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INTRODUCTION

Perinatal asphyxia remains a frequent cause of cerebral palsy, mental retardation, learning 

disability, epilepsy, and death.1 The worldwide burden is 4 million newborns every year, of 

which one million die and an additional million have significant disabilities.2,3 Neonatal 

brain injury is recognized by a distinctive clinical encephalopathy that evolves from 

hyperexcitability to lethargy and stupor during the first 3 days of life.4,5 Large trials have 

shown that hypothermia therapy results in a significant reduction in death or disability with a 

relative risk of 0.76 (confidence interval [CI] 0.65–0.89).6–12 Hypothermia is the current 

standard of care for hypoxic neonatal encephalopathy (NE). However, 45% of cooled 

newborns have significant disabilities at 12 to 18 months of age,13 when tested by the 

Bayley Scales of Infant and Toddler Development gold standard neurodevelopmental tools.

Because hypothermia does not protect all affected neonates from neurocognitive delay and 

mental retardation, adjuvant therapies are being sought; but the real challenge is to define 

which neonates will need these therapies shortly after birth. Despite the complex 

pathophysiology related to the uncertain timing, severity, and patterns of the fetal insult,14 

neonates with NE are currently viewed dichotomously15: those who do, or do not, qualify 

for cooling. Hypothermia is offered uniformly in a one-size-fits-all strategy based on the 

early neurologic examination, which has a limited predictive value, and the striking 

heterogeneity between the moderate and severe groups.6–12 Infants with mild NE are not 

currently cooled, yet 20% to 30% may have abnormal outcomes.16 Amplitude 

electroencephalogram17 is a good physiologic marker of neuronal integrity, but its predictive 

values are attenuated during hypothermia.18,19 Although brain MRI is considered the best 

short-term marker of early childhood outcome,20–23 the sensitivity improves beyond the first 

week of life. An ideal biomarker would be measured in real time and directly reflect the 

neurovascular unit function23 linking it to outcomes.24–26 Such a biomarker would enhance 

the ability to stratify the insult severity by identifying neonates with mild NE who might 

benefit from hypothermia and those with moderate-severe NE who need added interventions 

to improve outcomes. The quest for such biomarkers is still mostly research based. This 
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review covers promising biomarkers of injury to the neurovascular unit during hypothermia 

therapy including (1) biomarkers of placental inflammation, (2) neuronal biomarkers, as 

well as (3) general inflammatory cytokines in the serum.

PLACENTAL INFLAMMATORY BIOMARKERS

The placenta mediates interactions between mother and fetus throughout gestation and 

provides a historical record of maternal and fetal interactions. Its fetal composition makes it 

an ideal storyteller of perinatal distress. In 1955, Eastman and De Leon first described the 

association of intrapartum infection and cerebral palsy (CP). Over the years, there has been 

growing evidence to support an association between placental inflammation, elevated 

cytokines and CP.27–29 A multitude of elegant animal studies have shown a variable 

response of the developing brain to inflammation, depending on the critical timing of 

exposure.30,31 When administered either 72 hours before or 6 hours after the insult, 

lipopolysaccharide (LPS) resulted in increased hypoxic-ischemic (HI) injury, in contrast to a 

reduced injury when administered 24 hours before the insult.30 Therapeutic hypothermia 

was not neuroprotective in another LPS-sensitized unilateral strokelike HI brain injury 

model in newborn rats.31 In a recent clinical study, postnatal sepsis was associated with 

increased watershed evidence of brain injury, whereas reports of isolated prenatal maternal 

chorioamnionitis were associated with lower incidence of MRI abnormalities in newborns 

with encephalopathy.32

The placental milieu can have various influences on outcomes, as well as the extent of 

responses to therapies, depending on the severity and timing of the inflammatory 

sensitization. The author and colleagues recently reported findings of a large cohort that 

included all 120 neonates born with a gestational age of 36 weeks or greater and a birth 

weight greater than 1800 g who were admitted to the neonatal intensive care unit at Parkland 

Hospital from January 2006 through November 2011 with evidence of perinatal acidosis and 

NE.33 As it was routine practice for all placentas associated with specific maternal-fetal 

complications of pregnancy and need for presence of the neonatal resuscitation team to be 

sent to pathology, placentas from all the infants during the study time period were examined. 

Gross and histologic examinations were reported according to the 2005 Redline 

classification.34 Major pathology was identified to include (1) intervillous fibrin deposition/

retroplacental hemorrhage/infarction involving 20% of placental volume; (2) fetal vascular 

thrombo-occlusive disease with greater than 1 focus of avascular villi/thrombotic 

vasculopathy; (3) chorioamnionitis including a fetal response; and (4) patchy/diffuse chronic 

villitis. Chronic villitis was divided into low-grade (focal/multifocal villitis) and high-grade 

villitis (patchy/diffuse villitis). Low-grade lesions included focal villitis, a small cluster of 

10 or less affected villi and multifocal villitis, and 2 or more small clusters of 10 or less 

affected villi. High-grade lesions included patchy villitis defined as a large cluster of more 

than 10 affected villi but less than 25% of the terminal villi plus diffuse villitis and the 

presence of extensive inflammation with multiple large clusters detected on all slides. In this 

high-risk inborn patient population with metabolic acidosis and encephalopathy, most (95%) 

had placental abnormalities and 65% met criteria for a diagnosis of a major placental 

pathology. There was a high incidence of inflammatory pathology observed with 

chorioamnionitis in 61 of 114 (54%) and chronic patchy/diffuse villitis in 13 of 114 (11%).
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The frequency of occurrence increased with severity of NE. Following univariate regression 

analysis, which included clinical and placental variables, chronic active/patchy villitis was 

the only predictive variable that was significantly associated with abnormal 2-year 

neurodevelopmental outcomes after hypothermia (odds ratio 9.29; 95% CI 1.11–77.73). 

These findings suggest an important contribution by placental inflammatory mechanisms to 

the severity of the asphyxia and therapeutic responses following hypothermia.

SERUM BIOMARKERS OF THE NEUROVASCULAR UNIT

The neurovascular unit includes the blood-brain barrier (BBB), a key interface of molecular 

and cellular exchange between blood and neural tissues.19 The BBB is dynamic and can be 

modified by circulating factors secreted by microglia or transferred from distant organs.35 

Microglia are activated in the setting of HI encephalopathy (HIE) and develop 

macrophagelike capabilities, including phagocytosis, cytokine and chemokine production, 

antigen presentation, and the release of matrix metalloproteinases that weaken the BBB. As 

a result, peripheral leukocytes infiltrate into the brain, leading to increased inflammation and 

neuronal injury. Commonly known factors upregulated after hypoxia can impair BBB 

permeability, such as interleukins (IL-1α, IL-1β, IL-6), tumor necrosis factor α (TNFα), 

free radicals, and nitric oxide, to list a few.19 Multiple organ dysfunction is an integral part 

of HIE; therefore, multiple organs, in addition to the leaky BBB, can contribute to the 

inflammatory response.36

Brain-Specific Biomarkers

The microglia and astrocytes from the neurovascular unit can further produce glial fibrillary 

acidic protein (GFAP), ubiquitin carboxyl-terminal hydrolase L1 (UCHL-1), S100B, neuron-

specific enolase (NSE), as well as cytokines, chemokines, and other factors.19,37 Table 1 

summarizes reports of neuronal biomarkers detected in the serum of neonates with HIE. All 

of the studies,38–45 although novel, represent small pilot studies and are not powered to 

detect long-term outcome predictions. GFAP is an intermediate filament protein released 

from astrocytes into the blood on astrocyte death and has been correlated with poor 

outcomes in adult patients after stroke, cardiac arrest, extracorporeal membrane 

oxygenation, or traumatic brain injury.43 Serum GFAP has been recently reported by Ennen 

and colleagues45 to be significantly elevated in newborns with NE undergoing hypothermia 

therapy when compared with controls. A GFAP threshold level greater than 0.15 ng/mL 

following hypothermia therapy was associated with an abnormal brain MRI. UCH-L1 is a 

neuron-specific cytoplasmic enzyme and marker of neuronal apoptosis that is concentrated 

in dendrites. Serum UCH-L1 reflects the extent of neuronal injury because it is expressed in 

neurons and then released into the circulation after breakdown of the BBB and is easily 

measured.44 In another study, UCH-L1 serum values were greater than 100 ng/mL in 

neonates with NE who subsequently died.39 Additionally, serum NSE cutoff point 

concentrations of 45.4 mcg/L have also been associated with severity of NE and could help 

distinguish infants with poor outcomes.46
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Brain-specific biomarkers in the serum and neurodevelopmental outcomes after 
hypothermia

Particular emphasis is placed on the review of relatively more brain-specific GFAP and 

UCHL-1, whereby limited long-term outcomes were initially reported beyond death and/or 

MRI abnormalities. The author and colleagues recently conducted a prospective pilot cohort 

study to assess GFAP, along with UCH-L1, and cytokines in the serum from the cord arterial 

blood as well as an indwelling umbilical artery at 6 to 24, 48, 72, and 78 hours of age. 

Neurodevelopmental outcomes (Bayley Scales of Infant and Toddler Development III) were 

performed at 18 to 24 months. The umbilical arterial cord serum GFAP and ubiquitin levels 

correlated with severity of NE, with higher levels in moderate to severe NE, as compared 

with those not cooled with mild NE.38 At birth, serum GFAP and UCH-L1 were increased 

with the severity of NE as seen in Fig. 1 (P<.001). UCHL-1 decreased after the first 6 to 24 

hours of hypothermia compared with the cord blood values at birth, possibly reflecting the 

effect of hypothermia on this specific neuronal marker of apoptosis. In contrast, serial GFAP 

values remained elevated in neonates with moderate to severe NE who were undergoing 

hypothermia. In addition, GFAP levels of greater than 0.05 ng/mL beyond 72 hours of age 

were associated with abnormal Bayley III neurodevelopmental outcomes at 24 months of 

age.38 Another recent study reported UCH-L1 to also be elevated in the umbilical arterial 

cord plasma, whereas GFAP was significantly higher at 72 hours in cooled infants who 

developed adverse outcomes.41 The sustained increase in GFAP over the duration of 

hypothermia could result from its multiple functions, which also involve repair and growth 

beyond the acute injury phase.

GENERAL INFLAMMATORY BIOMARKERS

The term cytokine encompasses a variety of proteins including interleukins, colony-

stimulating factors, interferons (IFNs), TNF, and chemokines47 which link the neural, 

endocrine, and immune systems.48 Cytokines are mediators in the common pathways 

associated with perinatal brain injury induced by a variety of insults.49–53 Cytokines are 

chemotactic for blood-borne neutrophils and monocytes/macrophages, potentially increasing 

leukocyte recruitment as well as directly amplifying inflammatory cascades in the injured 

central nervous system.27 Hypoxia-asphyxia and infection seem to potentiate the systemic 

inflammatory response associated with elevated cytokines.28,54,55 Serum cytokines from the 

neonatal screening were reported to be elevated in infants who later developed CP.27 

Elevated concentrations of IL-6 and IL-8 have been demonstrated in the CSF and serum of 

asphyxiated full-term infants.56 Higher concentrations of IL-1β, IL-6, TNF-α, and IL-8 in 

the blood of neonates with HIE have also been associated with abnormal 

neurodevelopmental outcomes.57,58 Before the hypothermia era, meta-analysis highlighted 

both serum IL-1β and serum IL-6, when measured before 96 hours in infants with 

encephalopathy,59 as biomarkers predictive of abnormal outcomes.

Inflammatory Cytokines and Neurodevelopmental Outcomes After Hypothermia Therapy

The focus of this current report is to review inflammatory biomarkers following 

implementation of hypothermia therapy for newborns of HIE. The author and colleagues 

recently reported in a cohort of 30 newborns with encephalopathy that IL-1, IL-6, IL-8, 
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TNF, and INF were elevated at 6 to 24 hours after birth in the infants with later abnormal 

neurologic outcomes at 18 to 24 months.38 The author and colleagues and others60 have 

further investigated the temporal relationships of biomarkers in injury and recovery and the 

variability of those phases during hypothermia. Some biomarkers, such as IL-1, IL-6, IL-8, 

and MCP1, were found to have early peaks within the first 24 to 48 hours of life, as 

compared with others, such as vascular endothelial growth factor (VEGF) and MIP1α, 

which peaked later, around 72 hours. The recent study by Celtik and colleagues46 found no 

differences between the effect of total and selective head cooling on inflammatory 

biomarkers after HIE.

SUMMARY

Understanding of the modulation of serum cytokines and neuronal and placental biomarkers 

is needed to better delineate the injury-repair pathways and responses to neuroprotective 

therapies. Given the complexity of the presentation and spectrum of NE/HIE, it is unlikely 

that a single biomarker at birth will be able to predict clinical outcomes following therapy 

(Fig. 2). Future neuroprotective strategies targeting inflammation will likely benefit from 

development of such biomarkers, as proxy to long-term outcomes, to help evaluate 

therapeutic efficacy and responses in real time.
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KEY POINTS

• Hypothermia is a recognized standard-of-care neuroprotective therapy for 

newborns with hypoxic-ischemic encephalopathy, but about 45% of infants 

have abnormal outcomes despite treatment.

• Biomarkers could help the bedside clinician identify responders and 

nonresponders to hypothermia who could benefit from added neuroprotective 

strategies.

• The author’s observations suggest an important role of the placenta through 

inflammatory mechanisms to the severity of the hypoxic-asphyxial insult and 

therapeutic responses following hypothermia therapy.

• Using a serum panel of inflammatory and neuronal biomarkers, rather than a 

single biomarker, seems the most promising once validated in large cohorts.
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Best practices

What is the current practice?

• Hypothermia is the standard of care for neuroprotective therapy for newborns 

with HIE, but about 45% of infants have abnormal outcomes despite 

treatment.

• Biomarkers are being evaluated in research studies to help the bedside 

clinician identify responders and nonresponders to hypothermia who could 

benefit from added neuroprotective strategies.

What changes in current practice are likely to improve outcomes?

• Placental examination for neonates with NE, if results were available in a 

timely manner, could identify a subgroup of patients who might benefit from 

strategies targeting antiinflammatory therapies in addition to hypothermia.

• Although GFAP and UCHL1 seem to be promising as brain-specific 

biomarkers, there is no currently available biomarker to be recommended for 

clinical use.

• Future serum biomarker studies will need to be conducted in multiple centers 

to have sufficient patient numbers for large dataset validation for clinical 

practice.
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Fig. 1. 
Umbilical cord plasma GFAP and UCH-L1 and severity of encephalopathy at birth. A box 

and whisker plot gives median as solid line, mean as dotted line, and 25th and 75th quartiles 

as lower and upper borders. Analyses include neonates with mild, moderate, and severe 

encephalopathy. P = .001 (GFAP) and P = .03 (UCH-L1) by Jonckheere-Terpstra test. a, b, 

and c denote significant differences. (From Chalak LF, Sanchez PJ, Adams-Huet B, et al. 

Biomarkers for severity of neonatal hypoxic-ischemic encephalopathy and outcomes in 

newborns receiving hypothermia therapy. J Pediatrics 2014;164 (3):468; with permission.)
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Fig. 2. 
Biomarkers temporal profile changes during hypothermia therapy in the first 72 hours of 

life.
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Table 1

Biomarkers of the neurovascular unit: sources, functions, and conditions detected focusing on hypoxic-

ischemic encephalopathy

Neurovascular Unit Biomarkers Sources and Functions Conditions Where Detected Neonatal HIE Studies

GFAP

Ennen et al,45 2011
Massaro et al,41 2013
Chalak et al,13,38 2014

Intermediate filament 
protein from astrocyte

• Role in 
astrocyte 
growth

• CSF, serum

In stroke, cardiac arrest, 
ECMO, TBI, HIE

• 23 HIE high w cutoff 
>0.15 ng/mL with 
abnormal MRI

• 20 HIE optimal ROC 
at 72 h for death and 
abn MRI

• 30 HIE (cooled vs 
mild noncooled) cord 
art bld and during 72 h 
associated with abn 
Bayley 2 y

UCH-L1

Douglas-escobar et al,39 2010
Massaro et al,41 2013
Chalak et al,13,38 2014

Neuronal protein

• Released 
with neuronal 
death

• CSF, serum

In subarachnoid hemorrhage, 
TBI, HIE

• 14 HIE highest in 2 
who died

• 20 HIE optimal ROC 
at 24 h for death and 
abn MRI

• 30 HIE highest with 
severe HIE only in 
cord art bld, decreases 
afterbirth

SB100

Gazzalo 2004 and 2009; Risso 2011
Massaro et al,40,42 2012, 2014

Protein binding calcium

• Released in 
astrocytes

• In urine, 
serum, CSF, 
saliva, milk, 
and multiple 
other cells

In newborns higher, decrease 
with age, increased with HIE

• Levels in 40 HIE>CTL

• 132 w HIE cutoff 
value 0.41 mcg/L for 
abn outcomes

• 75 cooled w HIE 
cutoff 1.6 ng/mL on 
day 1 predicted 
death/MRI but 
sensitivity <40% and 
no controls

• 2.5 odds of Bayley <85 
outcomes

NSE

Celtik et al,46 2004
Massaro et al,40,42 2012, 2014

Glycolytic enzyme in 
neurons

• Released 
from neurons 
and platelets

Cardiac arrest, TBI, stroke, 
cardiac surgery, HIE

• Cutoff >45 mcg/L 
associated with abn 
outcomes in HIE and > 
no or mild HIE

• 75 cooled w HIE 
cutoff 110 ng/mL on 
day 1 predicted 
death/MRI but 
sensitivity <40% and 
no controls

• ×2 Odds of Bayley 
<85 outcomes

Abbreviations: CSF, cerebrospinal fluid; ECMO, extracorporeal membrane oxygenation; TBI, traumatic brain injury
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