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Abstract

Neonatal encephalopathy (NE) that purportedly arises from hypoxia-ischemia is labeled hypoxic-

ischemic encephalopathy (HIE). Perinatal asphyxia is a clinical syndrome involving acidosis, a 

low Apgar score and the need for resuscitation in the delivery room; asphyxia alerts one to 

the possibility of NE. In the present systematic review, we focused on the noninflammatory 

biomarkers in cerebrospinal fluid (CSF) that are involved in the development of possible brain 

injury in asphyxia or HIE. A literature search in PubMed and EMBASE for case-control studies 

was conducted and 17 studies were found suitable by a priori criteria. Statistical analysis used the 

Mantel-Haenszel model for dichotomous data. The pooled mean difference and 95% confidence 

intervals (CIs) were determined. We identified the best biomarkers, based on the estimation 

approach in evaluating the biological significance, out of hundreds in three categories: cell 

adhesion and proliferation, oxidants and antioxidants, and cell damage. The following subtotal-

population comparisons were made: perinatal asphyxia versus no asphyxia, asphyxia with HIE 

versus asphyxia without HIE, asphyxia with HIE versus no asphyxia, and term versus preterm 

HIE newborn with asphyxia. Biological significance of the biomarkers was determined by using a 

modification of the estimation approach, by ranking the biomarkers according to the difference in 

the bounds of the CIs. The most promising CSF biomarkers for prognostication especially for the 

severest HIE include creatine kinase, xanthine oxidase, vascular endothelial growth factor, neuron-

specific enolase, superoxide dismutase, and malondialdehyde. Future studies are recommended 

using such a combined test to prognosticate the most severely affected patients.
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1 | INTRODUCTION

Neonatal encephalopathy (NE) putatively due to hypoxic-ischemic brain injury has been 

labeled as hypoxic-ischemic encephalopathy (HIE). This is mostly in a setting of concurrent 

perinatal asphyxia, a clinical syndrome, involving a combination of severe acidosis (pH < 

7.0, base excess >−12 on blood gases), poor Apgar scores (<5 at 10 min of life), or need 

for resuscitation at delivery (Locatelli et al., 2020). The incidence of HIE with perinatal 

hypoxia-ischemia (H-I) is 1–3/1,000 and 1–8/1,000 in live term and live preterm births, 

respectively (Graham et al., 2008; Manuck et al., 2016). Since childhood diseases carry 

a high burden due to the lifelong consequences to the patient, family, and society, it is 

important to identify biomarkers to identify and stratify those infants that might develop 

brain injury from HIE or asphyxia and consider interventions as early as possible. The 

potential mechanisms for HIE include energy failure, intracellular calcium accumulation, 

lipid peroxidation, reactive oxygen and nitrogen species, excitatory amino acid-receptor 

overactivation, caspase-mediated cell death, and inflammatory lipid mediators (Calvert & 

Zhang, 2005; Tan & Wu, 2020). Newborns have higher tolerance for hypoxia (Singer, 1999) 

and greater potential for cell regeneration compared to adults (Wigley & Berry, 1988).

Cerebrospinal fluid (CSF) circulates in the surrounding spaces of central nervous systems 

and plays a pivotal role in biochemical homeostasis. CSF constituents may include RNAs, 

proteins, lipids, and hormones, the diffusion and transportation of which can indicate the 

development and progression of certain diseases (Johanson & Johanson, 2016). The brain–

CSF barrier is more permeable to brain proteins and metabolites than the blood-brain barrier 

(Parrado-Fernández et al., 2018; Zhang et al., 2017), probably making CSF markers a better 

window into brain injury than blood markers.

There have been a lot of studies in the correlation of CSF biomarkers with neonatal brain 

injury. There was a lot of variance in the studies, and inflammatory biomarkers were more 

commonly evaluated. In the present systematic review, we focused on noninflammatory 

markers to obtain an idea of the pathogenetic pathways of injury in hypoxia-ischemia. 

A useful biomarker would ideally have very low false positives and false negatives. 

We prioritized the biomarkers after evaluating the association of noninflammatory CSF 

biomarkers with clinical outcomes. Herein, to estimate the clinical utility of a biomarker, 

we looked at not only the statistical significance but estimated the biological significance by 

estimating the difference between the bounds of the 95% confidence intervals (CIs) of the 

groups.

2 | METHODS AND MATERIALS

The review protocol can be obtained from the corresponding author. This review was not 

registered before the completion of data acquisition. A literature search using the strategy of 

“(csf OR (cerebrospinal fluid)) AND (brain injury) AND (newborn or neonate or neonatal)” 
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in PubMed and EMBASE was performed on May 28, 2020 without limit on publication 

period. Inclusion criteria were as follows: case–control studies about the correlation between 

hypoxic neonatal brain injury during the perinatal period. Exclusion criteria were as follows: 

reviews, case reports, nonclinical studies, samples collected beyond the neonatal period, 

studies not in English, or studies with incomplete data.

Two researchers (ZS and KL) performed the initial search, screened the titles and abstracts 

of candidate studies, and extracted data. Disagreement was solved by the third author 

(SD). Risk of bias of individual studies was analyzed using the Newcastle–Ottawa Quality 

Assessment Scale (Lo et al., 2014). Data about study design and methods, inclusion and 

exclusion criteria, patient characteristics, CSF biomarkers levels, patient outcomes, and 

follow-up information were extracted. The earliest test result was compared between studies 

of the same biomarker if multiple time points were reported. Some studies did not exactly 

follow the generally accepted definition of perinatal asphyxia: metabolic acidosis found in 

umbilical cord or newborn blood gases (pH < 7.0, base excess >−12), poor Apgar scores (<5 

at 10 min of life), or need for resuscitation at delivery (Locatelli et al., 2020). We made a 

note of the variations of the way asphyxia was defined. For primary outcomes, we estimated 

the correlation between CSF biomarkers and a loose definition of “asphyxia” or HIE in the 

newborns. Preterm or term asphyxiated newborns were also compared to show the effect of 

gestation.

2.1 | Statistical analysis

We made a distinction based on the estimation approach in evaluating the biological 

significance separate from just statistical significance of the difference between means (X) 

of a particular biomarker. The Mantel–Haenszel model was used for dichotomous data. 

The 95% CIs were determined in the subtotal populations from the standard deviation and 

sample size. Targeted populations were compared to a control group. We highlighted the 

biomarkers that would show a clear difference between the CIs between the two groups 

(Figure 1).

1. If the target group mean was higher than the control group, then the difference 

(Δ) between the lower confidence interval (LCI) of the target group and the upper 

confidence interval (UCI) of the control group was taken as a measure of the 

biological significance of the biomarker, and this score expressed as percentage 

of the control mean, Δ% X (Figure 1a). Conversely, if the target group mean was 

lower than the control group, the difference, Δ, between target UCI and control 

LCI was taken, and this score was again expressed as a percentage of the target 

mean (the smaller of the two means, Δ% X).

2. We then prioritized the biomarkers in each category by the magnitude of the Δ 

expressed as a percentage of the control mean, Δ% X, referred henceforth as the 

“score.” For convenience of the reader, we categorized the biomarkers as strong 

if score was >100%, moderate if 50%−100%, and weak if 0.5%−50%. If the CIs 

overlapped, the score was defaulted to zero.

3. If the CIs overlapped (Figure 1b), the clinical utility of the biomarker became 

doubtful, as meant for the clinician.
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4. A percentage of the control mean was used for all averages and standard 

deviations to combine the results from two different studies using the same 

biomarker and employing different units.

3 | RESULTS

The a priori search strategy produced 390 publications in PubMed and 603 publications 

in EMBASE. After screening out duplicated studies and unqualified studies, there were 17 

studies (Batra et al., 1998; Blennow et al., 1995; Cao et al., 1993; Dalens, Bezou, et al., 

1981; Dalens, Viallard, et al., 1981; Fernandez et al., 1986; Gucuyener et al., 1999; Gulcan 

et al., 2005; Hussein et al., 2010; Juul et al., 1999; Korhonen et al., 1998; Kumar et al., 

2008; Ray et al., 1998; Riikonen et al., 1999; Savman et al., 2013; Talvik et al., 1995; 

Vasiljevic et al., 2011) included in the final quantitative analysis, most of which reported 

more than one biomarker (Figure 2). All included studies had 7 out of 8 stars according to 

the Newcastle–Ottawa Quality Assessment Scale (Table S1). We first examined the situation 

of perinatal asphyxia since this is the starting point for clinical decision-making in the 

determination of HIE, all the while noting that the population of asphyxiated cases is not 

equivalent to the population with definite brain injury.

3.1 | CSF markers in asphyxiated versus non-asphyxiated cases

Thirteen studies (Batra et al., 1998; Blennow et al., 1995; Cao et al., 1993; Dalens, Bezou, 

et al., 1981; Dalens, Viallard, et al., 1981; Fernandez et al., 1986; Gulcan et al., 2005; Juul 

et al., 1999; Korhonen et al., 1998; Kumar et al., 2008; Ray et al., 1998; Riikonen et al., 

1999; Savman et al., 2013) reported CSF markers in asphyxiated versus non-asphyxiated 

cases, including 1,048 test results in the asphyxiated group and 801 test results in the 

non-asphyxiated group (Table 1). All of the non-asphyxiated cases were cases of suspected 

meningitis or sepsis based on clinical conditions, but were negative for bacterial cultures.

In biomarkers classified as cell adhesion and proliferation indicators, galectin-3 and 

brain-derived neurotrophic factor (BDNF) were significantly higher in the asphyxiated 

group, while nerve growth factor (NGF) was significantly lower in the asphyxiated group 

(Korhonen et al., 1998; Riikonen et al., 1999; Savman et al., 2013). Despite the statistical 

significance, the relative biological importance of BDNF and NGF were considered as 

moderate and weak (scores of 88 and 28), respectively.

Biomarkers involved in the production of free radicals, such as quinolinic acid (QUIN), 

malondialdehyde, xanthine oxidase (XO), hydrogen peroxide (H2O2), nitric oxide (NO), 

lipid peroxidation (LPO), and total calcium were significantly higher in the asphyxiated 

group, while superoxide anions (O2−) were similar between the asphyxiated and non-

asphyxiated groups (Batra et al., 1998; Kumar et al., 2008; Ray et al., 1998; Savman 

et al., 2013). Out of these, XO was a strong biomarker (score 144, Figures 1a and 3), 

while QUIN was moderate (score 50), and NO and lipid peroxidation products including 

malondialdehyde were weak biomarkers (scores 33, 26–28, respectively).

Biomarkers showing antioxidant effects, such as superoxide dismutase (SOD) and 

erythropoietin (Epo) were significantly higher in the asphyxiated group, while catalase 
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(CAT) was similar between the asphyxiated and non-asphyxiated groups (Gulcan et al., 

2005; Juul et al., 1999; Ray et al., 1998). Glutathione peroxidase (GPX) was similar between 

the two groups in one study (Gulcan et al., 2005), and was significantly lower in the 

asphyxiated group in the other study (Ray et al., 1998). In this group, even after combining 

two studies for SOD and GPX, only SOD was found to be a weak biomarker (score of 30); 

the rest were considered as doubtful.

Neurotransmitters, such as leu-enkephalin (LEK), β-endorphin (β-EP), dynorphin A1–13 

(DynoA1–13), and 3-methoxy-4-hydroxy-phenylglycol (MHPAC), were significantly higher 

in the asphyxiated group (Blennow et al., 1995; Cao et al., 1993). Fibrin-fibrinogen 

degradation products (FDP), a coagulation marker, were significantly higher in the 

asphyxiated group (Dalens, Bezou, et al., 1981). In this group, all neurotransmitters tested 

were considered doubtful for biomarker utility based on our score criteria.

Biomarkers hinting at cell damage, such as aminotransferase (ASAT) and creatine 

kinase (CK) were significantly higher in the asphyxiated group, while hydroxybutyrate 

dehydrogenase (HBD) and lactate dehydrogenase (LDH) remained similar between the 

asphyxiated and non-asphyxiated groups (Dalens, Viallard, et al., 1981; Fernandez et al., 

1986). Interestingly, three isomers of LDH were significantly higher in the asphyxiated 

group (Fernandez et al., 1986). In this group, all the markers were considered doubtful based 

on the score. CK (same as CPK) showed promise with a moderate score in one study (Ray 

et al., 1998), but when we combined the two studies done for CK (Dalens, Viallard, et al., 

1981; Ray et al., 1998), this marker was considered doubtful for differentiating between 

asphyxia and normal.

We next analyzed cases with documented HIE in asphyxia and compared with studies 

documenting the absence of any overt injury.

3.2 | CSF markers in asphyxiated HIE versus asphyxiated non-HIE cases

Seven studies (Batra et al., 1998; Cao et al., 1993; Fernandez et al., 1986; Hussein et al., 

2010; Kumar et al., 2008; Ray et al., 1998; Vasiljevic et al., 2011) reported CSF markers 

in asphyxiated HIE (337 test results) versus asphyxiated non-HIE (495 test results) cases 

(Table 2).

Biomarkers showing cell damage, such as neuron-specific enolase (NSE), LDH, LDH1, 

LDH2, and LDH3, and CK were significantly higher in the asphyxiated HIE group 

(Fernandez et al., 1986; Hussein et al., 2010; Ray et al., 1998). In this group, NSE at 

5–6 days of life was a moderate biomarker for the severe HIE with neurobehavioral deficits 

with a score of 32 (Figure 3a); in a second study (Vasiljevic et al., 2011) NSE was a 

strong biomarker for severe HIE defined by clinical signs on presentation and who all had 

neurological sequelae; with a score of 144 compared to mild HIE (Figure 3b). In this study, 

mild HIE was defined as altered consciousness, irritability with jitteriness, slight abnormal 

muscle tone, exaggerated Moro, but absence of autonomic dysfunction and with normal 

aEEG patterns; thus, we included this in this group of studies as possible asphyxia. Taking 

the liberty of combining the two studies and using loose definition of the readouts, NSE 

was still a moderate biomarker with a score of 85. CK was found to be a strong biomarker 
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differentiating HIE with mortality from all other groups with a score of 432 (Figure 3c), 

but could not differentiate HIE survivors from normal or plain asphyxia newborns. Vascular 

endothelial growth factor (VEGF165) was a strong biomarker for severe HIE (Figure 3d) 

compared to mild HIE.

Biomarkers showing free radical activities, such as total hydroperoxide (TH), 

malondialdehyde, XO, NO, and LPO were significantly higher in the asphyxiated HIE group 

(Batra et al., 1998; Hussein et al., 2010; Kumar et al., 2008; Ray et al., 1998). In this 

group, only XO and MDA were found to be useful biomarkers. XO showed a dose-response 

relationship with clinical severity of patients, progressing from patients who recovered, to 

those sick and to those who died, and was a strong biomarker for HIE and death, even when 

compared with asphyxia which recovered or to any live newborn (Figure 4a). MDA had a 

moderate score for severe HIE compared to asphyxia with no clinical signs (Figure 4b).

Biomarkers showing antioxidants activities, such as total hydroperoxide (BAPs), SOD, and 

GPX were similar between the two groups (Hussein et al., 2010; Ray et al., 1998) and the 

scores are 0 for all.

Biomarkers showing neurotransmitter activities, such as LEK, β-EP, and DynoA1–13, were 

significantly higher in the asphyxiated HIE group (Cao et al., 1993). In this group, all the 

biomarkers tested were considered doubtful. For completion sake, we also compared the 

patients with brain injury with control normals.

3.3 | CSF markers in asphyxiated HIE versus non-asphyxiated cases

Five studies (Blennow et al., 1995; Fernandez et al., 1986; Gucuyener et al., 1999; Gulcan 

et al., 2005; Ray et al., 1998) reported CSF markers in asphyxiated HIE (331 test results) 

versus non-asphyxiated (369 test results) cases (Table 3).

LPO was significantly higher in the asphyxiated HIE group (Ray et al., 1998) but was 

considered doubtful as a biomarker.

Among cell injury markers, CK had a high score demarcating the HIE who died from the 

control newborns (Ray et al., 1998). The score of the dead and sick was 202 but a closer 

look shows that CK could not demarcate between asphyxiated sick newborns from control 

newborns.

Among antioxidants, SOD was significantly higher in the asphyxiated HIE group (Gulcan 

et al., 2005; Ray et al., 1998), while GPX was similar between the two groups in one study 

(Gulcan et al., 2005) and was lower in the asphyxiated HIE group in the other study (Ray et 

al., 1998). In this group, combining two studies, SOD showed it was a weak biomarker with 

a score of 42.

Biomarkers showing neurotransmitter activities, such as noradrenaline, MHPAC, 3.4-

dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and 5-hydroxyindole-3-

acetic acid (HIAA) were all similar between the two groups (Blennow et al., 1995). 

Biomarkers classified as cell damage indicators, such as LDH, LDH2, LDH3, and LDH4, 

were significantly higher in the asphyxiated HIE group (Fernandez et al., 1986). In this 
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group, only aspartate was a weak biomarker for either neurobehavioral deficits at 3 years of 

age or death compared to controls, with a score of 11 (Gucuyener et al., 1999), and the rest 

were considered doubtful.

3.4 | CSF markers in preterm versus term asphyxiated or HIE cases

Two studies (Talvik et al., 1995; Vasiljevic et al., 2011) reported CSF markers in asphyxiated 

HIE versus asphyxiated non-HIE cases, including 214 test results in the preterm asphyxiated 

group and 225 test results in the term asphyxiated group (Table 4).

Creatine kinase brain isoenzyme (CK-B B) was significantly higher in both the preterm 

asphyxiated group and the preterm HIE group, compared with those of the term groups 

(Talvik et al., 1995). GPX was significantly higher in the preterm HIE group, and VEGF was 

significantly lower in the preterm HIE group, whereas NSE remained similar between the 

preterm and term HIE groups (Vasiljevic et al., 2011). The score of CK-BB for premature 

newborns was 460, indicating it to be a strong biomarker. CK-BB collected at postnatal days 

2–5 was significantly increased with severity of impairment diagnosed at 12 months of age 

(Figure 5). It is notable that the moderate and severe outcome showed higher CK-BB at 

2 and 5 days of life compared to mild outcomes with stronger biomarker utility at 5 days 

(Figure 5).

3.5 | Effect of checkpoint on CSF biomarkers

The effect of the time of CS collection on the level of biomarkers was tracked in several 

studies. CK-BB showed a significant lower level when collected at postnatal day 5 (5d) 

compared with that collected at 2d for all HIE categories (Talvik et al., 1995). The pattern 

of CK-BB fall suggests that the timing of the insult would be a predominant determinant of 

the level of CK-BB in the CSF. FDP was highest at P1d, and gradually decreased at 3, 8, and 

15d (Dalens, Bezou, et al., 1981).

3.6 | Effect of level of asphyxia or HIE on CSF biomarkers

LEK, β-EP, and DynoA1–13 were significantly higher in the severely asphyxiated group 

than in the moderately asphyxiated group (Cao et al., 1993). FDP was significantly lower in 

the severely asphyxiated group than in the moderately asphyxiated group (Dalens, Bezou, et 

al., 1981). ASAT, CK, HBD, and LDH were significantly lower in the severely asphyxiated 

group than in the moderately asphyxiated group (Dalens, Viallard, et al., 1981).

Malondialdehyde was significantly higher in the HIE III group than that in the HIE I (Kumar 

et al., 2008). XO was significantly higher in the HIE III or died group than that in the 

HIE I-II group (Batra et al., 1998). CK and total calcium were significantly higher in the 

mortality group than in the morbidity group (Ray et al., 1998). Aspartate was significantly 

lower in the 3-year dead group than in the 3-year abnormal group (Gucuyener et al., 

1999). NSE, GPX, and VEGF had a linear increase with the increasing metabolic acidosis 

(Vasiljevic et al., 2011). We did not have enough studies to do a statistical analysis of the 

dose–response relationship on the severity of the asphyxia components.
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4 | DISCUSSION

Of the noninflammatory CSF biomarkers reported in asphyxiated or HIE neonates, we 

show that CK, XO, VEGF, NSE, SOD, and malondialdehyde could be useful as clinical 

biomarkers (ranked in order of strength). The variation in the units of reported biomarkers 

and methods of measurement as well as the unfocused targets made it difficult to carry 

out a pooled analysis or meta-analysis, but we presented combined analysis based on 

each individual study’s control mean if there were two studies reporting on the same 

biomarker. A strength of this review is pointing out the remarkable fact that even 

though a lot of biomarkers were statistically significant, the biological significance using 

estimation approach showed only a few endpoints had clinical utility as a biomarker. 

An ideal biomarker should have a very low to zero false positive and false negative 

rate. The utility of a biomarker varies with the endpoint, such as asphyxia versus non-

asphyxia, bad neurological outcome versus recovery, etc. This review would be useful 

to most neonatologists and obstetricians, since the most important endpoint is eventual 

neurobehavioral outcome and death. In an informal survey of 20 neonatologists, we 

found that neonatologists would accept a biomarker with a slightly higher false positive 

rate (14.5% average) than a false negative rate (5.1%) when it comes to long-term 

neurodevelopmental outcome or death. Using our score based on CIs and means of 

biomarkers that were higher than controls, it could be argued our strategy minimizes false 

positive rate more so than false negative rate, but both were very low if the scores are >100. 

The strength of the biomarkers was evident in the severest HIE cases but much less for the 

HIE that was moderate or mild when compared to control normals. One could also argue 

that this is because our score was probably too stringent, given the inherent contradiction 

of the relationship of false positivity and false negativity. If so, it is still remarkable that 

we were able to find biomarkers with scores >100, meaning that the Δ was greater than the 

control mean. It is also notable that CK-BB was a stronger biomarker at postnatal days 5–6 

compared to day 2, in differentiating moderate or severe HIE from mild HIE in preterm 

newborns <37 weeks (Figure 5).

The neonatal brain injury during perinatal H-I evolves gradually. During extended HI, 

neurons might experience high-energy metabolite depletion, progressive cell depolarization, 

cytotoxic edema (Gunn et al., 1997), and extracellular accumulation of excitatory amino 

acids (Tan et al., 1996). While some neurons may die immediately during or soon after HI, 

some may initially recover at various level, and die later, which is characterized by cerebral 

energy failure from 6 to 48 hr after insult (Cotten & Shankaran, 2010), and clinically 

presented as delayed onset of seizures and cytotoxic edema, and resolves over approximately 

72 hr after HI. The severity of the secondary failure of oxidative metabolism is closely 

correlated with neurodevelopmental outcome at 1 and 4 years of age (Roth et al., 1997), 

and infants with encephalopathy who do not show initial recovery of cerebral oxidative 

metabolism have extremely poor outcomes (Azzopardi et al., 1989).

The issue of timing of the brain insult is the single most important factor that affects the 

suitability of a biomarker but the time after delivery does not mean equivalency to time after 

insult (Tan, 2014). Unfortunately, timing of the insult, whether antepartum or intrapartum, 

is mostly unknown in newborn babies. Even fetal demise can be remote from delivery and 
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varies in time after insult (Derrick et al., 2012). Lack of precise timing makes it impossible 

to categorize observed brain injury as being primary (acute energy failure), secondary (next 

energy failure and cell death), or tertiary brain injury (sensitization to another round of cell 

death) (Thornton et al., 2012). Free radicals probably occur the earliest, followed by cell 

death, then the compensatory response involving antioxidants, growth factors, along with 

continuing cell damages occur later. Since brain is rich in lipids, it makes sense to use lipid 

peroxidation products such as malondialdehyde as a free radical biomarker. Unfortunately, 

caution must be undertaken to rely on the 2-thiobarbituric-acid-reactive substances as a 

marker of lipid peroxidation (Janero, 1990) as shown in Figure 4, since the then published 

assay has been supplanted by more reliable methods (Guichardant et al., 2004; Nourooz-

Zadeh et al., 1999). Nevertheless, given more sophisticated methods of both reactive oxygen 

and nitrogen species, it may become possible to improve the free radical biomarkers and 

narrow the timing of the insult to a more recent time.

Xanthine oxidase (EC 1.17.3.2) is molybdenum-containing enzyme, and is a source of free 

radicals in the presence of purines. The purines, hypoxanthine, and xanthine are substrates 

for xanthine oxidase, which increase with hypoxia-ischemia with the breakdown of adenine 

monophosphate to these purines (Parks & Granger, 1986). XO is a term that actually 

represents two forms: xanthine oxidoreductase (EC 1.2.3.3) existing in healthy cells as the 

NAD+-reducing xanthine dehydrogenase, which is converted to oxygen radical-producing 

xanthine oxidase during ischemia. Interestingly, xanthine oxidase is barely detectable in 

adult human brain tissues: 1–4 nU/mg protein in different parts of the brain (Michel et 

al., 2010), or 1 mU/mg protein (Kokoglu et al., 1990). Newborn brain levels are unknown. 

Circulating levels of xanthine oxidase in newborn are low with total xanthine dehydrogenase 

and xanthine oxidase to be 8–9 μU/ml and xanthine oxidase alone to be 2.5 μU/ml, 

performed with a sensitive HPLC assay (Tan et al., 1993); even in adults both are low, 

1.88 and 1.66 μU/mg protein (Tan et al., 1995). In Figure 4, the units of XO reported by a 

spectrophotometric assay were in U/ ml for comparison (Batra et al., 1998), which are orders 

of magnitude higher. Most likely, the predominant source of xanthine oxidase is probably 

coming from endothelial cells rather than brain tissue itself. It is unknown what is the status 

of XO in the choroid plexus. Since xanthine oxidase binds to endothelial cells (Houston et 

al., 1999), it is possible that high levels of XO could emanate from cerebral vessels.

CK is an enzyme (EC 2.7.3.2) catalyzing the conversion of creatine to create 

phosphocreatine (PCr), while using adenosine triphosphate (ATP). The PCr serves as an 

energy reservoir for the rapid buffering and regeneration of ATP. Neurons and astroglia 

have CK and different isozymes are found. Given that CK reflects energy metabolism, it 

is surprising that it is not a good biomarker for mild or moderate HIE (Ray et al., 1998). 

However, it is a strong biomarker for severe HIE (Figure 3c) and it may be possible that 

a certain threshold of brain injury may be necessary for the release of CK into the CSF. 

The human brain expresses different combinations of CK isozymes, and a future study 

using ubiquitous mitochondrial CK isozyme that supports oxidative energy metabolism and 

cytosolic brain-CK that supports glycolytic processes (Lowe et al., 2013) may tease out the 

pathogenetic pathways in HIE.
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The gamma isoform of NSE is a marker for neurons and peripheral neuroendocrine cells, 

and involved in glycolytic energy metabolism in the brain. It is released from neurons 

during injury. NSE seems to be a sensitive marker of neonatal brain injury (Figure 3a) when 

elevations are seen even in the population that shows no neurobehavioral deficits (Hussein et 

al., 2010). These investigators have postulated that 10 ng/ml of NSE can be used as a cutoff 

for the upper bound of normal equal to the mean + 3SEM, but Figure 3a,b suggest that the 

cutoff should probably be >40 ng/ml.

VEGF is a signal protein produced by cells that stimulates the formation of blood vessels 

and exhibits neurotrophic and neuroprotective effects. The rise of VEGF with the severity 

of brain injury is somewhat counterintuitive, especially as it has been found to be a 

neuroprotectant in animal studies of perinatal H-I (Feng et al., 2008). In a way this is to 

be expected as the eventual neurodevelopmental outcome is dependent on the final outcome 

between ongoing brain injury, recovery, and plasticity of the brain. The ability of the brain 

to mount a regenerative response can be utilized as a biomarker in the right circumstance. 

In our experience, we have found a similar counterintuitive response even in the structural 

MRI findings where a postnatal dynamic increase in the fractional anisotropy of the internal 

capsule was associated with a worse outcome (Drobyshevsky et al., 2007).

The simultaneous evaluation of a panel of biomarkers for acute brain damage might provide 

a number of advantages over the measure of individual markers. Information about neuronal 

injury combined with free radical-and cell injury markers would be very useful to a 

neonatologist understanding the etiology of a patient with NE (Tan & Wu, 2020). In future, 

it is possible that a panel of neuron-enriched proteins may be more useful as biomarkers 

as has been shown in patients with traumatic brain injury (Siman et al., 2009), because a 

change in multiple neuron-enriched biomarkers could not come from extracranial sources 

unrelated to acute brain injury. This problem of extracranial sources becomes an issue with 

the testing in serum or blood. Furthermore, serum biomarkers are not as sensitive as CSF 

to brain injury because many proteins do not cross into the circulation or remain undetected 

due to dilution in circulating blood. Other candidate biomarkers in translational studies of 

HIE, such as tetrahydrobiopterin (Vasquez-Vivar et al., 2017, 2020), could be investigated in 

near future.

Typically, when a patient is suspected of NE, the term babies are under time pressure to 

get cooling started within 6 hr of birth. The timing of the spinal tap then becomes an 

issue, as cooling would inhibit getting the procedure done before or during cooling. After 

72 hr of cooling, cooling is discontinued, and then a spinal tap could easily be performed. 

On a mechanistic basis, this would put emphasis on biomarkers that would reflect the 

late secondary or tertiary phase of injury, which is due to the persistent inflammation and 

epigenetic changes, and causing a blockade of neurogenesis (Fleiss & Gressens, 2012). Most 

of the biomarkers noted in this review would still be under consideration other than lipid 

peroxidation products. In premature babies, cooling is not a consideration so the spinal tap 

could be done any time after birth. Ideally, the CSF biomarkers could be used to decide on 

babies that needed to be cooled just after delivery, to diagnose mild from moderate or severe 

brain injury. Future treatments that could be added on in the tertiary phases of injury are 
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umbilical cord stem cells (Drobyshevsky et al., 2015) or tetrahydrobiopterin (Vasquez-Vivar 

et al., 2020).

The limitations of this systematic review are mainly due to the limited number of studies 

for each biomarker. We were not able to analyze publication bias or employ the method of 

meta-analysis for more quantitative data analysis. Some early studies did not describe if the 

cases were term or preterm, or reported preterm and term cases together, which might have 

quite different pathological or developmental prognosis. Confirmation of the biomarkers in 

preclinical studies was hard to find because of the paucity of animal survival studies on CSF 

biomarkers correlations with neurobehavioral outcome, and the paucity of animal models 

manifesting a severe outcome. With more extensive studies in future, we could develop 

better biomarkers for specific clinical situations.

In conclusion, this review identifies some promising biomarkers that could be put in a panel 

of biomarkers to be simultaneously tested which would help prognosticate not only the most 

severe HIE but moderate HIE. Improvements with technological development in different 

assays would further improve the sensitivity and specificity of these biomarkers.
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Significance

In the present systematic review, we focused on the cerebrospinal fluid (CSF) and 

noninflammatory biomarkers that are involved in the development of possible brain 

injury in asphyxia or hypoxic-ischemic encephalopathy (HIE). We identified the 

best biomarkers out of hundreds in three categories: cell adhesion and proliferation, 

oxidants and antioxidants, and cell damage. Biological significance of the biomarkers 

was determined by using a modification of the estimation approach, by ranking the 

biomarkers according to the difference in the bounds of the confidence intervals. The 

most promising CSF biomarkers for prognostication especially for the severest HIE 

include creatine kinase, xanthine oxidase, vascular endothelial growth factor, neuron-

specific enolase, superoxide dismutase, and malondialdehyde.
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FIGURE 1. 
Example of a strong and a doubtful biomarker. (a) The control group (No asphyxia) was 

compared to a target group (Asphyxia). Data from XO (Batra et al., 1998). Mean (X) and 

lower and upper confidence intervals are shown (LCI, UCI). The difference (Δ) between the 

target LCI and control UCI is calculated and then divided by the control mean and expressed 

as a percentage(Δ% X). (b) If the CIs overlapped as shown in the dashed line, then the 

biomarker was considered as doubtful, as meant for a clinician. Data from NGF (Korhonen 

et al., 1998). Also, note if the biomarker showed a decrease in the target group, the Δ 

between the control LCI and target UCI was taken. This Δ was expressed as percentage of 

the target mean (Δ% X)
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FIGURE 2. 
Flow chart of analysis process
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FIGURE 3. 
(a) Neuron-specific enolase (NSE) has a moderate score for the subtotal population of 

hypoxic-ischemic encephalopathy (HIE) with neurobehavioral deficits compared to all 

others with abnormal Sarnat score after birth, who recovered (brown, score 32) (Hussein 

et al., 2010). Mean (X) and LCI, UCI shown. Score is Δ (dashed lines) between the target 

LCI and control UCI, divided by the control mean, and expressed as a percentage. (b) NSE 

shows a progression from mild to moderate to severe HIE based on presentation of clinical 

signs initially (Vasiljevic et al., 2011). Severe HIE had stupor or coma with decerebrate 

posture, or absent activity, hypotonia, absent reflexes, seizures, nonreactive pupils, abnormal 

cranial nerve function, and severely abnormal aEEG patterns, NSE score was 144. (c) 

Creatine kinase (CK) is a strong biomarker (Ray et al., 1998) for death with HIE compared 

to HIE that recovers with a score of 450 (green) but not for HIE that survives. CK is also 

a strong biomarker HIE that results in mortality compared to all other perinatal asphyxia, 

recovered or sick (brown, score 432). (d) Vascular endothelial growth factor (VEGF) score 

for severe HIE (Vasiljevic et al., 2011) was 205 compared to mild HIE
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FIGURE 4. 
(a) Xanthine oxidase showing a dose response relationship in perinatal asphyxia with 

increasing values from recovered, to sick (any hypoxic-ischemic encephalopathy [HIE], 

moderate acidosis, convulsion or bronchopneumonia) to dead (Batra et al., 1998). In brown 

is any live newborn. XO is a strong biomarker for HIE and death, even when compared with 

asphyxia which recovered or to any live newborn ‼ (scores 123 and 144, respectively). Mean 

(X) and LCI, UCI shown. Score is Δ (dashed lines) between the target LCI and control UCI, 

divided by the control mean, and expressed as a percentage. (b) Malondialdehyde (MDA) 

in patients with Apgar <3 at 1 min, the subtotal population showing clinical signs of severe 

HIE by Fenichel classification, namely either stupor, coma, irregular/periodic respirations or 

ventilated, apnea, convulsions, hypotonia, oculomotor palsies showed a moderate score of 

32 compared to a population without any signs of HIE (Kumar et al., 2008)
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FIGURE 5. 
Preterm HIE has much higher creatine kinase brain isoenzyme (CK-BB) than term HIE 

(Talvik et al., 1995). CK-BB is a weak biomarker for the severity of neurological deficits at 

12 months of age if done at 2 days (score 44) but a strong biomarker if done at 5 days of life 

(score 732)
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