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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 (Cls) 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 Cls. 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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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-1) 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-Fernandez 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.

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 (hnewborn 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.

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% Cls 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 Cls between the two groups
(Figure 1).

1. If the target group mean was higher than the control group, then the difference
(A) 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, A% X (Figure 1a). Conversely, if the target group mean was
lower than the control group, the difference, A, 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, A% X).

2. We then prioritized the biomarkers in each category by the magnitude of the A
expressed as a percentage of the control mean, A% 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 Cls
overlapped, the score was defaulted to zero.

3. If the Cls 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.

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.

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 (H,05), nitric oxide (NO),
lipid peroxidation (LPO), and total calcium were significantly higher in the asphyxiated
group, while superoxide anions (O,—) 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), B-endorphin (B-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.

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 (BAPSs), 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, B-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.

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, B-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 I11 group than that in the HIE | (Kumar
et al., 2008). XO was significantly higher in the HIE 111 or died group than that in the

HIE I-11 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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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 Cls 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 A 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 Hl,
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 Hl,
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 pU/ml and xanthine oxidase alone to be 2.5 pU/ml,
performed with a sensitive HPLC assay (Tan et al., 1993); even in adults both are low,

1.88 and 1.66 pU/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-1 (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
etal., 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 gquantitative 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 (A) between the
target LCI and control UCI is calculated and then divided by the control mean and expressed
as a percentage(A% X). (b) If the Cls 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 A
between the control LCI and target UCI was taken. This A was expressed as percentage of
the target mean (A% X)
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(@) 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 A (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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(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 y (scores 123 and 144, respectively). Mean
(X) and LCI, UCI shown. Score is A (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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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)

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



Page 21

Shietal.

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.

€1 ST €96 g6€c 0T LT2w ¥5'65 1y 8y-21 pead WN Iw/n dos (866T) "[e 10 Aey
6V Sz €9 G662 8 986 1ZTL 1y 8y-21 1S WN Iw/n dos (866T) "2 10 Aey
0 G €96 G6€c 9T  6S6C 290y 1y 8y-2T PaIBA0dBY N Iw/n aos (866T) "2 10 Aey
0 T SY 85 9T 8029 6'5eC VN pajeIxAydsy paxiw Jw/nw od3 (666T) "Ted Inng
SjugpIxonuy
0 G S50 T 0€ 9T'T 88T 1y 8y—v2 [e101 ‘ > Jebdy-,| WN [p/utwyjown -go (866T) "o 19 elleg
0 G T1€T 6S  vE 127 L9 1y 8y-21 parerxAydsy VN [p/Bw wnidfed [ejoL (866T) "[e 10 Aey
0 Gz 6T v'/8¢  0f 60602 €007 1y 8v-vz [eJ0} 'y > rebidy-,| VN Iwyy/6r 2ozH (866T) "2 10 elleg
8 Sz 20t 80T Y€ 'S 20LT 1y 8y-2T > febdy-,| N Ip/u/1oWwu Od (866T) "o 19 Aey
85 Gz  20°€ 280T 01 9y EV'1e 1y 8y-21 peaq WN Ip/y/1I0Wu Od'1 (866T) '[e 10 Aey
6T GZ 20¢€ z8°0T 8 91 86'LT 1y 8y—2T 1S WN Ip/u/1oWwu Od (866T) "2 10 Aey
0 G 20t 280T 9T Y 6LET 1y 8y-2T PaIBA0dBY N Ip/u/1oWwu Od (866T) "o 19 Aey
9 8 620 €0T 09 S0 89T 1y gv—ve € > Jebdy-,| M Le2 /10wt apAyaplelpuofeiN (8002) 'Ie 10 Jewny)
€€ Gz geer G9ze 0 98¢ 1€'85 1y 8v-vg [eJ0} 'y > rebidy-,| VN Jw/Brt ON (866T) "2 10 elleg
05 2T 1S 959TT 8T 667 Zrsee WN parerxAydsyy M LE2 INUNIND (€702) 'Ie 10 UBWARS
WL G2 670 8T'T 0 see €ey 1y 8y—v¢ 210} ' > Jebdy-,| VN Jw/uwy/jowrt OX (866T) 'e 19 eARg
PaJaA0dal
0T Sz 6Y0 8TT &I W 62'C U 8y ‘v > 1efdy-,| WN Jw/utw/jowrt OX (866T) "o 19 elleg
€T G2 670 8T'T 0T 9€C TT°6 Y 87— XIS 'y > Jebdy-,| VN Jw/uwy/jowrt OX (866T) "[e 10 vireg
€8 Gz 6Y°0 8T'T g e 68'8 4 872 pesp ‘v > Jefdy-,| WN Jw/uwy/jowrt OX (866T) "2 10 eAtRg
S/Balped 9914
(666T) "[e 30 USUONITY
8- 8T L€ 6 ST SY 6 lw/6d 4ON ‘(866T) "I 10 UBUOYI0X 0guLI0D
0 0T 607 we 8 STy ore  gPrriuet b > 1eBdv-.5 M Zp-0g Iw/Bd 4ON (666T) "I 12 UsUOXIIY
0 8 € €6 L 44 Ty PYT-l pajeixAydse VN Iw/Bd 4ON (866T) *[2 3 UBUOLI0
0 TI €T 9eT ol 197 92 N 9 > Jebdy-.§ AM LEZ Jw/Bu g-unosjes (€702) "|e 10 UBWARS
88 8 &80 14 L SY a4} PV parerxAydsy wN lw/Bd sNag (866T) "Te 30 UBUOYION
QQ.QS@Q\Q&Q \te.&.mthm 1120
(X%V) ON as uesw  ‘ON as ueaw  Buidwes aby adA1nsul  uoneIssD Jayreworg Apnis
3100 |041U0D 1nsuy
sased pajeIxAydse-uou snsiaA paleixAydse ul siaxtew 45D
T31avl

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 22

Shietal.

O O O O O O O O O o o o o o

0€

69

(X %V)
81023

S¢
14
14

1T
1T
11
1T
ov
or
or
ov
or
or
1T
or
or
ov

117
14
14
14
S¢
1T
T

9¢
1T
S¢
‘ON

6'8
6'8
6'8

LT

6.
€11
S'L
c0€
c0¢
c0¢
00¢
00¢
00¢
584
€61
€61
€61

08
¢so
¢S0
¢S0
¢so
S¢'L

19°¢CT

79
91’0
€9'S

as

€5¢
€5'¢
€9'¢

98
019
0oy

WA
6'98
698
6'98
¢'99
98
99
Ly
909
9'09
9'0S

00T
8¢T
8¢T
8¢T
8¢t
¥5°0T
SC'LT

00T
LC0
S6°€C

ueawl
|oJluo)

86
123
(1)

9T
0€
0€

¥9
0€
123

“ON

9'8
89
8'6

GS'eY
S¥'602
IT'LET

¥0'8
L1€
961
10¢
17X
89T
861
€9'L
e
661
9€¢

SET
150
€90
S€0
150

LS€T
6T'TC

181
§¢0
€LE

as

144
LC€
€'q

TETT
98'G¥S
C¢9'9EY

€667

€¢est

7981

G'9ET

6'LTT

vevt
¥'90T
9L'v

8811

T'est

€'eotT

S0T
8.0
¢80
€90
¢80

G291
€€'9¢

16T
51 40)
7'€S
uesw
Jnsuj

pI
PI

Y ve>
1y ye>
1y ye>
Y ve>

VN
VN

VN
VN
1y ve>

VN
VN

1y 8y—¢1
1y 8y—¢1
1y 8y—¢1
1y 8y—¢1
yel>
yel>

yecL>
1y 8v—C1
Buidwes aby

[e101 9 > JeBdy/-, |
¢ > Jebdy-.g
9-¢ = Jebdy-.g

pareIxAydsy
pareIxAydsy
parexAydsy
pareIxAydsy
[e1010nS
aJanas
a1eIapoIN
leloigns
aJanas
a1eIapoIN
[e1010nS
[exo1ans
a1anas

31BI9POIA

paleIxAydsy
pead

AoIS
paJan0day

9 > Jebdy-.g
9 > Jebdy-.g

9 > Jebdy-.g
parerxAydsy
adAy 3nsuy

AM LER
AM LER
AM LER

AM GE<
AM GE<
AM GE<
AM GE<

paxiw

paxiw

paxiw
paxiw

AM GE<

paxiw

paxiw

VN
VN
VN
VN
AM LER
AM LER

AM LEL
VN
uoneIssD

Jw/6r a4
Jw/6r dad
Jw/br da4

INUDVAHIN
INUVAH
WUVYVIH
INUDVdOQ
Jw/6d Y31

Jw/Bd 331

Jw/Bd %37

Jw/6d €T-1wouAQ
Jw/Bd g1-|wouka
|w/Bd €T-1wouAQ
AU BulfeualpeloN
Jwy/6d 43-d
1w/Bd d3-9
1w/Bd d3-9

[P/UIL/|OWU XdO
[p/UI/|OWU XdOD
[p/UI/|OWU XdD
[P/UIL/|OWU XdO
urgoid Bw/n Xdo
utayoud Bwy/n 1D

urgoid Bwyn Aos
lw/n aos

Jasjreworg

abewep 1180

(T86T) “[2 18 ‘pIE|[eIA ‘susfeq
(T86T) “Ie 18 ‘pIejeIA ‘suseq
(186T) “Ie 18 ‘prej[eIA ‘susfeq
uole/nbeo)

(566T) Te 10 mouua|g

(G66T) "Te 18 mouus|g

(S66T) 'Te 10 mouus|g

(566T) Te 10 mouua|g

(€66T) 'le 19 0€D

(€66T) 'le 19 0BD

(€66T) Te 10 0D

(€66T) 'le 19 0eD

(€66T) 'le 19 0BD

(€66T) Te 10 0D

(G66T) "Te 18 mouus|g

(€66T) 'le 19 0BD

(€66T) Te 10 0D

(€66T) 'le 19 0eD
AINILUSUBIIO0INSN

(S002) "2
18 URDIN9 *(866T) '[B 18 Aed oquioD

(866T) |2 10 Aoy
(866T) "Te 10 Aey
(866T) "o 19 Aey
(866T) '|2 18 Aoy
(5002) Te 18 uedIND
(5002) ‘1e 18 ueOIND

(5002) '
18 UedIN9 ‘(866T) ‘|8 1 Aeyd oquuoD

(5002) "[e 18 UBDIND
(866T) '[e 19 Aey
Apms

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



Page 23

Shietal.

anIau 4ON ‘|09A161AuByd-Ax0IpAY--Axoylaw-€ ‘DWdHIN ‘uonepixolad pidi] ‘Od ‘uljeydasjua-na| ‘37 ‘aseusboipAyap a1eide] ‘HQT ‘p1oe

'skep T 014y 2T _EmEmon_Q

'shep y1-T [eyeulsod,,

‘uiydiopua-g ‘d3-g ‘asepIxo aulyiuex ‘Ox yaam ‘m ‘aseinwsip apixoladns ‘gos ‘p1oe diutjouinb ‘NjNO suolue apixosadns ‘=2 BpIX0 JLIU ‘ON 10398} Yyimoih
ueAoWOoY “YAH ‘pIoe 91189e-£-3|0pUIAX0IPAY-G ‘WVIH

‘aseusbolpAyap aresfingAxolpAy ‘qgH ‘apixoiad usbolpAy ‘COCH ‘asepixoiad auoiyrein|b ‘Xdo ‘sionpoid uonepesbap usbouriqy-uiiqly ‘dd4 ‘unaiodoiyifis ‘od3 ‘€T-TV ulydiouAp ‘€T-TouAq pioe
a1180e|AusydAXoIpAyIp-1'€ ‘OVdOQ ‘Aep ‘p {(aseury auiead M9 se awes) aseunjoydsoyd aurneald “Mdo ‘esejeres ‘1D 1010y 91ydoioinau paAliap-ulelq ‘4NAg ‘eselajsuelioule ‘|\SY :SuoleIAaIqqy

"uBaW 1013U09/00T x (1010 J0 [DN-196181 JO 1D1) = X %V ApNis awies ay} J0 SMoJ snotasld BuIuIquIod = [8103gNS BI0N

O O O O O O O O O o o o o

43
¥es

o O o o o o

(X %V)
31023

0S
14
14
S¢
14
14
S¢
14
0¢
0¢

‘ON

§'99
§'99
G99
ST
ST
ST
8T

ov
or
or

€61
9C
9'C
9¢
9'C
§'C
¢
§'C

as

89
89
89
[44
[44
[44
8y

¢t
8¢
8¢
8¢

00T
€8T
€8T
€8T
€8T
o
€T
o
¢t
4"

ueawl
|oJluo)

43
8T
T
43
8T
T
S¢
S¢
S¢
S¢
43
8T
vT

99
0ve
)

91
43
8T
vT
S¢
S¢
‘ON

8¢
G€
€T

0'S0T
0€T
v'1e
€Te
€¢

[44

(47
9'69
8'99

€6
9'8
78
T8
TT
8'L¢
Ve
as

¥'09
1A
54
8'¢ce
9¢
T¢
¢'09
¥8'¢
<9
[
€'6€
ti%
8¢

Sl¢
§'09
99T
S.'1¢
9T'0¢
8¢
v
T
¥9'0¢
v'ee

uesw
Hnsul

pI
PI
Pl
pI
PI
Pl
pI
PI
Pl
pI
PI
Pl
pI

1y 8y—¢1

1y 8y—¢1

1y 8y—¢1

1y 8y—¢1

Pl

Pl

Pl

Pl

Pl

Buijdwes aby

[e101 9 > Jefdy/-,

9-¢ = Jebdy-,

€ > Jebdy-, |
[e101 9 > Jefdy/-,

9-¢ = Jebdv-|

€ > Jebdy-, |
pareixAydsy
pareIxAydsy
paleIxAydsy
pajeIxAydsy
[e101 9 > Jefdy-,|
9—¢ = Jefdy-,|

€ > lebdy-,|

pareixAydsy
pes@

IS

paIan0day

[e101 9 > Jefdy/-,|
9—¢ = Jefdy-,|

€ > Jefdy-,|
pareIxAydsy
pareIxAydsy
adAy 3 nsuj

AM LER
AM LER
AM LEL
AM LER
AM LER
AM LEL
AM LER
AM LER
AM LEL
AM LER
AM LER
AM LEL
AM LER

VN

VN

VN

VN

AM L=
M LE=
AM e
AM L=
M LE=
uoneIssn

1/NIEHAT
/NI HAN
/N1 HAT
ANILVSY
ANILVYSY
A/NILVSY

/N HA
/N SHA
/N yHA
/N THAT
/Nl agH
1/N1agH
/Nl agH

1/NAdO
1/NXdO
1/NXdD
1/NAdO
A/NIMD
/N0
1/NIMO
/N cHA
/N EHAT

Jayeworg

(T86T) “Ie 18 ‘pIejeIA ‘suseq
(186T) “Ie 18 ‘prej[eIA ‘susfeq
(T86T) “[2 18 ‘pIE|[eIA ‘susfeq
(T86T) “Ie 18 ‘pIejeIA ‘suseq
(186T) “Ie 18 ‘pIej[eIA ‘susieq
(T86T) “[2 18 ‘pIE|[eIA ‘susfeq
(986T) ‘e 18 ZapueuIa
(986T) ‘[e 19 zapueuls
(986T) ‘[e 19 ZapueuIaS
(986T) "I 18 ZapueuIa
(186T) “Ie 18 ‘prej[eIA ‘susfeq
(T86T) “[2 18 ‘pIE|[IA ‘susfeq
(T86T) “Ie 18 ‘pIejRIA ‘suseq

(866T) |e 10 Aoy ‘(186T)
‘[e 18 ‘pUe[eIA ‘sudleq oquioD

(866T) ' 19 Aey

(866T) "2 19 Aey

(866T) "2 10 Aey

(866T) "2 19 Aey

(186T) “Ie 18 ‘prej[eIA ‘susfeq
(T86T) “[2 18 ‘pIe|[eIA ‘susfeq
(T86T) “Ie 18 ‘pIejeIA ‘suseq
(986T) ‘[e 19 zapueuls
(986T) ‘[e 18 ZapueuIaS
Apms

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



Page 24

Shietal.

LGT 9T 29'8 9T'0¢C Palan0day 8T €€08 €€'96 1y 8v—¢1 pesp 10 XIS VN 1/NXdO (866T) "Ie 18 Aey

0 9T 29'8 9T'0¢ palan0dsy 8 €6 SL'Te 1y 8v—¢1 AupigioN VN 1/NMdO (866T) |e 18 Aoy

(015174 9T 29’8 91°0¢ Pa13n039y 0T 9299 96T 1y 87T Aurenon VN 1/MMdO (866T) "2 19 Aey

0T 9T 'y 6L°€T Palan0day 8T 69 66T 1y 8v—¢1 [e101gns VN 1p/y/10Wu Od1 (866T) '1e 10 Avy
(m

0 9T 'y 6L°€T Pa13n039y 8 a9 86°LT W 8y—2T  -3IH) AUpIqioN VN IP/u/I0Wu Od1 (866T) "2 19 Aey

9T 9T 'y 6L°€T Palan0day 0T 9g'v EV'Te 1y 8v—¢1 Aujenon VN 1p/y/10Wu Od1 (866T) "1e 10 Avy
Jeak T e Jewllou Jeak T 18

0 6T 4 z ‘parerxAydsy 9 [4) GG Pl palp/[ewiouqy AM LE< /N SHA (986T) "1e 30 zapueused
Jeak T 1e jewlou Jeak T 18

0 6T 6 S ‘parerxAydsy 9 0¢ 0T Pl paip/fewouqy AM LE< /N vyHA (986T) "¢ 18 Zapueuia
Jeak T 1e Jewou Jeak T 18

0 6T €T ST ‘pareIxAydsy 9 € 0s P paip/jewouqy AM LE< /N EHAT (986T) "|e 10 Zapueusad
Jeak T e Jewllou Jeak T 18

0 6T €1 ST ‘parerxAydsy 9 14 G'8e Pl palp/[ewiouqy AM LE< /N ZHAN (986T) "1e 10 zapueuie
Jeak T 1e jewlou Jeak T 18

0 6T LT 0T ‘parerxAydsy 9 4% ST Pl paip/fewouqy AM LE< /N THA (986T) "¢ 18 Zapueuia
Jeak T 1e Jewou Jeak T 18

0 6T 144 44 ‘pareIxAydsy 9 96 8TT P paip/jewouqy AM LE< /N HA1 (986T) "|e 10 Zapueusad

(TT02)

"[e38 a1naljisen *(0T02)

96 28 89 00T 8¢ 8¢¢ 18¢ ‘[e 18 ulsssnH oquiop
aesapowl

G8 AS] 28 a1 prw 3IH €e a4 9'6€ ps—€ 10 9J9NSS MM LE-CE 7/6u 3SN (1T02) "Ie 18 d1AaljISEA

9 1S 28 A piw 3IH ve 9t 6'€€ ps—¢ dleJopow J|H M LE—¢E 7/6u 3SN (TT02) ‘I8 18 21naljIseA

44 1S 28 A piiw 3IH 6 S'6T 8'vS ps—¢ dlenss JIH M LE—¢E 7/6u 3SN (TT02) |2 18 21n8ljISeA

4 GE S'6T L'8 Jew.ou [ejoL S VSTl 81'¢e pP9-9 dIH AM LE< Jw/Bu 3SN (0102) ‘1218 utassnH
3ASN
JSN MO] ‘Jewou ybiy ‘rewdou ‘g

TS G¢ ST L9 ‘G > Jefdy-,G 1o, | 0T Ty L'€T pP9-9 > Jebdy-,§ 10, AM LE< Jw/Bu 3SN (0T02) "Ie 18 utBssNH

JSN MO] ‘Jewiou

291 14 ST L9 ‘G > 1efdy-,G 1o, | S ¥9TT 81'¢e p9—-g JIH AM LE< Jw/Bu 3SN (0T02) "1e 18 UteSsNH

abewep 1180

(X 'ON as ueawl adAy josuoD  ON as uesw  Buijdwes aby adAyaseD  uonelssn JaxJewolg Apms

%V) Jo11u0D ased
91005
sased J|H-uou pareixAydse snsien J|H paleixAydse ui sisxrew 4S9
¢ 3719vl

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



Page 25

Shietal.

3SN MO ‘[ewou g
0 G  G96T ¥6ET'T ‘G >tebdy-.510 T S 76V 9°0g€'T po-G > Jefdy-,510,T M Le< 7/1owr sdvd (0T02) "[e 18 UIBSSNH
sjugpixonuy
oT &I 6'LT AR palsnodsy ST ¥'2e 6CL 1y 8y [e01ans VN Jw/Bri ON (866T) "1e 18 enRg
0 ST 6.7 zLey passnodsy 0T 2867 vv'L9 1y 812 s eixAydsy VN Jw/6r ON (866T) |e 18 enRg
0 GT 6.1 AR palanoosy S 695G 28'€8 1y 8y pesp J1H VN Jw/Brl ON (866T) "2 18 vlleg
0 &I G152 8'29¢ paisnodsy  GT  9'GST L'8ey 1y 8v-vzg [eoiqns VN Jwyy/Bri ¢p°H (866T) "1e 10 elRg
0 ST gIae 8'79¢ palanoday 0T 9'8YT g'eey 1y 8v-vg %a1s eixAydsy VN Jwiyy/6r ¢oeH (866T) ' 18 elleg
0 &I §TSe 879¢ paJanooey S 6981 7’8y 1y 82 peap J1H VN Jwiy/6r ¢o°H (866T) Ie 18 eneg
0 GT 10T 99'T palanodsy ST SZT 12 1y 8y [el010ns VN [p/utwyjowr -%o (866T) "2 18 vlleg
0 4T 10T 99'T pajsnodsy 0T  TH'T 6T°C 1y 8712 >a1s eixAydsy VN [p/utw/jowr -2 (866T) "2 18 elleg
0 4T 10T 99'T palanoosy S 960 26T 1y 8v-vg pesp J1H VN [p/utwyjowr -¢g (866T) ' 18 elleg
0 &I Wt 62T paian0dsy 0T  9€°€ T8 1y 8y oIS eIxAydsy VN Jwyurw/jown Ox (866T) "2 18 vlleg
€T ST W 62°C palanoosy S e 68'8 1y 8y pesp J1H VN Jwyunw/jown OX (866T) "2 10 elleg
3JIHou /10w
ST 0T 820 GZ'T  ‘eixAydse [eleulsd oy 8Y°0 6.7 1y 8r—v2 [elogns AM €< apAysprelpuofe (8002) "1e 10 Jewny|
3JIHou /10w
ge 0T 820 GZ'T  ‘eixAydse jeeunlsd /T S¥0 e 1y 8v-vg 11 3IH AM LE< apAyap|elpuojeiN (8002) ‘e 18 Jewny
3IH ou /10w
9 01 820 GZ'T  ‘eixAydse [ejeutsad 6 120 eL'T 1y 8y TEI! MM Le< apAyaplelpuoje|y (8002) "[e 30 Jewnyy
JIH ou /10w
0 0T 820 GZ'T  ‘eixAydse [eleulsd T ¥E0 A 1y 8r—v2 T3IH AM €< apAysprelpuofe (8002) "1e 10 Jewny|
S
0 ot 6Ly 80T [ewJou [e10L S TTL 9057 p9-G > Jebdy-.Glo T AM LE< SHuN 11ed H1 (0T0Z) ' 18 UIBSSNH
3SN yBiy ‘rewuiou S
0 01 6.8 ¥2IT ‘G >Jebdy-.Glo T S TTL 9'0ST p9-G > tebdy-.G10.T (M LE< SHUN J1ed H (0102) ‘18 38 UtESsNH
3JSN MO] ‘[ew.ou [
0 & G0t 8T0T ‘G>.ebdy-.510,T S TTL 9°05T p9-G > Jefdy-.Gl0 T M Le< SHUN 11ed H1 (0T02) "Ie 18 utBssNH
S/BaIpRI 981
0 91 er'T 599 pajanoday 8T  9T'T v.9 1y 8v-2T [e01ans VN 1p/Bw wniofed [elo) (866T) ‘e 10 Aey
0 91 er'T G99 paJanooey 8 €L0 209 1y 8v-2T AnpigioN VN 1p/Bw wniofed [ejoL (866T) "2 19 Aey
0 91 er'T 599 pajsnodsy 0T  €TT €L 1y 8v-21 AnrenoN VN 1p/Bw wniofed [ejoL (866T) "1e 10 Avy
A A A €T 69°0Z  MdIsJopalenodsy 0T  9/'9S 99T 1y 8v-2T peaq VN 1/NMdD (866T) '[2 18 Aey
(x 'ON as ueaw adAy josuoD  ON as ueaw  Buijdwes aby adA1aseD  uonelssn JaxyJewolg Apms
%V) |041u0D aseD

21005

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



Page 26

Shietal.

‘uydiopua-g ‘q3-¢d ‘asepixo auiyuex ‘0x
9aMm ‘YM (apIx01adopAy [e101 ‘HL ‘aseInwsip apixoiadns ‘oS suolue apixoadns ‘—CQ ‘asejoua d1419ads-uoinau ‘ISN BpIXo LU ‘ON ‘uonepixotad pidi] ‘OdT ‘uljeydayua-na) ‘Y37 ‘aseuabolpAysp
a1e108| ‘HA ‘epixoJad uaboipAy ‘CocH ‘asepixoiad auolyiein|Bb ‘Xdo ‘eT-1v ulydiouAp ‘€T-]woukq ‘Aep ‘p ‘aseunjoydsoyd auineald ‘Mdo ‘srenualod juepixonue [ea1fo|olq ‘sdyg :Ssuoleinaiqay

"ueaLl [03U09/00T x (103U02 J0 [DN-18618 JO D7) = X %V “ApMis awies sy} Jo smo snoiasid Bululquiod = [e10gns .8JoN

oJelapowl
12T /S zSt 9'81T plwIIH €€ S66 0°20€ ps—¢ l0318N8S M LE—2E (1w/Bd) 493N (TT02) "[e 13 21A8I]ISeA
6 1S 2aT 9'8TT plw3IH  v2  ¥'€S 6'€5¢ ps—¢ ajesspow JIH MM L€-2€ (Jw/Bd) 493 (TT02) |2 18 21n8ljISEA
S0z /S zST 9'8TT plw JIH 6 6¢€8 z0ey ps—¢ BIONSS JIH M LE—T€ (1w/Bd) 493 (TT02) ‘T2 19 21naljIsen
Ainful [eigasad
0 €2 L'0€2 €68 ou pareixAydsy Tz 8.T T'9ET VN  Anlur jeigaisd paxiN |w/Bd £T-1wouAQ (€66T) "2 18 0BD
Ainfui [eigaisd
0 €2 102 8.8 ou pajexAydsy Tz 1T STV VYN Ainlur jeigaisd paxiN |w/6d 43-d (€66T) |2 10 0BD
Ainlul [eigaiao
0 €2 €82 96 oupareixAydsy 1z Zve 1402 vN  Ainlur jeigaisd paxiN Jw/Bd 337 (€66T) '[e 18 0BD
ASNILUSUBII0INSN
(TT02) "2 18 21n8IISeA
0 € 89 00T (5% Gl 9TT :(866T) "o 10 Aey oquion
olelapow
6 /S §'62 990T plwIH €€ 0ty 8'8eT pz lo8IBnss MM LE-2E (1N) Xd9 (TT02) |2 18 21n8ljISeA
0 /S G'62 9'90T plwaH ¥z  TEE 9'82T pe lesspow JIH M /E-2€ (/N) Xd9 (TT02) "2 19 21n8ljisen
6c LS §'62 9'90T piw 3IH 6 v.C 1997 pz alBNSS JIH - M L€-2€ (/N) Xd9 (AN ERERIVEI TSN
0 o1 150 280 paian0osy 8T 250 20 1y 8p—2T [eloiqns VN [P/UIL/|OWU XdD (866T) ‘e 10 Aey
0 91 150 280 paJanooey 8 GEO0 €9°0 1y 8v-2T AnpigioN VN [P/UI/|OWU XdD (866T) "2 19 Aey
0 91 150 280 pa1an0ddy 0T €90 280 1y 8y—2T Aupeniony VN [p/uIW/lOWU XdD (866T) ‘e 10 Aey
0 9T 6962 2907 paisn0osy 8T  6E0V GL'79 1y 8p—2T ans VN w/N Aos (866T) |e 18 Avy
0 9T 6562 2907 paJanooey 8 98'6¢ 12TL 1y 8v-2T AnpigioN VN w/N Aos (866T) "2 19 Aey
0 9T  6S6¢ 2907 pa1an0ddy 0T  LT'Z¥ 7565 Y -2t Aupeniony VN w/N aos (866T) "1e 10 Avy
S
0 G 9VeTT G0g2'T [ewou e1oL S 76y 9°0€e'T p9-G > Jefdy-.Glo,T M Le< J/1owr sdvd (0702) "Ie 18 utessNH
3SN yby ‘fewsou S
0 01 WAV €85y'T  ‘G>Jebdy-.510.T S T6LY 9°0g€'T p9-Gg > Jebdy-.G 10T M Le< /10w sdvg (0T02) "1e 18 UteSsNH
(x 'ON as ueaw adAy josuoD  ON as ueaw  Buijdwes aby adA1aseD  uonelssn JaxyJewolg Apms
%V) |013u0D aseD
31008

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



Page 27

Shietal.

0 9¢ 08 00T 14 SET 8TT ‘[e 18 Aey ‘(5002) ‘[ 18 uedn9 emw%\ww
0T- S 250 82T 8T  ¢S0 7.0 1y gr—et [e10}ans AMPE  [p/UIW /lOWU XdD (866T) '1e 10 Aey
€- S¢  T§0 871 8 G0 €9°0 1y 8y-2t Aupigion IMPE  IP/UIW /JOWU XdO (866T) 'e 19 Aey

0 S 280 82T 0T €90 280 1y gr-et Ayjepon IMPE  p/UIW /lOWU XdD (866T) "Te 10 Aey

0 1T STL ¥S0T  0F [G€ET GZ'9T yz> AH IV M g2 uijord Bw/n XdO (5002) ‘1e 30 uBdIND

0 1T SZL 50T 6 19T €T'9z > 1H-3IH M ez urelodd Bu/n Xdo (5002) "Ie 18 UBDIND

0 1T STL ¥5°0T 6 CLTT GL'ST > 11-3IH Mgz urgioud Buwyn Xdo (5002) "[e ¥ uedIND

0 1T GTL ¥S0T 2T 189 126 yz> I-31H M Le2 uigjord Bw/n XdO (5002) ‘1e 30 uedIND

(866T)
w9 44 00T 8y 6T 90T "Te 18 Aey ‘(5002) "1e 18 UedINS 0gU0D
Ll ST 9 vz 81 o G9 1y gr—et [e10}ans AM v lw/Nn Ados (866T) "1e 10 Aey
6y  SC 9 v 8 or L 1y 8y—2t Aupigion M vE Iw/N Aos (866T) e 19 Aey
€T SC 9 vz 01 [A7 09 1y gr-et Anjepon M ve lw/Nn dos (866T) 'Te 10 Aey

0 TT 910 lT0 08 SC0 S7'0 yz> AH IV M ez uiord Bw/n oS (S002) '1e 30 uBdIND

0 TIT 910 20 6 €0 L0 > 1H-3IH Mgz ureloud Bw/n Aos (5002) " 38 UBOIND

0 TIT 910 20 6 LZ0 250 > 11-3IH Mgz ugioud Bw/n dos (5002) "[e ¥ uedIND

0 IT 910 lz0 2T 6T0 L€0 yz> I-31H Im ez uiold Bw/n oS (S002) '1e 30 uedIND

sjugpixonuy

0 G TET 6'S 8T 9T v.'9 1y 8y-2T [e0)ans YN Ip/Bw wnidje [elol (866T) '[e 10 Aey

0 Sz T1€T 26'S 8 €L0 209 ly gyt Aupicuon YN Ip/Bu wnidjed [ejol (866T) "1e 10 Aey

T G TET 266 0T €T €L 1y 8y-2T Aureron VN [p/Bw wniofes [ejoL (866T) 'e 19 Aey
0z Sz 95T 7€8T 8T €£08 €€'96 1y 87-2T [e0)ans N 1/N MdD (866T) '[e 10 Aey

0 Sz 95¢ 2e81T 8 1£6 Gl 1y gyt Anpiglon A\ 1/N MdD (866T) "1e 10 Aey
v2S ST 95¢ Z€8T 0T 9195 9GT 1y 8y-2T Aureron N 1/0 MdO (866T) e 19 Aey

15 G  20¢ 780T 8T 69F 6'6T 1y 87—t [e0)ans N Ip/U/1oWwu Od (866T) '[e 10 Aey
6T Gz 20¢€ 2801 8 29v 86'LT 1y gyt (11-31H) ApigloN A\ Ip/u/10WU Od11 (866T) '1e 10 Aey
85 Sz 20¢€ 80T 0T  9€¥ er'1e 1y 8y-2T Aureron WwN Ip/y/I0Wu Od'1 (866T) "o 19 Aey
S/BaIpRI 981
% ueaw ueawl
94V) 81005 'ON as j0J3U0D  'ON as aseD  Buidwes aby adA1aseD  uoneIss Jaxaewolrg Apms

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.

sased pajeIxAydse-uou snsiaA J1H pareixAydse ul siaxew 4SD

€3149vl

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 28

Shietal.

0 2T 02 8'G v €0TI 96'7T pz-T pead M 6g-0€ /10w sunine|. (666T) "|e 19 J8Udknong
0 2T 02 8'G 9 vyl 852t pz-1 Sieak € Je [eWlouqy M 6E-0€ /10w sunine|. (666T) |e 18 J8uaknong
0 T TT G9T 0T 880 68'T pz-T [elolns  AMBE-0€  TI/lown sreweIn|o (666T) "[e 18 Jausknong
0 at TT G9'T v 8.0 LT pz-T pead >Mmeg-0€  T/jowr srewein|o (666T) "|e 19 J8uUdknong
0 T TT 59T 9 660 20'¢C pz-1 sieak g Je fewlouqy M 6E-0€  T1/jowr srewein|o (666T) "|e 18 J8uaknong
1T 2T ST 86¢ 0T  /9¢€ 108 pz-T [el01gns  AM 6E-0E /10wl ayepedsy (666T) "[e 18 Jausknong
0 2T ST 86'C v 9€2C €e'g pz-1 pes@ M 6E-0€ /10wl srepedsy (666T) "|e 19 J8Udknong
€€ T ST 86'C 9 /€€ 8'6 pz-1 sieah g Je ewiouqy M E-0E /10wl erepedsy (666T) "|e 18 J8uaknong
Jeak
0 02 1 4 9 4 g'g pT T lepalp Jo [ewlouqy MM €= /N SHAN (986T) "|e 19 Zapueusad
Jeak
0 0z 1 14 9 0z 0T PT T ¥epalp Jo [ewioUqY M €= /N vHA (986T) "|e 18 Zapueuls
Jeak
6T 02 S 4 9 z€ 0§ pT T lepalp Jo ewlouqy AM L€ /N €HAN (986T) "|e 18 Zapueus
Jeak
0 02 9 4 9 e G'8e pT T lepalp Jo [ewlouqy MM €= /N ZHAN (986T) "|e 19 Zapueusad
Jeak
0 02 S 4 9 ras qT PT T ¥epalp Jo [ewioUqY MM L€ /N THA (986T) "|e 18 Zapueuls
Jeak M ez
0 0z 8T 1172 9 96 81T P 1 e peip Jo [ewouqy M €= N HAT (936T) “[E 19 ZopuUewIsS
abewep 1180
3IH
0 1T €Tt ooy TT S (44 1y yz> 813/8S 10 81RIBPOIN M GE< AU VVIH (S66T) |e 18 mouus|g
3IH
0 TIT 6. 018 I 60T €25 1y yg> 819A8S 10 B1RIBPOIN MM GE< INU VAH (S66T) "[e 19 mouus|g
Ell]
0 1T gL eI T1 L'y Ger 1y ye> 1818s 10 81RIBPOIN MM GE< INU OVdOa (G66T) "[e 18 mouus|g
3IH
0 1T T 98 1T 18 S0T 1y yz> 813/8S 10 81RIBPOIN MM GE< INU DVdHIN (S66T) |e 18 mouus|g
3IH
0 1T o4 ey 11 €2 912 1y yz> 819/8S 10 BJRIBPOIN M GE< AU BulfeusIpRION (S66T) [e 19 mouus|g
SINIUSURII0INSN
0 TIT 1821 GZTLT 08 6TTZ €€'92 yzL> [eloiqns MM ez uialodd Bw/n 1D (5002) "[e 18 UBdIND
0 TT T1S8CT ST 6 €992 STy yzL> HI-31H Mgz uslold Buyn 1vD (5002) |e 10 UBDIND
0 TIT 15870 GZ'LT 6 69T L1've yzgr> 11-3IH ez weloud Bwy/n 1D (5002) |e 18 UBDIND
0 TIT 1821 62T 2T 6TTT 19'GT yzl> I-31H Mgz uialold Bw/n 1D (5002) 1e 30 uedIND
(X ueaw uesw
04V) 84005 'ON as j013U0D)  'ON as aseD  Buidwes aby adA1aseD  uoneissn JaxJewolrg Apms

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



Page 29

Shietal.

M9aM ‘M ‘aseinwisip apixoladns ‘QOs 109A16)Auayd-AxoIpAy-y-AXoyls W-g ‘OWdHIN ‘uonepixolad pidij ‘Od ‘eseusboipAysp ae1oel ‘HA
‘pI0B O1|[IUBAOWIOY “WYAH ‘PIJ€ 91180B-E-3]0pUIAX0IPAY-G ‘WV/IH ‘asepixolad suoiyiein|b ‘Xdo ‘pioe anasejAusydAxolpAyip-1'e ‘Ovdoa ‘Aep ‘p ‘aseunjoydsoyd sunessd “Mdo ‘aseferes ‘1D :SUoNeIAsIqqy

"ueaL [013U09/00T x (]03U02 J0 [DN-1861. JO 1D7T) = X %V “ApMis awes sy} Jo smo snoiasid Buluiquiod = [e10gns .8JoN

0 0'C 8G 0T tvet €5°ET pz-1 [eogns - M 6€-0€ /10w sunne (666T) "[e 18 Jsusknong
(X ueaw uesw
04V) 84005 'ON as j013U0D)  'ON as aseD  Buidwes aby adA1aseD  uoneissn JaxJewolrg Apms

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



Page 30

S989M YM :10398) YImolb [e1jaL1opus Jejnasen ‘493 A ‘asepixotad auoiyiein|b ‘X do ‘asejous d119ads-uoinau ‘ISN ‘Aep ‘p ‘aWAZUB0SI UleIq BSeUIy BUIRaId ‘Gg-MD SUOIRINSIGAY

‘Apnls awies 8y} J0 SMoJ snoiAsid Buluiqwod = |e1oigqns .ajon

0 Sy e 8T AMLEZ Gy 6PY  69ST M Le-2€ 'FIH pS—€ loyey Mol Jw/Bd493A  (TT0Z) '[e 18 o1naljIsen
0z S 6G 966 AMLEZ Gy GEE TLET M L€-2€ 'FIH pz JuepIXOnUY TN XdD  (TT02) ‘e 18 anallisen
0 S T¥T  6TC AMLEZ GF 90z L9 M L€-2€ ‘FIH PG-€  @AONAS3P UOINBN /BUISN  (TT0Z) 12 18 o1naljisen
€L 9 8¢ 6 plw ainjewsld  G€  8Y G6  89N9S BJRIBPOIN BINjeWald pS afewep 180 |w/Bu gg-30 (66T) "2 19 >f1AeL
vw 0  vE L'86T piw ainjewsld 6T €€ T'LTE  2I9NSS SJRIBPOIN dInjewdid Pz abewep |90 |w/Bu Gg-M0 (566T) " 33 MfIATeL
G0L 06 T€ 62 6>1eBdy-GHMm /€2 6E  G89  ¥'95¢C [el0ns abewep |80 |w/bu gg-M0 (566T) "1e 10 MfIAleL
L6 06 T€ 6z 8>Iebdy-Gomez 6T €€ TLIE MM LE> ‘III pue |1 FIH pe afewep 180 |w/Bu gg-30 (66T) "2 19 >f1AeL
825 06 T¢€ 6 L>Iebdy-G9M e 0z vE  L'86T A Le> ‘T IIH Pz abewep 130 |w/Bu gg-M2 (566T) "e 30 MfIAleL
JIH

09 06 T€ 6 L>Iebdy-G9m ez 6L TTC 89T AM L€> ) > sebdy-.§ pS—¢ afewep 18D |w/Bu gg-30 (66T) "2 19 Mf1AeL
pareixAydsy

(xX 'ON as uesiN adAy josuoDy  oN as  uesiN adfAyasen  Buidwes aby uonoun4 Jaxreworg Apnis

%V) 81035

Shietal.

S9sed J|H 40 parelxAydse w.s1ald snsiaA Wa) Ul Siaxtew 45D

¥ 37avlL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2023 December 01.



	Abstract
	INTRODUCTION
	METHODS AND MATERIALS
	Statistical analysis

	RESULTS
	CSF markers in asphyxiated versus non-asphyxiated cases
	CSF markers in asphyxiated HIE versus asphyxiated non-HIE cases
	CSF markers in asphyxiated HIE versus non-asphyxiated cases
	CSF markers in preterm versus term asphyxiated or HIE cases
	Effect of checkpoint on CSF biomarkers
	Effect of level of asphyxia or HIE on CSF biomarkers

	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	TABLE 1
	TABLE 2
	TABLE 3
	TABLE 4

