
 

 

 

Faculty of Health Sciences 

Metabolomics in neonatal sepsis  

 A systematic review 

Aline Uhirwa, Bjerkhaug 

Master’s Thesis in  MED-3950 august 2020 



 

 

  



 

 

Table of Contents 
1	 Introduction ........................................................................................................................ 1	

1.1	 Early-onset neonatal sepsis ........................................................................................ 1	

1.2	 Late-onset neonatal sepsis .......................................................................................... 3	

1.3	 Immunopathology of neonatal sepsis ......................................................................... 5	

1.4	 Traditional diagnostic tools ........................................................................................ 5	

1.4.1	 Microbiological cultures .................................................................................... 6	

1.4.2	 The use of biomarkers ........................................................................................ 7	

1.4.3	 Haematological profiling .................................................................................... 8	

1.5	 Metabolomics ............................................................................................................. 8	

1.5.1	 Targeted metabolomics ...................................................................................... 9	

1.5.2	 Untargeted metabolomics ................................................................................. 10	

2	 The aim of the thesis ........................................................................................................ 12	

3	 Methods ............................................................................................................................ 12	

3.1	 PICO ......................................................................................................................... 12	

3.2	 Selection criteria ....................................................................................................... 13	

3.3	 Search strategy ......................................................................................................... 14	

3.4	 Data collection .......................................................................................................... 14	

3.5	 Analysis and synthesis ............................................................................................. 15	

3.6	 Registration of the systematic review ...................................................................... 15	

4	 Results .............................................................................................................................. 16	

5	 Discussion ........................................................................................................................ 18	

5.1	 Metabolomic markers for identification of neonatal sepsis? ................................... 18	

5.2	 Limitations ............................................................................................................... 20	

5.3	 Strength and weaknesses .......................................................................................... 22	

6	 Conclusion ........................................................................................................................ 23	

Figures and Tables ................................................................................................................... 24	



 

 

Works cited .............................................................................................................................. 28	

APPENDIX 1 ........................................................................................................................... 35	

APPENDIX 2 ........................................................................................................................... 37	

APPENDIX 3 ........................................................................................................................... 39	

APPENDIX  4 .......................................................................................................................... 40	

APPENDIX 5 ........................................................................................................................... 41	

APPENDIX 7 ........................................................................................................................... 43	

APPENDIX 8 ........................................................................................................................... 44	

APPENDIX 9 ........................................................................................................................... 54	

 

List of Tables 
Table 1 Methods of detecting metabolites ............................................................................... 25	
Table 2 Summary of included studies using metabolomics. .................................................... 26	
Table 3 Trend of significant metabolites in the included studies. ............................................ 27	

List of Figures 
Figure 1 An example of targeted metabolomics with NMR. 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. ................................................................ 10	
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. ....................... 11	
Figure 3 Prisma flow diagram of selected articles. ............................................................. 24	

 
  



 

 

Acknowledgments 
I have been fortunate enough to be part of an amazing research group, the Paediatric Infection 

Group at the Department of clinical medicine (IKM) at UiT. The group has provided me with 

the opportunity to be a part of some very interesting projects and participate in very 

interesting courses.  

To my primary supervisor, Claus Klingenberg, I really appreciate your wisdom, guidance and 

encouragement. I am astonished over the goals I keep reaching, because you always manage 

to motivate me to aim higher than I can imagine. 

To my co-supervisors: Hildegunn Norbakken Granslo, thank you for the invaluable advices, 

for the constant encouragement and for guiding me through the challenging journey of this 

systematic review. Pauline Cavanagh, thank you for always being supportive, giving me 

promt feedback and facilitating a great work environment.  

To Eirik Reierth, thank you for your guidance and patience in teaching me the skills required 

for constructing a systematic search and conducting a systematic review.   

  

 

  



 

 

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 1st 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: 

CRD42020164454.   

 

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.  



 

 

Abbreviations  

AAP  American Academy of Pediatrics 

ACOG  American College of Obstetricians and Gynecologists 

AMR  Antimicrobial Resistance  

ANC  Absolute neutrophil count 

BW  Birth weight 

CBC  Complete blood count 

CRP  C - reactive protein 

CSF  Cerebrospinal fluid  

CoNS  Coagulase-negative Staphylococci 

CVC  Central venous catheters 

EOS  Early-Onset Neonatal Sepsis  

E. coli  Escherichia coli 

GA  Gestational age 

GBS  Group B Streptococcus  

GC-MS Gas chromatography mass spectrometry 

H-NMR Proton nuclear magnetic resonance  

IAP  Intrapartum antibiotic prophylaxis 

LB  Live born 

LC-MS Liquid chromatography mass spectrometry 

LOS  Late-Onset Neonatal Sepsis  

MeSH  Medical Subject Headings 



 

 

MS  Mass spectrometry 

NLR  Neutrophil to lymphocyte ratio 

NMR  Nuclear magnetic resonance  

PCT  Procalcitonin 

PCR  Polymerase chain reaction 

PROM  Prolonged rupture of membranes  

S. aureus Staphylococcus aureus 

VGS  Viridans group streptococci 

VLBW  Very low birth weight   

WBC  White blood count 

1D 1H NMR One-dimensional (1D) 1H nuclear magnetic resonance 

2D NMR Two-dimensional nuclear magnetic resonance 

 

 



 

Page 1 of 54 

 

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). 
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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 1st of April 

2015 to 31st 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 (ACOG) 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 1H 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 NMR. 
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 Outcome 

Neonates: 

first 28 days 

of life or 

preterm 

neonates up 

to 44 weeks 

postmenstrual 

age 

Metabolomics: 

metabolic profiling 

using the methods 

nuclear magnetic 

resonance (NMR) 

or/and mass 

spectrometry 

(MS).1 

Traditional 

diagnostic tools: 

e.g. blood culture, 

CRP, other 

inflammatory 

markers  

Detection of  

(1) Culture proven 

sepsis  

(2) Culture-negative 

sepsis 

 

Comparison:  

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

sepsis is isolating a pathogenetic isolate from a blood culture. 

 

 

1 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:  

 
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.  

 

NEONATAL SEPSIS (MeSH - Term)

•Neonatal sepses
• Neonatal Late Onset Sepsis
• Neonatal Late Onset Sepses
• Neonatal Early Onset Sepsis
• Neonatal Early Onset Sepses

METABOLOMIC(S) (MeSH - Term)

•Metabolomic(s)
•Urine Metabolomic(s)
•Blood Metabolomic(s)
•Fetal blood Metabolomic(s)
•Plasma Metabolomic(s)
•Serum Metabolomic(s)
•Metabonomic(s)
•Urine Metabonomic(s)
•Blood Metabonomic(s)
•Fetal blood Metabonomic(s)
•Plasma Metabonomic(s)
•Serum Metabonomic(s)
• BIOMARKER (MeSH)

•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)
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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:  

o Study name/article title 

o Authors 

o Year of publication 
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o Journal and full reference details  

o Country 

o Study design 

o Participants  

o Setting 

o Interventions including metabolomics and traditional diagnostic tools 

o Main results  

o 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 et 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 et 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 1H 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 et 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 1H 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 al (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 et al (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 et 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 

SAMPLE 

SENSITIVITY  QUANTIFICATION ADVANTAGES  DISADVANTAGE 

NMR No sample preparation or 

extraction required 

Micromolar (µM) to 

millimolar (mM) 

No standard required, 

linear response  

Non-destructive 

detection of metabolites, 

possible to replicate, 

information about the 

metabolite structure   

Low sensitivity, peak 

overlap can occur 

GC-MS Extraction, derivatization  Picomolar (pM) to 

micromolar (µM) 

Must have standard, 

matrix and ionization 

dependent response  

Standard library 

available for 

identification, high 

sensitivity  

Challenging sample 

preparation, 

destructive detection, 

not suitable for heat-

labile, use of high 

boiling point  

LC-MS Extraction, desalting, 

filtration 

Picomolar (pM) to 

micromolar (µM) 

Must have isotope labelled 

standard, matrix and 

ionization dependent 

response 

High sensitivity, can 

detect a high number of 

metabolites  

Ion depression effect, 

no information about 

the metabolite 

structure, destructive 

detection  
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Table 2 Summary of included studies using metabolomics. 

Study Method Study population Material Main results  

Mickiewicz et al. 

(2013) 

NMR • Septic shock, neonates (n = 5)  

• SIRS/ICU, neonates (n = 2) 

• Septic shock, infants (n = 21) 

• SIRS/ICU, infants (n = 13) 

• Healthy controls, infants (n = 13, 

outlier removed n = 1) 

Serum • Decrease in the metabolites 2-Aminobutyrate, acetate, 

adipate and threonine in sepsis  

• Increase in 2-Hydroxybutyrate, 2-Hydroxyisovalerate, 2-

Oxoisocaproate, creatinine, glucose and lactate in sepsis 

Desi et al. (2014) GC-MS • Fungal sepsis (n = 1) 

• Healthy control (n = 13) 

Urine • Decrease of citric acid, hexadecanoic acid and octadecanoic 

acid in sepsis 

• Increase of D-glucose, L-threonine, maltose, N-glycine and 

N-serine in sepsis 

Fanos et al. (2014) GC-MS and 
1H NMR 

• Sepsis, neonates (n = 9) 

• Healthy controls (n = 16) 

Urine • Decrease of THBA, ribitol, ribnic acid and citrate in sepsis 

• Increase of glucose, lactate and acetate 

Sarafidis et al. (2017) H-NMR and 

LC-MS/MS 

• Confirmed sepsis, neonates (n = 9) 

• Possible sepsis, neonates (n = 7) 

• Healthy controls, neonates (n = 16) 

Urine • 10 metabolites altered discovered by H-NMR at day 0 (onset 

of symptoms) 

• 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.  



 

Page 28 of 54 

 

Works cited 
1. Wynn JL, Wong HR, Shanley TP, et al. Time for a neonatal–specific consensus 
definition for sepsis. Pediatric critical care medicine: a journal of the Society of Critical Care 
Medicine and the World Federation of Pediatric Intensive and Critical Care Societies 2014; 
15: 523.  
2. Oza S, Lawn JE, Hogan DR, et al. Neonatal cause-of-death estimates for the early and 
late neonatal periods for 194 countries: 2000–2013. Bulletin of the World Health 
Organization 2014; 93: 19-28.  
3. Sanz E, Muñoz-A N, Monserrat J, et al. Ordering human CD34+ CD10− CD19+ 
pre/pro-B-cell and CD19− common lymphoid progenitor stages in two pro-B-cell 
development pathways. Proceedings of the National Academy of Sciences 2010; 107: 5925-
30.  
4. Basha S, Surendran N, Pichichero M. Immune responses in neonates. Expert review of 
clinical immunology 2014; 10: 1171-84.  
5. Waaijenborg S, Hahné SJ, Mollema L, et al. Waning of maternal antibodies against 
measles, mumps, rubella, and varicella in communities with contrasting vaccination coverage. 
The Journal of infectious diseases 2013; 208: 10-6.  
6. Puopolo KM, Benitz WE, Zaoutis TE, et al. Management of neonates born at≥ 35 0/7 
weeks’ gestation with suspected or proven early-onset bacterial sepsis. Pediatrics 2018; 142: 
e20182894.  
7. Rao SC, Srinivasjois R, Moon K. One dose per day compared to multiple doses per 
day of gentamicin for treatment of suspected or proven sepsis in neonates. Cochrane Database 
of Systematic Reviews 2016.  
8. Vergnano S, Menson E, Kennea N, et al. Neonatal infections in England: the NeonIN 
surveillance network. Archives of Disease in Childhood-Fetal and Neonatal Edition 2011; 96: 
F9-F14.  
9. Stoll BJ, Hansen NI, Sánchez PJ, et al. Early onset neonatal sepsis: the burden of 
group B Streptococcal and E. coli disease continues. Pediatrics 2011; 127: 817-26.  
10. Edmond KM, Kortsalioudaki C, Scott S, et al. Group B streptococcal disease in infants 
aged younger than 3 months: systematic review and meta-analysis. The Lancet 2012; 379: 
547-56.  
11. Pediatrics AAo. Group B streptococcal infections; 2018 Report of the Committee on 
Infectious Diseases, Report No.: 2018. 
12. Bizzarro MJ--R, Craig-//-Baltimore, Robert S-//-Gallagher, Patrick G. Seventy-five 
years of neonatal sepsis at Yale: 1928–2003. Pediatrics 2005; 116: 595-602.  
13. Sgro M, Shah P, Campbell D, et al. Early-onset neonatal sepsis: rate and organism 
pattern between 2003 and 2008. Journal of Perinatology 2011; 31: 794-8.  
14. Fjalstad JW, Stensvold HJ, Bergseng H, et al. Early-onset sepsis and antibiotic 
exposure in term infants: a nationwide population-based study in Norway. The Pediatric 
infectious disease journal 2016; 35: 1-6.  
15. Al-Taiar A, Hammoud MS, Thalib L, et al. Pattern and etiology of culture-proven 
early-onset neonatal sepsis: a five-year prospective study. International Journal of Infectious 
Diseases 2011; 15: e631-e4.  
16. Schuchat A, Zywicki SS, Dinsmoor MJ, et al. Risk factors and opportunities for 
prevention of early-onset neonatal sepsis: a multicenter case-control study. Pediatrics 2000; 
105: 21-6.  



 

Page 29 of 54 

 

17. Stoll BJ, Puopolo KM, Hansen NI, et al. Early-Onset Neonatal Sepsis 2015 to 2017, 
the Rise of Escherichia coli, and the Need for Novel Prevention Strategies. JAMA pediatrics 
2020: e200593-e.  
18. Bauserman MS, Laughon MM, Hornik CP, et al. Group B Streptococcus and 
Escherichia coli infections in the intensive care nursery in the era of intrapartum antibiotic 
prophylaxis. The Pediatric infectious disease journal 2013; 32: 208.  
19. Fultz-Butts K, Gorwitz RJ, Schuchat A, et al. Prevention of perinatal group B 
streptococcal disease; revised guidelines from CDC.  2002.  
20. Verani JR, McGee L, Schrag SJ. Prevention of perinatal group B streptococcal 
disease. Morbidity and Mortality Weekly Report (MMWR), Revised Guidelines from CDC, 
Recommendations and Reports 2010; 59: 1-32.  
21. Practice CoO. Prevention of group B streptococcal early-onset disease in newborns: 
ACOG Committee Opinion, number 782. Obstet Gynecol 2019; 134: 206-10.  
22. Rodrigo FG-M, Henríquez GG, Aloy JF, et al. Outcomes of very-low-birth-weight 
infants exposed to maternal clinical chorioamnionitis: a multicentre study. Neonatology 2014; 
106: 229-34.  
23. Edwards MS, Baker CJ. Bacterial infections in the neonate.  Principles and practice of 
pediatric infectious diseases: Elsevier, 2018: 549-55. e2. 
24. Flagg EW, Weinstock H. Incidence of neonatal herpes simplex virus infections in the 
United States, 2006. Pediatrics 2011; 127: e1-e8.  
25. Verboon-Maciolek MA, Krediet TG, Gerards LJ, et al. Clinical and epidemiologic 
characteristics of viral infections in a neonatal intensive care unit during a 12-year period. The 
Pediatric infectious disease journal 2005; 24: 901-4.  
26. Sastre JBL, Cotallo GDC, Colomer BF. Neonatal invasive candidiasis: a prospective 
multicenter study of 118 cases. American journal of perinatology 2003; 20: 153-64.  
27. Klinger G, Levy I, Sirota L, et al. Outcome of early-onset sepsis in a national cohort of 
very low birth weight infants. Pediatrics 2010; 125: e736-e40.  
28. Sarafidis K--C, A. C.-//-Thomaidou, A.-//-Gika, H.-//-Mikros, E.-//-Benaki, D.-//-
Diamanti, E.-//-Agakidis, C.-//-Raikos, N.-//-Drossou, V.-//-Theodoridis, G. Urine 
metabolomics in neonates with late-onset sepsis in a case-control study. Sci Rep 2017; 7: 
45506.  
29. Dong Y, Speer CP. Late-onset neonatal sepsis: recent developments. Archives of 
Disease in Childhood-Fetal and Neonatal Edition 2015; 100: F257-F63.  
30. Boghossian NS, Page GP, Bell EF, et al. Late-onset sepsis in very low birth weight 
infants from singleton and multiple-gestation births. The Journal of pediatrics 2013; 162: 
1120-4. e1.  
31. Tsai M-H, Hsu J-F, Chu S-M, et al. Incidence, clinical characteristics and risk factors 
for adverse outcome in neonates with late-onset sepsis. The Pediatric infectious disease 
journal 2014; 33: e7-e13.  
32. Hammoud MS, Al�Taiar A, Thalib L, et al. Incidence, aetiology and resistance of 
late�onset neonatal sepsis: A five�year prospective study. Journal of paediatrics and child 
health 2012; 48: 604-9.  
33. Tröger B, Göpel W, Faust K, et al. Risk for late-onset blood-culture proven sepsis in 
very-low-birth weight infants born small for gestational age: a large multicenter study from 
the German Neonatal Network. The Pediatric infectious disease journal 2014; 33: 238-43.  
34. Wójkowska-Mach J, Gulczyńska E, Nowiczewski M, et al. Late-onset bloodstream 
infections of Very-Low-Birth-Weight infants: data from the Polish Neonatology Surveillance 
Network in 2009–2011. BMC infectious diseases 2014; 14: 339.  



 

Page 30 of 54 

 

35. Manzoni P, Mostert M, Stronati M. Lactoferrin for prevention of neonatal infections. 
Current opinion in infectious diseases 2011; 24: 177-82.  
36. Bion J, Richardson A, Hibbert P, et al. ‘Matching Michigan’: a 2-year stepped 
interventional programme to minimise central venous catheter-blood stream infections in 
intensive care units in England. BMJ quality & safety 2013; 22: 110-23.  
37. Nair V, Soraisham AS. Probiotics and prebiotics: role in prevention of nosocomial 
sepsis in preterm infants. International journal of pediatrics 2013; 2013.  
38. Jacobs SE, Tobin JM, Opie GF, et al. Probiotic effects on late-onset sepsis in very 
preterm infants: a randomized controlled trial. Pediatrics 2013; 132: 1055-62.  
39. Hay Jr WW. Strategies for feeding the preterm infant. Neonatology 2008; 94: 245-54.  
40. Morgan J, Bombell S, McGuire W. Early trophic feeding versus enteral fasting for 
very preterm or very low birth weight infants. Cochrane database of systematic reviews 2013.  
41. Rønnestad A, Abrahamsen TG, Medbø S, et al. Late-onset septicemia in a Norwegian 
national cohort of extremely premature infants receiving very early full human milk feeding. 
Pediatrics 2005; 115: e269-e76.  
42. Pammi M, Abrams SA. Oral lactoferrin for the prevention of sepsis and necrotizing 
enterocolitis in preterm infants. Cochrane Database of Systematic Reviews 2015.  
43. Pammi M, Suresh G. Enteral lactoferrin supplementation for prevention of sepsis and 
necrotizing enterocolitis in preterm infants. Cochrane Database of Systematic Reviews 2020.  
44. Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel 
understanding of the disorder and a new therapeutic approach. The Lancet infectious diseases 
2013; 13: 260-8.  
45. Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from 
cellular dysfunctions to immunotherapy. Nature Reviews Immunology 2013; 13: 862-74.  
46. Brook B, Harbeson D, Ben-Othman R, et al. Newborn susceptibility to infection vs. 
disease depends on complex in vivo interactions of host and pathogen.  Seminars in 
Immunopathology: Springer, 2017: 615-25. 
47. Conti MG, Angelidou A, Diray-Arce J, et al. Immunometabolic approaches to prevent, 
detect, and treat neonatal sepsis. Pediatr Res 2019; 87: 399-405.  
48. O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for 
immunologists. Nature Reviews Immunology 2016; 16: 553.  
49. Angus DC, Van der Poll T. Severe sepsis and septic shock. N Engl J Med 2013; 369: 
840-51.  
50. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and quiescence. 
Immunity 2013; 38: 633-43.  
51. Bours M, Swennen E, Di Virgilio F, et al. Adenosine 5�-triphosphate and adenosine 
as endogenous signaling molecules in immunity and inflammation. Pharmacology & 
therapeutics 2006; 112: 358-404.  
52. Ledderose C, Bao Y, Kondo Y, et al. Purinergic signaling and the immune response in 
sepsis: a review. Clinical therapeutics 2016; 38: 1054-65.  
53. Pettengill M, Robson S, Tresenriter M, et al. Soluble ecto-5�-nucleotidase (5�-NT), 
alkaline phosphatase, and adenosine deaminase (ADA1) activities in neonatal blood favor 
elevated extracellular adenosine. Journal of Biological Chemistry 2013; 288: 27315-26.  
54. Levy O, Coughlin M, Cronstein BN, et al. The adenosine system selectively inhibits 
TLR-mediated TNF-α production in the human newborn. The Journal of Immunology 2006; 
177: 1956-66.  
55. Bekhof J, Reitsma JB, Kok JH, et al. Clinical signs to identify late-onset sepsis in 
preterm infants. European journal of pediatrics 2013; 172: 501-8.  



 

Page 31 of 54 

 

56. Hofer N, Müller W, Resch B. Neonates presenting with temperature symptoms: role in 
the diagnosis of early onset sepsis. Pediatrics International 2012; 54: 486-90.  
57. Gerdes JS. Diagnosis and management of bacterial infections in the neonate. Pediatric 
Clinics 2004; 51: 939-59.  
58. Lam HS, Ng PC. Biochemical markers of neonatal sepsis. Pathology 2008; 40: 141-8.  
59. Cantey JB, Baird SD. Ending the culture of culture-negative sepsis in the neonatal 
ICU. Pediatrics 2017; 140.  
60. Klingenberg C, Kornelisse RF, Buonocore G, et al. Culture-negative early-onset 
neonatal sepsis—at the crossroad between efficient sepsis care and antimicrobial stewardship. 
Frontiers in pediatrics 2018; 6: 285.  
61. Neal P, Kleiman M, Reynolds J, et al. Volume of blood submitted for culture from 
neonates. Journal of Clinical Microbiology 1986; 24: 353-6.  
62. Schelonka RL, Chai MK, Yoder BA, et al. Volume of blood required to detect 
common neonatal pathogens. The Journal of pediatrics 1996; 129: 275-8.  
63. Buttery J. Blood cultures in newborns and children: optimising an everyday test. 
Archives of Disease in Childhood-Fetal and Neonatal Edition 2002; 87: F25-F8.  
64. Chirico G, Loda C. Laboratory aid to the diagnosis and therapy of infection in the 
neonate. Pediatric Reports 2011; 3.  
65. Reier-Nilsen T, Farstad T, Nakstad B, et al. Comparison of broad range 16S rDNA 
PCR and conventional blood culture for diagnosis of sepsis in the newborn: a case control 
study. BMC pediatrics 2009; 9: 5.  
66. Mancini N, Carletti S, Ghidoli N, et al. The era of molecular and other non-culture-
based methods in diagnosis of sepsis. Clinical microbiology reviews 2010; 23: 235-51.  
67. Ku LC, Boggess KA, Cohen-Wolkowiez M. Bacterial meningitis in infants. Clinics in 
perinatology 2015; 42: 29-45.  
68. Bedetti L, Marrozzini L, Baraldi A, et al. Pitfalls in the diagnosis of meningitis in 
neonates and young infants: the role of lumbar puncture. The Journal of Maternal-Fetal & 
Neonatal Medicine 2019; 32: 4029-35.  
69. Malbon K, Mohan R, Nicholl R. Should a neonate with possible late onset infection 
always have a lumbar puncture? Archives of disease in childhood 2006; 91: 75-6.  
70. Eschborn S, Weitkamp J-H. Procalcitonin versus C-reactive protein: review of kinetics 
and performance for diagnosis of neonatal sepsis. Journal of Perinatology 2019; 39: 893-903.  
71. Simon L, Gauvin F, Amre DK, et al. Serum procalcitonin and C-reactive protein levels 
as markers of bacterial infection: a systematic review and meta-analysis. Clinical infectious 
diseases 2004; 39: 206-17.  
72. Delanghe JR, Speeckaert MM. Translational research and biomarkers in neonatal 
sepsis. Clinica chimica acta 2015; 451: 46-64.  
73. Altunhan H, Annagür A, Örs R, et al. Procalcitonin measurement at 24 hours of age 
may be helpful in the prompt diagnosis of early-onset neonatal sepsis. International Journal of 
Infectious Diseases 2011; 15: e854-e8.  
74. Hofer N, Zacharias E, Müller W, et al. An update on the use of C-reactive protein in 
early-onset neonatal sepsis: current insights and new tasks. Neonatology 2012; 102: 25-36.  
75. Whicher J, Bienvenu J, Monneret G. Procalcitonin as an acute phase marker. Annals 
of clinical biochemistry 2001; 38: 483-93.  
76. Park IH, Lee SH, Yu ST, et al. Serum procalcitonin as a diagnostic marker of neonatal 
sepsis. Korean journal of pediatrics 2014; 57: 451.  



 

Page 32 of 54 

 

77. Ruan L, Chen G-Y, Liu Z, et al. The combination of procalcitonin and C-reactive 
protein or presepsin alone improves the accuracy of diagnosis of neonatal sepsis: a meta-
analysis and systematic review. Critical Care 2018; 22: 1-9.  
78. Lv B, Huang J, Yuan H, et al. Tumor necrosis factor-α as a diagnostic marker for 
neonatal sepsis: a meta-analysis. The Scientific World Journal 2014; 2014.  
79. Zhou M, Cheng S, Yu J, et al. Interleukin-8 for diagnosis of neonatal sepsis: a meta-
analysis. PloS one 2015; 10: e0127170.  
80. Sun B, Liang LF, Li J, et al. A meta�analysis of interleukin�6 as a valid and 
accurate index in diagnosing early neonatal sepsis. International wound journal 2019; 16: 
527-33.  
81. Tappero E, Johnson P. Laboratory evaluation of neonatal sepsis. Newborn and Infant 
Nursing Reviews 2010; 10: 209-17.  
82. Shah BA, Padbury JF. Neonatal sepsis: an old problem with new insights. Virulence 
2014; 5: 170-8.  
83. Hornik CP, Benjamin DK, Becker KC, et al. Use of the complete blood cell count in 
late-onset neonatal sepsis. The Pediatric infectious disease journal 2012; 31: 803.  
84. Bhandari V, Wang C, Rinder C, et al. Hematologic profile of sepsis in neonates: 
neutrophil CD64 as a diagnostic marker. Pediatrics 2008; 121: 129-34.  
85. Chiesa C, Panero A, Osborn JF, et al. Diagnosis of neonatal sepsis: a clinical and 
laboratory challenge. Clinical chemistry 2004; 50: 279-87.  
86. Newman TB, Draper D, Puopolo KM, et al. Combining immature and total neutrophil 
counts to predict early onset sepsis in term and late preterm newborns: use of the I/T2. The 
Pediatric infectious disease journal 2014; 33: 798.  
87. Polin RA. Management of neonates with suspected or proven early-onset bacterial 
sepsis. Pediatrics 2012; 129: 1006-15.  
88. Bardanzellu F, Fanos V. How could metabolomics change pediatric health? Italian 
Journal of Pediatrics 2020; 46: 1-13.  
89. Atzori L--A, R.-//-Barberini, L.-//-Griffin, J. L.-//-Fanos, V. Metabolomics: a new tool 
for the neonatologist. J Matern Fetal Neonatal Med 2009; 22 Suppl 3: 50-3.  
90. Fanos V, Van den Anker J, Noto A, et al. Metabolomics in neonatology: fact or 
fiction?  Seminars in Fetal and Neonatal Medicine: Elsevier, 2013: 3-12. 
91. Assfalg M, Bertini I, Colangiuli D, et al. Evidence of different metabolic phenotypes 
in humans. Proceedings of the National Academy of Sciences 2008; 105: 1420-4.  
92. Guo L, Milburn MV, Ryals JA, et al. Plasma metabolomic profiles enhance precision 
medicine for volunteers of normal health. Proceedings of the National Academy of Sciences 
2015; 112: E4901-E10.  
93. Fanos V, Caboni P, Corsello G, et al. Urinary 1H-NMR and GC-MS metabolomics 
predicts early and late onset neonatal sepsis. Early human development 2014; 90: S78-S83.  
94. Dessì A, Corsello G, Stronati M, et al. New diagnostic possibilities in systemic 
neonatal infections: metabolomics. Early Hum Dev 2014; 90: S19-21.  
95. Weljie AM, Newton J, Mercier P, et al. Targeted profiling: quantitative analysis of 1H 
NMR metabolomics data. Analytical chemistry 2006; 78: 4430-42.  
96. Date Y, Kikuchi J. Application of a deep neural network to metabolomics studies and 
its performance in determining important variables. Analytical chemistry 2018; 90: 1805-10.  
97. Takis PG, Schäfer H, Spraul M, et al. Deconvoluting interrelationships between 
concentrations and chemical shifts in urine provides a powerful analysis tool. Nature 
communications 2017; 8: 1-12.  



 

Page 33 of 54 

 

98. Nagana Gowda G, Raftery D. Whole blood metabolomics by 1H NMR spectroscopy 
provides a new opportunity to evaluate coenzymes and antioxidants. Analytical chemistry 
2017; 89: 4620-7.  
99. Daly RA, Borton MA, Wilkins MJ, et al. Microbial metabolisms in a 2.5-km-deep 
ecosystem created by hydraulic fracturing in shales. Nature Microbiology 2016; 1: 1-9.  
100. Bingol K, Brüschweiler R. NMR/MS translator for the enhanced simultaneous 
analysis of metabolomics mixtures by NMR spectroscopy and mass spectrometry: application 
to human urine. Journal of proteome research 2015; 14: 2642-8.  
101. Walker LR, Hoyt DW, Walker SM, et al. Unambiguous metabolite identification in 
high�throughput metabolomics by hybrid 1D 1H NMR/ESI MS1 approach. Magnetic 
Resonance in Chemistry 2016; 54: 998-1003.  
102. Bingol K, Bruschweiler-Li L, Li D, et al. Emerging new strategies for successful 
metabolite identification in metabolomics. Bioanalysis 2016; 8: 557-73.  
103. Allard P-M, Genta-Jouve G, Wolfender J-L. Deep metabolome annotation in natural 
products research: towards a virtuous cycle in metabolite identification. Current Opinion in 
Chemical Biology 2017; 36: 40-9.  
104. Guijas C, Montenegro-Burke JR, Domingo-Almenara X, et al. METLIN: a technology 
platform for identifying knowns and unknowns. Analytical chemistry 2018; 90: 3156-64.  
105. Lai Z, Tsugawa H, Wohlgemuth G, et al. Identifying metabolites by integrating 
metabolome databases with mass spectrometry cheminformatics. Nature methods 2018; 15: 
53-6.  
106. Ruttkies C, Schymanski EL, Wolf S, et al. MetFrag relaunched: incorporating 
strategies beyond in silico fragmentation. Journal of cheminformatics 2016; 8: 3.  
107. Schymanski EL, Ruttkies C, Krauss M, et al. Critical assessment of small molecule 
identification 2016: automated methods. Journal of cheminformatics 2017; 9: 22.  
108. Clendinen CS, Pasquel C, Ajredini R, et al. 13C NMR metabolomics: INADEQUATE 
network analysis. Analytical chemistry 2015; 87: 5698-706.  
109. Komatsu T, Ohishi R, Shino A, et al. Structure and Metabolic�Flow Analysis of 
Molecular Complexity in a 13C�Labeled Tree by 2D and 3D NMR. Angewandte Chemie 
2016; 128: 6104-7.  
110. Bingol K, Bruschweiler-Li L, Yu C, et al. Metabolomics beyond spectroscopic 
databases: a combined MS/NMR strategy for the rapid identification of new metabolites in 
complex mixtures. Analytical chemistry 2015; 87: 3864-70.  
111. S Clendinen C, S Stupp G, Wang B, et al. 13C metabolomics: NMR and IROA for 
unknown identification. Current Metabolomics 2016; 4: 116-20.  
112. Wang C, He L, Li D-W, et al. Accurate identification of unknown and known 
metabolic mixture components by combining 3D NMR with fourier transform ion cyclotron 
resonance tandem mass spectrometry. Journal of proteome research 2017; 16: 3774-86.  
113. Dessì A, Liori B, Caboni P, et al. Monitoring neonatal fungal infection with 
metabolomics. The Journal of Maternal-Fetal & Neonatal Medicine 2014; 27: 34-8.  
114. Sarafidis K, Chatziioannou AC, Thomaidou A, et al. Urine metabolomics in neonates 
with late-onset sepsis in a case-control study. Scientific reports 2017; 7: 1-9.  
115. Mickiewicz B, Vogel HJ, Wong HR, et al. Metabolomics as a novel approach for early 
diagnosis of pediatric septic shock and its mortality. American journal of respiratory and 
critical care medicine 2013; 187: 967-76.  
116. Nguyen HB, Rivers EP, Knoblich BP, et al. Early lactate clearance is associated with 
improved outcome in severe sepsis and septic shock. Critical care medicine 2004; 32: 1637-
42.  



 

Page 34 of 54 

 

117. Mikkelsen ME, Miltiades AN, Gaieski DF, et al. Serum lactate is associated with 
mortality in severe sepsis independent of organ failure and shock. Critical care medicine 
2009; 37: 1670-7.  
118. Nolt B, Tu F, Wang X, et al. Lactate and immunosuppression in sepsis. Shock 
(Augusta, Ga) 2018; 49: 120.  
119. Singer M, Deutschman CS, Seymour CW, et al. The third international consensus 
definitions for sepsis and septic shock (Sepsis-3). Jama 2016; 315: 801-10.  
120. Vincent J-L, e Silva AQ, Couto L, et al. The value of blood lactate kinetics in 
critically ill patients: a systematic review. Critical care 2016; 20: 257.  
121. Bauer DE, Harris MH, Plas DR, et al. Cytokine stimulation of aerobic glycolysis in 
hematopoietic cells exceeds proliferative demand. The FASEB journal 2004; 18: 1303-5.  
122. Donnelly RP, Finlay DK. Glucose, glycolysis and lymphocyte responses. Molecular 
immunology 2015; 68: 513-9.  
123. Yang L, Xie M, Yang M, et al. PKM2 regulates the Warburg effect and promotes 
HMGB1 release in sepsis. Nature communications 2014; 5: 1-9.  
124. Wolf AJ, Reyes CN, Liang W, et al. Hexokinase is an innate immune receptor for the 
detection of bacterial peptidoglycan. Cell 2016; 166: 624-36.  
125. Netea MG, Joosten LA, Latz E, et al. Trained immunity: a program of innate immune 
memory in health and disease. Science 2016; 352.  
126. Mukhopadhyay R, Jia J, Arif A, et al. The GAIT system: a gatekeeper of 
inflammatory gene expression. Trends in biochemical sciences 2009; 34: 324-31.  
127. Loftus RM, Finlay DK. Immunometabolism: cellular metabolism turns immune 
regulator. Journal of Biological Chemistry 2016; 291: 1-10.  
128. Kovarik M, Muthny T, Sispera L, et al. Effects of β-hydroxy-β-methylbutyrate 
treatment in different types of skeletal muscle of intact and septic rats. Journal of physiology 
and biochemistry 2010; 66: 311-9.  
129. Hasselgren P-O, Talamini M, James JH, et al. Protein metabolism in different types of 
skeletal muscle during early and late sepsis in rats. Archives of Surgery 1986; 121: 918-23.  
130. Wannemacher Jr R, Klainer A, Dinterman R, et al. The significance and mechanism of 
an increased serum phenylalanine-tyrosine ratio during infection. The American journal of 
clinical nutrition 1976; 29: 997-1006.  
131. Gall WE, Beebe K, Lawton KA, et al. α-Hydroxybutyrate is an early biomarker of 
insulin resistance and glucose intolerance in a nondiabetic population. PLoS One 2010; 5: 
e10883.  
132. Hanna MH, Brophy PD. Metabolomics in Neonatology. Metabolomics: Fundamentals 
and Applications 2016: 195.  
133. Tebani A, Afonso C, Marret S, et al. Omics-based strategies in precision medicine: 
toward a paradigm shift in inborn errors of metabolism investigations. International journal of 
molecular sciences 2016; 17: 1555.  
134. May JC, McLean JA. Advanced multidimensional separations in mass spectrometry: 
navigating the big data deluge. Annual review of analytical chemistry 2016; 9: 387-409.  
135. Boehm G, Cervantes H, Georgi G, et al. Effect of increasing dietary threonine intakes 
on amino acid metabolism of the central nervous system and peripheral tissues in growing 
rats. Pediatric research 1998; 44: 900-6.  



 

Page 35 of 54 

 

APPENDIX 1 
MEDLINE 

 



 

Page 36 of 54 

 
  



 

Page 37 of 54 

 

APPENDIX 2 
EMBASE  

 



 

Page 38 of 54 

 
 



 

Page 39 of 54 

 

APPENDIX 3 
 



 

Page 40 of 54 

 

APPENDIX  4 

  



 

Page 41 of 54 

 

APPENDIX 5 



 

Page 42 of 54 

 

APPENDIX 6 

 



 

Page 43 of 54 

 

APPENDIX 7 

 



 

Page 44 of 54 

 

 

APPENDIX 8 

 



 

Page 45 of 54 

 

 



 

Page 46 of 54 

 

 

 



 

Page 47 of 54 

 

 

 



 

Page 48 of 54 

 

 

 



 

Page 49 of 54 

 

 

 



 

Page 50 of 54 

 

 

 



 

Page 51 of 54 

 

 

 



 

Page 52 of 54 

 

 

 



 

Page 53 of 54 

 

 

 

 

 

 

 



 

Page 54 of 54 

 

 

APPENDIX 9 
 

FULL-TEXT ARTICLES EXCLUDED   

 

 

 

  

 



 

 

 

 


