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Abstract

Purpose of the review—The rapid progress in biomarker science is on the threshold of
significantly changing clinical care for infants in the Neonatal Intensive Care Unit. Infants with
neonatal brain injuries will likely be the first group whose management is dramatically altered
with point-of-care, rapidly available brain biomarker analysis. Providing an interim update on
progress in this area is the purpose of this review.

Recent Findings—Highlighted findings from the past 18 months of publications on biomarkers
in neonatal brain injury include; i) Specific non-brain markers of cardiac health and global
asphyxia continue to provide information on brain injury after HIE. ii) Prediction of injury in the
piglet HI model is improved with the use of a combination score of plasma metabolites. iii) In a
neonatal piglet model of perinatal hypoxia-ischemia, a systemic pro-inflammatory surge of
cytokines has been identified after rewarming from therapeutic hypothermia. iv) New biomarkers
identified recently include osteopontin, activin A, neutrophil gelatinase-associated lipocalin
(NGAL), secretoneurin, Tau, and neurofilament light protein. v) Brain based biomarkers differ in
their ability to predict short term in-hospital outcomes and long term neurologic deficits.

Summary—Neonatal brain biomarker research is currently in its very early development with

major advances still to be made.
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Introduction

Hypothermia is currently the only recognized standard of care treatment for moderate to
severe perinatal hypoxic-ischemic encephalopathy (HIE), but about 45% of neonates have
abnormal outcomes despite treatment.[1] Management of neonates with hypoxic-ischemic
encephalopathy (HIE) is hindered by the lack of quantifiable biomarkers that could measure
the degree of injury, assist in triage to therapy and give prognostic information. Currently the
diagnosis and prognosis of HIE in a neonate is based on clinical manifestations, imaging and
electrophysiological monitoring.[2] MRI biomarkers for HIE have generally been performed
several days following birth because of the lack of early sensitivity for hypoxic injury, and
MRI requires that the infant be moved from the NICU to the imaging suite, a task that can
be difficult under certain circumstances. Both of these can be overcome with the use of head
ultrasound (HUS) as an imaging biomarker [3*]; however, HUS is not well tested nor
universally accepted for this purpose because of lower sensitivity.[4*] Biochemical
evaluation of the severity of birth asphyxia has traditionally been performed using umbilical
arterial blood gases at birth, but this test is poorly predictive of injury. Taken together, these
constraints make long term neurodevelopmental outcome difficult to predict in the first few
days of life. Multi-organ involvement, although common when brain injury occurs, is not
part of the diagnosis of HIE. In the presence of HIE the most frequently injured organs are
the heart, liver, kidneys and hematological system which may release organ specific
biomarkers into the blood which will have a role in the assessment of injury severity and
long term outcome.[5*] While new single biomarker studies continue to emerge, biomarker
science is also utilizing metabolomic profiling to more comprehensively understand the
effects of injury and treatment on entire pathways following neonatal brain injury [6**] and
may likely unveil new therapeutic targets. The measurement of quantitative biomarkers that
are able to detect subclinical lesions at a stage when routine brain monitoring or imaging is
still silent would be a major advance in the care of neonates with suspected brain injury.[5*]
Biomarkers could allow the screening of neonates for brain injury with high sensitivity and
specificity, monitor the progression of injury and response to therapy through serial
measurements due to their short half-life and correlate with the extent of brain lesions later
seen on ultrasound or MRI.[5*]

Other detailed reviews are available for brain biomarkers and some are specific to the
neonatal brain.[7*, 8*] This review is meant to update very recent data on biochemical
biomarkers related to hypoxic-ischemic brain injury in the newborn.

Biomarkers for Other Conditions Now Being Applied to HIE

A number of biomarkers used to identify other conditions are now being used to identify
neonatal neurologic injury. Cardiac biomarkers show good correlation with echo-derived
markers of myocardial function, and a significant elevation of cord blood troponin has been
found to be an excellent early predictor of severity of HIE and mortality in term infants.
[9**] Dickkopf-1 is a regulatory antagonist in the Wnt family of glycoproteins which are
involved in the signaling of embryonic development and numerous diseases.[10*]
Dickkopf-1 is one of several mediators that are released from platelets on activation, and is
involved in platelet-mediated endothelial activation in patients with coronary artery disease.
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It is elevated in patients with stable and unstable angina pectoris. A study of 20 neonates
with HIE compared to 20 controls found that Dickkopf-1 was released into the circulation of
neonates with HIE and correlated with HIE severity which may allow it to be useful for
prognosis.[10*] It appears from this report that therapeutic hypothermia was not used in the
treatment of these infants thus cardiac depression from cooling should not have interfered
with the interpretation. Phenobarbital was used liberally, however there is no analysis for
this as a confounder.

Post hoc analysis of glycemic control in 234 neonates with moderate to severe HIE from the
CoolCap study showed that both hypoglycemia and hyperglycemia were independently
associated with unfavorable outcome. Any glucose derangement during the early postnatal
period in infants with moderate-to-severe HIE was independently associated with an
unfavorable outcome at 18 months, independent of severity of HIE and cooling therapy.[11]
Lactate dehydrogenase (LDH), an enzyme that exists in all cells and is released into the
plasma by cellular damage, has been investigated as an inexpensive and safe prognostic
biomarker in neonates with HIE.[12*] A study of 92 neonates with HIE found that although
LDH levels did not differ for those with brain lesions on MRI, the change in LDH was
significantly higher on day 3 of life in neonates with central gray matter lesions, which led
these investigators to claim that changes in serum LDH may be a useful biomarker for
predicting future neurodevelopmental prognosis in infants with HIE.[12*]

Profiling of Neonatal HIE

When mass spectrometry was applied to provide metabolic profiles of brain tissue and
plasma following an excitotoxic lesion to the neonatal mouse brain it was found that a short
list of amino acids and glycerophospholipids explained the effects of the excitotoxic lesion.
[13**] These investigators concluded that these targets may be useful starting points for
studies on acute and tertiary phase biomarkers specific to the excitotoxic processes. [13**]
In a newborn piglet model of HIE, time-dependent metabolic biomarker profiles of choline,
betaine, cytidine and uridine were observed to have patterns similar to lactate levels, which
are currently considered the gold standard for assessing hypoxia, and they concluded that the
prediction of injury could be improved with the use of a combination of plasma metabolites.
[14**] A metabolite score calculated based on the relative intensities of 3 metabolites
(choline, 6,8-dihydroxypurine and hypoxanthine) was compared to lactate as a biomarker for
the intensity and duration of perinatal hypoxia in a neonatal piglet model.[15**] For plasma
samples drawn before and directly after a hypoxic insult the metabolite score performed
similar to lactate, but it provided better predictive capacity at 2 hours after resuscitation.
Serial determinations of such a score in a minimally invasive bio-fluid may improve the
early assessment of the severity of the hypoxic insult and assist in the diagnosis and triage to
treatment.[15**] In a nonhuman primate model using in utero umbilical cord occlusion to
induce HIE, 63 metabolites were examined as potential biomarkers of brain injury. Of this
group, 8 (arachidonic acid, botanic acid, citric acid, fumaric acid, lactate, maleate propanoic
acid and succinic acid) were identified that correlated with early and/or long-term
neurodevelopmental outcomes.[16] When hypoxia and hypotension were induced in
newborn piglets, the plasma metabolome showed an increased plasma concentration of
analytes reflecting a metabolic adaptation to prolonged anaerobiosis; however, after
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resuscitation metabolite levels returned to the starting values.[17*] Choline was the most
significantly increased analyte during the hypoxic insult, and they concluded that these
metabolites could have applicability in predicting the severity of hypoxia in the clinical
setting. [17*]

Inflammatory Biomarkers of HIE

Cytokine and chemokine levels may be specific to the phase of injury and recovery,
switching roles within a relatively short time after hypoxia-ischemia.[18*] A study in a
neonatal piglet model of perinatal hypoxia-ischemia demonstrated a systemic pro-
inflammatory surge after rewarming in the hypothermia group, which is counterintuitive to
the theorized neuroprotective effects of hypothermia.[18*] The authors speculated that the
role of cytokines during and after cooling may change and that hypothermia should be
complemented with anti-inflammatory therapies for maximal benefit.[18*] In a study of 30
term newborn infants with birth asphyxia, proinflammatory cytokines, neuron specific
enolase and S-100 were found to be significantly elevated in cord blood.[19*] Activation of
glial cells caused by hypoxic-ischemic oxygen deprivation is associated with the release of
inflammatory mediators, including IL-6, TNF-a, IL-1a, IL-1pB, interferon-y and reactive
oxygen species.[19*] Whether these results are causal has not been determined from these
studies, and they may in fact present new therapeutic targets or may be the result of
secondary injuries following the primary insult.

A prospective randomized pilot study of newborns delivered after >36 weeks to selective
head cooling or whole body cooling found that the effects on biomarkers did not differ. They
also found that serum IL-6 levels may be useful for predicting disability and mortality in
newborns with HIE.[20]

New Biomarkers for HIE

Recent studies have identified a number of biomarkers that may improve identification of
neonatal neurologic injury in the period shortly after birth. Studies in 10 day old mice reveal
that HI significantly increases osteopontin, a finding not observed after LPS administration.
[21*] Osteopontin mMRNA was induced in the brain but not in the blood, and immunostaining
revealed osteopontin expression by microglia/macrophages in the Hl-injured brain. They
concluded that osteopontin may be a prognostic blood biomarker in HIE related to brain
microglial activation, and that an increase of plasma osteopontin may indicate a perinatal
event at least 24 hours old. Therefore, it might be useful as a marker of prior intrauterine HI
stress and a poorer response to hypothermia treatment.[21*] Analysis of umbilical cord
blood from 24 term neonates with perinatal hypoxia revealed a significant increase in activin
A and neutrophil gelatinase-associated lipocalin (NGAL) compared to 34 healthy controls,
with NGAL being a better marker of perinatal hypoxia.[22*] In adults suffering from brain
injury, secretoneurin is a promising early biomarker of poor outcome. Elevated levels of
secretoneurin were similarly noted in cord blood from neonates with HIE following perinatal
asphyxia.[23*] Tau and neurofilament light protein levels are significantly elevated in cord
blood after moderate-severe HIE and correlate with the severity of the insult.[24*] Ubiquitin
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C-terminal hydrolase-L1 (UCH-L1), measured in the serum, is another potential prognostic
biomarker for various forms of CNS injury, including neonatal HIE.[25, 26*]

Oxidative stress is a crucial step in the development of HIE and biomarkers such as lipid
peroxidation products have been found to be increased in cord blood at delivery with severe
metabolic acidosis.[27**] Selenium is a constituent of the antioxidant enzyme glutathione
peroxidase and is vital to antioxidant defense. Neonates with HIE have been found to have
lower serum selenium levels than normal healthy neonates, independent of maternal levels,
and selenium levels were negatively correlated with the severity of HIE.[28]

New Technologies in Biomarker Detection

The development of novel methodologies to detect brain injury proteins with improved
sensitivity and speed may provide results that are clinically actionable. Breakthroughs in
digital ELISA assays such as the Simoa platform (Quanterix, Lexington, MA) allow
femptogram/microliter detection of brain proteins such as Tau.[29] Advances are also being
made in developing rapid detection biosensor platforms that may enable bedside detection of
brain injury proteins. Organic field effect transistors have already demonstrated < 3 minute
detection of GFAP. [30, 31] Alternatively, silicon nanowires coated with detection antibodies
also have the potential for protein detection within two minutes.[32] These platforms have
the potential to revolutionize how we care for neonatal brain injury.

Neurodevelopmental Follow-up for Previously Studied Brain Injury

Biomarkers

Only recently have studies evaluated neurodevelopmental follow-up associated with
biomarkers found to be associated with neonatal brain injury during the perinatal period. In
neonates born at > 35 weeks with HIE, serum lactate levels measured after 72 hours of
whole body hypothermia correlated with neurodevelopmental outcome at 24 months
corrected age.[33] Although IL-6 and I1L-16 measured in umbilical cord blood at birth were
correlated with HIE severity, IL-6 did not show any association with outcome at the age of 3
years.[34*]. IL-16 levels at birth were predictive of severe deficits, especially when used in
combination with electroencephalogram findings.[34*]

Prior studies have shown Glial Fibrillary Acidic Protein (GFAP) measured in neonatal blood
at 1-2 and 4-7 days of life (but not in cord blood) were associated with abnormal brain MRI
at 7-10 days of life.[35]. Furthermore, GFAP levels at time of NCU admission were
significantly higher in those infants with feeding abnormalities at time of NICU discharge.
[35] Chalak et al also demonstrated that GFAP in neonates with moderate to severe HIE was
elevated at birth and associated with abnormal neurologic outcomes.[36] Looney et al,
utilizing a different laboratory assay, noted that GFAP measured in cord blood at birth was
not increased in those with brain injury compared to healthy controls, and no correlation was
found between cord blood levels of GFAP and outcome at 36 months.[37] These data point
out the potential exquisite time dependence of the biomarker in relation to time of injury.
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Conclusion

Given the variation of causes and symptoms at presentation of neonatal HIE, it is unlikely
that a single early biomarker will be able to predict clinical outcomes in the perinatal period.
[8*, 15**] A panel of multiple inflammatory and neuronal biomarkers measured via a point
of care bedside tool at various time points is likely to be the most accurate way to identify,
and assess the severity, timing and pattern of injury. Furthermore, full pathway analysis via
various —omic strategies may identify new therapeutic targets for neonatal HI brain injury.
Neonatal brain biomarker research is currently in its very early development with major
advances still to be made.
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Key Points

While new single biomarker studies continue to emerge, utilizing
metabolomic profiling to more comprehensively understand the effects of
injury and treatment on entire pathways following neonatal brain injury may
identify new therapeutic targets in neonatal brain injury.

A number of biomarkers used to identify other conditions are now being used
to identify neonatal neurologic injury. Markers of cardiac injury are
increasingly useful in this respect.

Cytokine biomarkers in a relevant pre-clinical model of HIE identify a pro-
inflammatory surge during the rewarming period following therapeutic
hypothermia. If confirmed these studies may reveal an additional therapeutic
target in neonatal HIE.

Until recently, very few biomarker studies in neonatal brain injury included
post hospital outcomes. Future studies will need to include these data to
provide maximal information about their utility.
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