- DA)

e NMR: SIMCA software
package (version 13.0,

Umetrics, Umea, Sweden).

Identified increased concentrations of glucose, lactate
and acetate in sepsis group.

Identified decreased ribitol, ribonic acid, pseudouridine,
2,3,4-trihydroxybutanoic acid and 3,4,5-
trihydroxypentanoic acid in sepsis group.

Samples from EOS neonates were separated from those
of LOS.

GRADE:

Initial GRADE = Low

Downgrade: Imprecision (No criteria listed
for case definitions), Small sample size
with no power analysis conducted,
Identified biomarkers not yet validated in
large-scale multicenter studies

Upgrade: -
Final GRADE = Very low

OBS! The samples were too few to arrive at
a final assessment of difference between
EOS and LOS.
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APPENDIX 7

Reference:

Sarafidis et al. 2017 Urine metabolomics in neonates with late-onset sepsis in a case-control study

Design: Case-control

GRADE lo@)

Purpose

Material and method

Results

Discussion/comments

Investigate metabolic
changes related to
LOS, employing two
analytical platforms:
proton nuclear
magnetic resonance
(1H-NMR)
spectroscopy and
liquid
chromatography-
tandem mass
spectrometry (LC-
MS/MS).

Conclusion

Neonates with
confirmed and possible
sepsis at the onset of
clinical manifestations
showed a different
metabolic profile
compared to those
without sepsis allowing
their clear discrimination
with the use of 1H-NMR
and LC-MS/MS-based
urine analysis.

Country

Year data collection

September 2013-
August 2015

Participants = 32 neonates

Sample = Urine samples were
collected from cases and controls at
the day of the initial evaluation for
LOS and enroliment in the study,
respectively, representing day 0 (DO)
and on the 3rd (D3) and 10th day
(D10), thereafter, using plastic bags
or through a bladder catheter placed
for clinical reasons.

Sepsis group (n=16); confirmed
sepsis (n=9) and possible LOS
(n=7).

Control group (n=16); negative
workup for sepsis

The two groups were comparable
regarding demographic-perinatal
characteristics

One neonate with confirmed and
one with possible LOS died; all
controls were discharged home.

Power analysis: \etSizeR R-
package (results = 15 subjects per
group).

Method:
(1) 1H-NMR spectroscopy
(untargeted metabolomics)
(2) LC-MS/MS (targeted
metabolomics)
Statistical analysis: MedCalc
software (patient characteristics),
Multivariate statistical analysis and

MetaboAnalyst 3.0

Organisms iso- lated in blood cultures were mainly gram
(=) microbes [Klebsiella pneumonia (n = 4), Klebsiella
oxyteca (n = 1), Enterobacter gloace (n = 2)]; Group B
Streptococcus and Candida famata were isolated in two
cases.

H-NMR spectroscopic data: 110 peaks were selected, and
their signals were integrated. Septic infants (confirmed and
possible) could be discriminated from non-septic ones
(controls) at the time point of sepsis suspicion (D0). This trend
was also observed on D3 although differentiation was less
clear, whereas on D10, when the LOS infants no longer show
symptoms, samples from both patients and controls show no
difference.

17 metabolites altered discovered by LC-MS/MS at day 0.

Metabolic alteration become less significant at timepoint day 3
and day 10.

Initial GRADE = Low

Downgrade: Small sample size (power
analysis?), results not validated in a large-
scale multicenter

Upgrade: large magnitude of effect?
(Differences on DO0).

Final GRADE = Low/Very low
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APPENDIX 8

B D E F
Code Author(s)  Year Title critera Date

362 Abdel-Aleem, 2018 Diagnostic Role of CD64 on Different Immune Cells in Early Diagnosis of Neonatal Sepsis Research methods (flow cytometry) 05.02.2020
547 Abdel-Hady, 2012 Myocardial dysfunction in neonatal sepsis: a tissue Doppler imaging study Research addresses, research methods 05.02.2020

49 Abo-ElMagd, 2018 The Role of Serum Interleukin-27 As A Diagnostic Biomarker For Diagnosis of Neonatal Sepsis Research methods (ELISA) 05.02.2020
255 Adib, M.-//-8¢ 2012 Procalcitonin: A reliable marker for the diagnosis of Neonatal sepsis Research methods (ELISA) 12.02.2020
595 Adib, M.-//-0¢ 2007 Evaluation of CD11b expression on peripheral blood neutrophils for early detection of neonatal sepsis Research methods (flow cytometry) 05.02.2020
508 Adly, A. A.-//- 2014 Circulating soluble triggering receptor expressed on myeloid cells-1 (sSTREM-1) as diagnostic and prognostic marker in neonatal sepsis Research methods 05.02.2020
372 Agrawal, S./, 2018 Effect of probiotics on C-reactive protein levels in preterm infants: Secondary analysis of a randomized controlled trial Research methods 05.02.2020
188 Aguin, E.-//-V 2014 Cerclage retention versus removal following preterm premature rupture of and with amniotic fluid markers Not neonatal period, research methods 05.02.2020
607 Ahmed, Z.-//+ 2005 Diagnostic value of C- reactive protein and haematological parameters in neonatal sepsis Research addresses 05.02.2020
575 Al-Zwaini, E. . 2009 C-reactive protein: a useful marker for guiding duration of antibiotic therapy in suspected neonatal septicaemia? Research methods 05.02.2020
584 Ali, A. M.//-\ 2008 Reliability of serum procalcitonin concentrations for the diagnosis of sepsis in neonates Research methods 12.02.2020
512 Aliefendioglu, 2014 Can resistin be a new indicator of neonatal sepsis? Research methods 05.02.2020

85 Alkan Ozdemi 2018 Can neutrophil to lymphocyte ratio predict late-onset sepsis in preterm infants? Research methods 05.02.2020
550 Altunhan, H.- 2011 Procalcitonin measurement at 24 hours of age may be helpful in the prompt diagnosis of early-onset neonatal sepsis Research methods 12.02.2020
438 Anandi, V. S.- 2017 Evaluation of factors associated with elevated newborn 17-hydroxyprogesterone levels congenital adrenal hyperplasia (CAH) 05.02.2020
487 Andres, 0.-//- 2015 Platelets in neonates: central mediators in haemostasis, antimicrobial defence and inflammation Research study design (review) 05.02.2020
178 Annagur, A.-/ 2015 Total antioxidant and total oxidant states, and serum paraoxonase-1 in neonatal sepsis Research methods 05.02.2020
289 Anonymous 2011 23rd National Biochemistry Congress. [Turkish, English] Research study design (procedings) 05.02.2020
291 Anonymous 2011 12th International Congress of Pediatric Laboratory Medicine, ICPLM 2011 Research study design (procedings) 05.02.2020
640 Anonymous 2019 2019 Congress of the Italian Society of Neonatology Research study design (procedings) 05.02.2020

64 Anwar, Z. 2018 Pakistan pediatric journal No information or title 05.02.2020
235 Aranke, M.// 2013 A Biomarker-Based Approach to Infectious Disease in the Pediatric Emergency Department Research study design (review) 05.02.2020

65 Arayici, S.-//4 2019 Can base excess be used for prediction to early diagnosis of neonatal sepsis in preterm newborns? Research methods 05.02.2020

22 Arcagok, B. C. 2019 Platelet to lymphocyte ratio in neonates: A predictor of early onset neonatal sepsis Research methods 05.02.2020
104 Archabald, K. 2017 Limiting the Exposure of Select Fetuses to Intrauterine Infection/Inflammation Improves Short-Term Neonatal Outcomes in Preterm Premature Rupture of Membranes Research methods (ELISA) 05.02.2020
624 Arnon, S.-//-i 2002 Serum amyloid A protein in the early detection of late-onset bacterial sepsis in preterm infants Research methods 05.02.2020
596 Arnon, S.-//-li 2007 Serum amyloid A: an early and accurate marker of neonatal early-onset sepsis Research methods 05.02.2020
591 Arnon, S.//-Li 2008 Diagnostic tests in neonatal sepsis Research study design (review) 05.02.2020
478 Asci, A.-//-Sur 2015 Oxidant and antioxidant status in neonatal proven and dlinical sepsis according to selenium status 05.02.2020
627 Athhan, F.-//- 2002 Procalcitonin: a marker of neonatal sepsis Research methods 12.02.2020
400 Ayazi, P.//-M 2014 Comparison of serum IL-1beta and C reactive protein levels in early diagnosis and management of neonatal sepsis Research methods 05.02.2020
355 Aydemir, C.-/, 2018 The cut-off levels of procalcitonin and C-reactive protein and the kinetics of mean platelet volume in preterm neonates with sepsis Research methods 12.02.2020
489 Aydemir, 0./ 2015 Asymmetric dimethylarginine and L-arginine levels in neonatal sepsis and septic shock 05.02.2020
494 Aydin, |.-//-A¢ 2014 Cord blood and serum hepcidin levels in neonatal sepsis: A biochemical evaluation Research methods 17.02.2020
105 Aydin, M.-//-£ 2017 Application of flow cytometry in the early diagnosis of neonatal sepsis Research methods 05.02.2020
428 Badr, H. 5.-//- 2018 Serum stromal-derived-factor-1 (CXCL12) and its alpha chemokine receptor (CXCR4) as biomarkers in neonatal sepsis Research methods 05.02.2020
619 Baek, Y. W.// 2003 Inter-alpha inhibitor proteins in infants and decreased levels in neonatal sepsis Research methods 05.02.2020
151 Baizat, M.-//- 2016 The analysis of the adjuvant biomarkers in the diagnosis of neonatal sepsis Research methods 05.02.2020
610 Ballot, D. E.-/, 2004 Serum procalcitonin as an early marker of neonatal sepsis Research methods 12.02.2020
454 Banupriya, N. 2017 Efficacy of zinc supplementation on serum calprotectin, inflammatory cytokines and outcome in neonatal sepsis - a randomized controlled trial Research addresses 05.02.2020
292 Bastek, J. A~/ 2011 SRAGE: A biomarker of prematurity and neonatal sepsis Research methods (ELISA) 05.02.2020
540 Bastek, J. A.-/ 2012 The soluble receptor for advanced glycation end products can prospectively identify patients at greatest risk for preterm birth Research methods (ELISA) 05.02.2020
543 Basu, S.//-De 2012 Cerebral blood flow velocity in early-onset neonatal sepsis and its clinical significance Research methods 05.02.2020

15 Battal, F.-//-B 2019 Serum Pentraxin 3 Concentration in Neonatal Sepsis Research methods 05.02.2020
403 Baud, O.-//-Er 1999 Amniotic fluid concentrations of interleukin-1beta, interleukin-6 and TNF-alpha in chorioamnionitis before 32 weeks of gestation: histological associations and neonatal outcome Research methods 05.02.2020
472 Bekhof, J.-// 2015 Glucosuria as an early marker of late-onset sepsis in preterms: a prospective cohort study Research methods 05.02.2020
431 Bell, S. G. 2017 Procalcitonin and Neonatal Sepsis: Is This the Biomarker We Are Looking For? Research study design (review) 05.02.2020
418 Bellos, |.-//-Fit 2018 Soluble TREM-1 as a predictive factor of neonatal sepsis: a meta-analysis Research methods 05.02.2020
423 Bellos, I.-//-Fit 2018 The diagnostic accuracy of presepsin in neonatal sepsis: a meta-analysis Research methods 05.02.2020
424 Beltempo, M. 2018 C-reactive protein for late-onset sepsis diagnosis in very low birth weight infants Research methods 05.02.2020
585 Bender, L-//-1 2008 Early and late markers for the detection of early-onset neonatal sepsis Research methods 05.02.2020
198 Benito-Fernar 2014 Reply to cor letter: Is pr in more useful marker in hospitalized infants with sepsis? Research study design (correspondance) | 05.02.2020
416 Berkhout, D.. 2017 Detection of Sepsis in Preterm Infants by Fecal Volatile Organic Compounds Analysis: A Proof of Principle Study Research addresses 05.02.2020
422 Berkhout, D. . 2018 The potential of gut microbiota and fecal volatile organic compounds analysis as early di ic biomarker for is and sepsis in preterm infants Research study design (review) 05.02.2020
408 Berner, R+//- 2002 Elevated levels of lipopolysaccharide-binding protein and soluble CD14 in plasma in neonatal early-onset sepsis Research methods 05.02.2020
401 Berner, R-//-1 2000 Elevated gene expression of interleukin-8 in cord blood is a sensitive marker for neonatal infection Research methods 05.02.2020
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(s) Year Title critera Date

628 Berner, R.-//\ 2002 Cytokine expression of cord and adult blood mononuclear cells in response to Streptococcus agalactiae Research methods 05.02.2020
177 Bersani, |.-//-+ 2015 Use of early biomarkers in neonatal brain damage and sepsis: State of the art and future perspectives Research study design (review) 05.02.2020
207 Bhandari, V. 2014 Effective biomarkers for diagnosis of neonatal sepsis Research study design (review) 05.02.2020
558 Bhandari, V.-/ 2011 Cord blood erythropoietin and interleukin-6 for prediction of intraventricular hemorrhage in the preterm neonate Research addresses 05.02.2020
594 Bhandari, V.-/ 2008 Hematologic profile of sepsis in neonates: neutrophil CD64 as a diagnostic marker Research methods 05.02.2020
394 Blommendahl 2002 Comparison of procalcitonin with CRP and differential white blood cell count for diagnosis of culture-proven neonatal sepsis Research methods 05.02.2020
521 Boonkasidech 2013 An optimal cut-off point of serum C-reactive protein in prediction of neonatal sepsis Research methods 05.02.2020
217 Borghesi, A.-/ 2014 Neonatal sepsis, new preventive strategies Research study design (review) 05.02.2020
55 Borghesi, A.-/ 2018 Novel Approaches to the Study of Neonatal Infections Research study design (review) 05.02.2020
367 Boskabadi, H. 2018 Evaluate the diagnosis of neonatal sepsis by measuring interleukins: A systematic review Research methods 05.02.2020
164 Brownell, A. [ 2015 Human Parechovirus-3 encephalitis in two neonates: Acute and follow-up magnetic resonance imaging and evaluation of central nervous system markers of inflammation Research study design (case study) 05.02.2020
282 Brugge, D.-//- 2011 Association of environment and place of birth with asthma in Chinese immigrant children Research methods 05.02.2020
538 Buchegger, P. 2012 Miniaturized protein microarray with internal calibration as point-of-care device for diagnosis of neonatal sepsis Research methods 05.02.2020
310 Buhimschi, C.- 2009 Significance of early haptoglobin (HP) switching-on, levels and phenotypes in preterm newborns with early onset neonatal sepsis (EONS) Research methods 05.02.2020
323 Buhimschi, C. 2007 Proteomic biomarkers of intra-amniotic inflammation: Relationship with funisitis and early-onset sepsis in the premature neonate Research addresses (Amniotic Fluid) 05.02.2020
599 Buhimschi, C. 2007 Proteomic profiling of the amniotic fluid to detect inflammation, infection, and neonatal sepsis Research addresses (Amniotic Fluid) 05.02.2020
576 Buhimschi, C. 2009 Using proteomics in perinatal and neonatal sepsis: hopes and challenges for the future 05.02.2020
582 Buhimschi, C. 2009 Fetal inflammatory response in women with proteomic biomarkers characteristic of intra-amniotic inflammation and preterm birth Research addresses (Amniotic Fluid) 05.02.2020
549 Buhimschi, C. 2011 Proteomics mapping of cord blood identifies haptoglobin "switch-on" pattern as biomarker of early-onset neonatal sepsis in preterm newborns 05.02.2020
318 Buhimschi, I. / 2008 Proteomics of the Amniotic Fluid in Assessment of the Placenta. Relevance for Preterm Birth Research addresses (Amniotic Fluid) 05.02.2020
563 Buhimschi, I. / 2010 The role of proteomics in the diagnosis of chorioamnionitis and early-onset neonatal sepsis 05.02.2020
270 Buhimschi, I. # 2012 Proteomics/di is of choril itis and of relationships with the fetal exposome Research study design (review) 05.02.2020
6 Burchfield, D. 2019 RE: Management of neonates born at 34 6/7 weeks' gestation with suspected or proven early-onset bacterial sepsis Research study design (correspondance) 12.02.2020
61 Buyuktiryaki, 2019 Can Endocan Predict Late-Onset Neonatal Sepsis? Research methods 12.02.2020
620 Caksen, H.-//- 2003 The relationship between scoring systems and cytokine levels in neonatal sepsis Research methods (ELISA) 12.02.2020
414 Caldas, J. P.-/, 2008 Accuracy of white blood cell count, C-reactive protein, interleukin-6 and tumor necrosis factor alpha for diagnosing late neonatal sepsis Research methods (ELISA) 12.02.2020
524 Camacho-Gon 2013 Neonatal infectious diseases: evaluation of neonatal sepsis Research study design (review) 12.02.2020
579 Cancelier, A. | 2009 Inflammatory and oxidative parameters in cord blood as diagnostic of early-onset neonatal sepsis: a case-control study Research methods 12.02.2020
221 Cannon, D. C.: 2014 Focused proteomic profiling for rapid detection of late-onset neonatal sepsis in preterm infants 12.02.2020
201 Cao, Z.-//-Rob 2014 The role of proteomics in understanding biological mechanisms of sepsis 12.02.2020
515 Carvalho, J. K 2013 Prediction of sepsis-related outcomes in neonates through systematic genotyping of polymorphisms in genes for innate immunity and inflammation: a narrative review and critical perspective Research study design (review) 12.02.2020
233 Cekmez, Y.-//- 2013 Proadrenomedullin and serum Amyloid a as a predictor of Subclinical Chorioamnionitis in preterm premature rupture of membranes Not neonatal period 12.02.2020
434 Cekmez, Y.-//- 2017 The utility of maternal mean platelet volume levels for early onset neonatal sepsis prediction of term infants Research methods 12.02.2020
525 Celik, I. H.-//4 2013 Inflammatory responses to hepatitis B virus vaccine in healthy term infants Research methods 12.02.2020
460 Cernada, M./ 2016 Sepsis in preterm infants causes alterations in mucosal gene expression and microbiota profiles compared to non-septic twins Research addresses (fecal) 12.02.2020
210 Cernada, M./ 2014 Genome-wide expression profiles in very low birth weight infants with neonatal sepsis Research methods 12.02.2020
116 Cetin, O.-//-A" 2017 Is Maternal Blood Procalcitonin Level a Reliable Predictor for Early Onset Neonatal Sepsis in Preterm Premature Rupture of Membranes? Not neonatal period 12.02.2020
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383 Chiesa, C.-//-F 2003 C-reactive protein, interleukin-6, and procalcitonin in the immediate postnatal period: influence of iliness severity, risk status, antenatal and perinatal complications, and infection Research methods 12.02.2020
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631 Ergenekon, E. 2000 Urinary nitric oxide in newborns with infections Research methods 14.02.2020
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444 Gilfillan, M./, 2017 Biomarkers for the diagnosis of neonatal sepsis and necrotizing enterocolitis: Clinical practice guidelines Research methods, study design (review) 14.02.2020
546 Gille, C.-//-Dri 2012 Differential modulation of cord blood and peripheral blood monocytes by intravenous immunoglobulin Research methods 14.02.2020
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11 Karabulut, B.- 2019 New Diagnostic Possibilities for Early Onset Neonatal Sepsis: Red Cell Distribution Width to Platelet Ratio Research methods 14.02.2020
523 Kasper, D. C.5, 2013 Molecular detection of late-onset neonatal sepsis in premature infants using small blood volumes: proof-of-concept Research methods 14.02.2020
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629 Lewis, D. F.-/} 2001 Detection of interleukin-6 in maternal plasma predicts neonatal and infectious complications in preterm premature rupture of membranes Research methods 14.02.2020
369 L, S.-//-Ma, F 2018 Marked elevation of circulating CD19<sup>+</sup>CD:! p>hi</sup>CD. p>hi</sup> transitional B cells give protection against neonatal sepsis Research methods 14.02.2020
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138 McArdle, A.J 2016 Determinants of Carboxy in levels and r {{ ip with sepsis in a retrospective cohort of preterm neonates Research methods 14.02.2020
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602 Mishra, U. K.- 2006 Newer approaches to the diagnosis of early onset neonatal sepsis Research methods, research study (review, 14.02.2020
446 Mithal, L B.-/ 2017 Cord Blood Acute Phase Reactants Predict Early Onset Neonatal Sepsis in Preterm Infants Research methods 14.02.2020
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471 Neunhoeffer, 2016 Serum Concentrations of Interleukin-6, Procalcitonin, and C-Reactive Protein: Discrimination of Septical Ct ications and Systemic Inflammatory Response Syndrome after Pediatric Surgery Research methods 14.02.2020
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432 Nishizaki, N.-/ 2017 Evaluation of urinary IL-6 in neonates with septic shock treated with polymyxin B-immobilized fiber column Research methods 14.02.2020
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679 Majors, C. E.: 2017 Point-of-care diagnostics to improve maternal and neonatal health in low-resource settings Method
674 Tunc, T.-//-P 2020 Assessment of novel biomarkers: STREM-1, pentraxin-3 and pro-adrenomedullin in the early diagnosis of neonatal early onset sepsis Method
676 Bardanzellu, 2020 How could metabolomics change pediatric health? Review
Code Author(s)  Year Title Excluscion critera
691 Cortes, J. S., 2020 Interleukin-6 as a Biomarker of Early-Onset Neonatal Sepsis No metabolomics, Method
692 Kacerovsky, I 2020 Antibiotic administration reduces the rate of intraamniotic inflammation in preterm prelabor rupture of the membranes No metabolomics, Method
Code Author(s)  Year Title Excluscion critera
694 Yang, K. D., Y 2020 Identification of progranulin as a novel diagnostic biomarker for early-onset sepsis in neonates Method
695 Fievet, N., S. 2020 SEPSIS project: a protocol for studying biomarkers of neonatal sepsis and immune responses of infants in a malaria-endemic region Protocol
696 Spacova, ., 2020 Future of Probiotics and Prebiotics and the Implications for Early Career Researchers Not metabolomics, method
697 Tosson, A. M 2020 Evaluation of the S100 protein A12 as a biomarker of neonatal sepsis Method
698 Molloy, E. J., 2020 Neonatal sepsis: need for consensus definition, collaboration and core outcomes Study design
699 McGovern, N 2020 Challenges in developing a consensus definition of neonatal sepsis Study design

Page 53 of 54



APPENDIX 9

FULL-TEXT ARTICLES EXCLUDED

Code Author Title | | plai GRADE
478 Asci, A.-//-Surmeli-O 2015 Oxidant and antioxidant status in neonatal proven and clinical sepsis according to selenium status 05.02.2020 02.04.2020 Spectometry, looked at oxidant/antioxidant status, selenium and selenoproteins (SePP)
489 Aydemir, O.-//-Ozcar 2015 Asymmetric dimethylarginine and L-arginine levelsin neonatal sepsis and septic shock 05.02.2020 02.04.2020 Serum ADMA and L -arginine levels were measured by ELISA
576 Buhimschi, C.S.-//-B 2009 Using proteomicsin perinatal and neonatal sepsis: hopes and challenges for the future 05.02.2020 Review
549 Buhimschi, C. S.-//-B 2011 Proteomics mapping of cord blood identifies haptoglobin "switch-on" pattern as biomarker of early-onset neonat 05.02.2020 Included Mass spectrometry
563 Buhimschi, I. A.-//-Bi 2010 Therole of proteomicsin the diagnosis of chorioamnionitis and early-onset neonatal sepsis 05.02.2020 Review
221 Cannon, D. C.-//-Ohl: 2014 Focused proteomic profiling for rapid detection of late-onset neonatal sepsisin preterm infants 12.02.2020 02.04.2020 Abstract
201 Cao, Z.-//-Robinson, 2014 Therole of proteomicsin understanding biological mechanisms of sepsis 12.02.2020 02.04.2020 Review
411 Coutinho, F. G.-//-Di 2018 Assessment of oxidative damage and enzymatic antioxidant system activity on the umbilical cord blood and salivi 12.02.2020 Spectrophotomy
205 Dessi, A.-//-Liori, B.-/ 2014 Monitoring neonatal fungal infection with metabolomics 12.02.2020 Included Fungal sepsis Very low
500 Fanos, V.-//-Caboni, 2014 Urinary (1)H-NMR and GC-MS metabolomics predicts early and late onset neonatal sepsis Included Very low
218 Fanos, V.-//-Stronati, 2014 Metabolomicsin the diagnosis of sepsis 14.02.2020 02.04.2020 Review
443 Ludwig, K. R.-//-Humr 2017 Mass spectrometry for the discovery of biomarkers of sepsis 14.02.2020 02.04.2020 Review
417 Mani, S.-//-Cannon, | 2017 Protein biomarker druggability profiling 14.02.2020 Not looking at metabol in regards of di ic
440 Sarafidis, K.-//-Chatz 2017 Urine metabolomicsin neonates with late-onset sepsis in a case-control study 14.02.2020 Included Low/very low
140 Zohrer, E.-//-Resch, E 2016 Serum bileacidsin term and preterm neonates A case-control study determining reference values and the influen: 14.02.2020 Serum bile, not metalobis

Mickiewiczet al

2013

Included FROM Review
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Very low







