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Objectives To evaluate plasma brain specific proteins and cytokines as biomarkers of brain injury in newborns
with hypoxic-ischemic encephalopathy (HIE) and, secondarily, to assess the effect of erythropoietin (Epo) treatment on the relationship between biomarkers and outcomes.
Study design A study of candidate brain injury biomarkers was conducted in the context of a phase II multicenter
randomized trial evaluating Epo for neuroprotection in HIE. Plasma was collected at baseline (<24 hours) and on
day 5. Brain injury was assessed by magnetic resonance imaging (MRI) and neurodevelopmental assessments at
1 year. The relationships between Epo, brain-specific proteins (S100B, ubiquitin carboxy-terminal hydrolase-L1 [UCHL1], total Tau, neuron specific enolase), cytokines (interleukin [IL]-1b, IL-6, IL-8, IL-10, IL-12P70, IL-13, interferongamma [IFN-g], tumor necrosis factor alpha [TNF-a], brain-derived neurotrophic factor [BDNF], monocyte
chemoattractant protein-1), and brain injury were assessed.
Results In 50 newborns with encephalopathy, elevated baseline S100B, Tau, UCH-L1, IL-1b, IL-6, IL-8, IL-10,
IL-13, TNF-a, and IFN-g levels were associated with increasing brain injury severity by MRI. Higher baseline Tau
and lower day 5 BDNF were associated with worse 1 year outcomes. No statistically significant evidence of Epo
treatment modification on biomarkers was detected in this small cohort.
Conclusions Elevated plasma brain-specific proteins and cytokine levels in the first 24 hours of life are associated with worse brain injury by MRI in newborns with HIE. Only Tau and BDNF levels were found to be related to
neurodevelopmental outcomes. The effect of Epo treatment on the relationships between biomarkers and brain
injury in HIE requires further study. (J Pediatr 2018;194:67-75).
Trial registration ClinicalTrials.gov: 01913340.

P

erinatal hypoxic ischemic encephalopathy (HIE) remains an important cause of neonatal death and long-term disability, despite successful incorporation of therapeutic hypothermia into standard care.1-5 Adjuvant therapies are needed
and are under active investigation.
Erythropoietin (Epo) is a hematopoietic cytokine induced in settings of chronic fetal hypoxia6 and is known to have neurotrophic properties and neuroreparative effects on the brain after injury.7-10 In the Neonatal Erythropoietin and Therapeutic
Hypothermia Outcomes Study (ClinicalTrials.gov: 01913340), infants with HIE randomized to Epo in conjunction with hypothermia had reduced brain injury on neonatal magnetic resonance imaging (MRI) and improved motor performance at 1
year compared with those who received hypothermia alone.11
To advance neurotherapeutics and improve outcomes in HIE, biomarkers of brain injury are needed to identify infants who
are failing to respond to cooling alone and who might benefit from adjuvant therapy such as Epo. Biomarkers might help
individualize care by enabling assessment of treatment efficacy acutely, offering
prognostic information for families, and directing need for later rehabilitative care.
Currently, bedside assessment of evolving brain injury in encephalopathic newFrom the 1Department of Pediatrics, The George Washborns relies on clinical examination 12-14 and electroencephalogram (EEG)
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background severity.15,16 However, these tools are limited by
their subjective nature, required expertise for interpretation,
and confounding by medical interventions such as the use of
sedatives. Peripheral blood biomarkers that reflect endorgan injury might provide objective quantitative measures that
are free from these limitations. However, no blood-based
biomarker is in current clinical use for newborns with HIE.
Several candidate brain injury biomarkers have recently been
investigated in small cohorts of babies with HIE undergoing
therapeutic hypothermia. Brain-specific proteins released in
the setting of cerebral injury have been related to brain injury
by MRI and early neurodevelopmental outcomes. These include
proteins from neurons (neuron specific enolase [NSE]17-21 and
ubiquitin carboxy-terminal hydrolase L1 [UCH-L1])22-25 and
glial cells (S100B protein17-21,26,27 and glial fibrillary acidic protein
[GFAP]22,24,28), as well as Tau protein present in all cells of the
central nervous system.29,30 Likewise, inflammatory cytokines
and chemokines measured during cooling and rewarming have
been linked to adverse outcomes in babies with HIE.24,31,32 Although not previously investigated in newborns with HIE, endogenous plasma Epo levels at birth have been related to poor
outcomes in infants with intrauterine growth restriction and
other high-risk newborns.33,34
We investigated a panel of candidate plasma biomarkers
including brain specific proteins, inflammatory cytokines,
and endogenous Epo levels to evaluate their relationship
with brain injury assessed by MRI at 4-7 days of life and
neurodevelopmental outcomes at 1 year. We hypothesized that
elevated brain specific protein, cytokine, and Epo levels would
be associated with worse brain injury, and, secondarily, that
these relationships would be mediated by treatment with Epo.

Methods
We conducted an ancillary study in the context of a
phase II multicenter randomized trial evaluating Epo for
neuroprotection in HIE.11 Term or near-term (≥36 weeks
gestational age) newborns with moderate or severe encephalopathy and evidence of perinatal depression (10- minute Apgar
score ≤5, pH <7.00 or base deficit ≥15, or ongoing resuscitation at 10 minutes) being treated with hypothermia were randomized to receive Epo 1000 U/kg IV or placebo on days 1,
2, 3, 5, and 7 of life. The study received institutional review
board approval at all hospitals, and signed informed consent
was obtained from the parent of each participant.
Biomarker Determinations
Whole blood specimens (0.5 mL) were collected prospectively in heparinized tubes at baseline (at enrollment, prior to
study drug, and <24 hours of life) and on day of life 5. Specimens were refrigerated at 4°C as soon as possible after collection. Specimens were then centrifuged at 6000 rpm for 10
minutes; plasma collected and stored at -80°C ideally within
4 hours but allowable up to 48 hours from time of collection. Prior studies have demonstrated stability of cytokine measurements up to 8 hours from time of collection at room
temperature (20°C) and up to 48 hours at 4°C.35 Brain-specific
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proteins Tau, UCH-L1, and NSE levels were quantified using
a multiplexed bead-based enzyme-linked immunosorbent assay
(ELISA) (Luminex Corp, Austin, TX) via a commercially available assay kit (Human Neurologic Disorders Magnetic Bead
Panel 1; EMD Millipore, Darmstadt, Germany).
S100B protein was assayed separately using a commercially available ELISA (Human S100B ELISA kit; Millipore,
Germany). GFAP, brain-derived neurotrophic factor (BDNF),
and monocyte chemoattractant protein-1 (MCP-1) were measured using a custom multiplexed electrochemiluminescencebased assay (Meso Scale Discovery, Rockville, MD).36 Two
additional commercially available electrochemiluminescencebased assays were used to measure inflammatory cytokines
interferon-gamma (IFN-g), tumor-necrosis factor alpha
(TNF-a), interleukin (IL)-1b, IL-6, IL-8, IL-10, IL-12p70, and
IL-13 (V-PLEX Proinflammatory Panel 1; Meso Scale Discovery, Rockville, Maryland) and baseline (endogenous) Epo level
(Human EPO Base Kit; Meso Scale Discovery). Samples were
thawed once for the Epo and proinflammatory panel assays,
with aliquots made (ie, 1 additional freeze-thaw cycle) for the
remaining assays. All assays were performed in duplicate, and
results averaged for analyses. Assays were performed by individuals blinded to study endpoints.
Brain MRI was performed as part of routine clinical care
at 4-7 days of age. T1, T2, and diffusion weighted images were
reviewed independently by 2 experienced readers, and discrepancies were resolved by consensus. Images were scored according to a previously described system that provides a global
brain injury score (range 0-138, categorized as “none” = 0;
“mild” = 1-11; “moderate” = 12-32; or “severe” = 33-138), as
well as 5 regional scores (basal ganglia, white matter, cortex,
brainstem, and cerebellum).37 Two infants who died before undergoing MRI were conservatively assigned a global injury score
of 80, which is approximately the midpoint of the “severe” global
brain injury category and 10 points higher than the maximum
observed score.
Neurodevelopmental Assessment
Early neurodevelopmental outcomes were assessed at age 1 year
with a standardized neuromotor examination (Alberta Infant
Motor Scale [AIMS]38-40) and the Warner Initial Developmental Evaluation (WIDEA).41,42 The AIMS evaluates gross motor
abilities of infants from birth to independent walking, providing norm-referenced percentile ranks for motor performance. The WIDEA is a 43-item parental questionnaire that
assesses 4 domains of infant development: self-care, mobility, communication, and social cognition. As all deaths occurred secondary to redirection of medical care in infants with
poor neurologic or overall prognosis, infants who died were
assigned 12-month AIMS and WIDEA scores corresponding
to moderate to severe neurodevelopmental impairment (ie,
AIMS less than 5th percentile for age [AIMS = 44], and WIDEA
more than 2 SDs below the normative mean [WIDEA = 76.4]).
Statistical Analyses
Descriptive statistics included medians and ranges; boxplots
were used to characterize the log-distribution of each biomarker
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at baseline and day 5 by group. Spearman correlation coefficients were used to assess bivariate associations between
biomarker levels and outcome groups both overall and separately for each treatment group. We used multivariate linear
regression analyses to assess the association between imaging
or neurodevelopmental outcomes and biomarkers, adjusting
for important study design factors of treatment group (Epo
vs placebo) and severity of encephalopathy at presentation
(moderate or severe). Separately for each biomarker of interest, we assessed effect modification via treatment with Epo
between the day 5 biomarker level and each outcome by evaluating the interaction between the day 5 biomarker level and
an indicator of treatment group assignment, controlling for
the baseline biomarker level. Linear mixed effects regression
models were used to assess for differences in biomarker levels
between baseline and day 5, adjusting for treatment and severity of encephalopathy at presentation. For all analyses,
biomarker data were log-transformed to satisfy normality
assumptions. All statistical analyses were performed using R
statistical software (v 3.3.0; R Foundation for Statistical Computing, Vienna, Austria).43 All reported P values are 2-sided,
and statistical significance was assessed at a = .05. No adjustment was made for multiple testing as the present study serves
to generate hypotheses to be formally tested in a future larger
randomized controlled trial. For the primary analyses examining the correlation between biomarkers and outcome measures, this study was statistically powered at >0.80 to detect
correlation coefficients of ±0.4 or larger with a type 1 error
rate (2-sided alpha = .05) uncorrected for multiple comparisons.

Results
Fifty singleton neonates with moderate or severe encephalopathy were randomized to receive Epo with therapeutic
hypothermia (n = 24) or hypothermia alone (n = 26) at
7 centers between December 2013 to November 2014.
Detailed characteristics of the study sample, as well as safety,
efficacy, and outcome data from the parent trial have been previously reported.11 In summary, mean ± SD birthweight was
3.3 ± 0.7 kg, gestational age 38.7 ± 1.7 weeks, 52% were male,
and severe encephalopathy was present in 9 (18%) infants. Maternal chorioamnionitis (based on clinical diagnosis by the treating physician) was noted in 7 (14%) infants. Of the 35 infants
for whom placental pathology was available, 13 (37%) had inflammatory abnormalities noted. Death occurred in 7 (14%)
patients, brain MRI was performed in 48 (96%) infants at
mean age of 5.2 days (SD 2.2), and 41 of 43 survivors (95%)
were evaluated for developmental outcomes at mean age
12.7 months (SD 0.9). Global brain injury score on MRI ranged
from 0 to 70 (IQR 1-11). Two infants died prior to MRI (1 in
each treatment group), and injury was classified in the remaining infants as none (n = 11), mild (n = 22), moderate
(n = 7), and severe (n = 6). Five infants were classified as having
moderate to severe neurodevelopmental impairment evidenced by WIDEA scores greater than 2 SDs below the normative mean at 12 months, and 2 of these infants also had
significant motor delay based on AIMS less than the fifth
Biomarkers in HIE

percentile for age. All 50 infants had baseline plasma samples
drawn at median age of 16.2 hours (range 3.3-23.9 hours), prior
to first dose of study drug. Three infants died prior to day 5;
plasma was obtained in the remaining 47 infants at median
age of 4.7 days (range 4.0-5.0 days).
Specimen processing times (from collection to freezing)
were not different by treatment group (Table I; available at
www.jpeds.com), and no observable patterns, outliers, or heterogeneity were noted in biomarker levels based on increasing processing time.
Brain Specific Proteins and Brain Injury by MRI
Biomarker levels generally decreased between baseline and day
5 (Figure 1). Higher plasma S100B, UCH-L1, and total Tau at
baseline were significantly associated with higher MRI global
injury score after adjusting for severity of HIE and treatment
allocation (Table II).
Baseline NSE was not associated with MRI injury (P > .05).
As GFAP levels were largely below the assay lower limits of detection (<0.2 ng/mL),36 these data are not presented nor further
analyzed. Significant correlations were observed between baseline brain specific proteins, and regional MRI injury subscores
in the basal ganglia and brainstem (Table II). On day 5, only
Tau was significantly associated with MRI global injury score
after adjusting for baseline level, encephalopathy grade at presentation, and treatment allocation (rs 0.32, P = .004).
Cytokine levels also decreased between baseline and day 5
(except for MCP-1 and BDNF), with many cytokines below
limits of detection at the later time point (Figure 1). IL12p70 levels were largely below the assay lower limits of detection (<.05 pg/mL) at both time points so these data are not
presented nor further analyzed. Significant correlations between
baseline proinflammatory (IL- 1b, IL-6, IL-8, IFN-g, and
TNF-a) and anti-inflammatory (IL-10, IL-13) cytokines and
MRI global brain injury scores were observed (Table II). Baseline BDNF and MCP-1 were not associated with brain injury
by MRI (P > .05). Although baseline endogenous Epo level was
not significantly associated with MRI global brain injury score,
significant correlations were observed between baseline Epo
level and regional MRI subscores in the basal ganglia (rs 0.16,
P = .05) and brainstem (rs 0.26, P = .03. Likewise, other cytokines
were significantly associated with injury in these regions only
(Table II). Higher Epo levels on day 5 were associated with
lower MRI global brain injury scores (rs -0.39, P = .008). Otherwise, relationships between day 5 cytokine levels and MRI
global injury score were not observed (Table III).
Biomarkers and Neurodevelopmental Outcomes
Baseline brain specific proteins were negatively correlated
with neurodevelopmental outcomes at 1 year (Table II), but
these relationships were not statistically significant except
for baseline Tau level, which was inversely related to WIDEA
score (rs -0.24, P = .05). At day 5, Tau was also inversely related
to AIMS and WIDEA scores, but these relationships were not
statistically significant (Table III). Baseline cytokines across the
entire study cohort were not significantly associated with
neurodevelopmental outcomes (Table II). At day 5, higher
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Figure 1. Biomarker levels at baseline and day 5 by treatment group. P values denote differences by group and by time point, adjusted for specimen processing time.
Boxplots depict median and IQRs with outliers denoted by open circles.
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Table II. Spearman correlation of baseline biomarker levels with MRI injury scores and neurodevelopmental outcomes at 1 year
Baseline
biomarkers
Biomarker name
Brain specific
Proteins

Cytokines/
Chemokines

S100B (pg/mL)
UCH-L1 (ng/mL)
Tau (ng/mL)
NSE (ng/mL)
IL-1b (pg/mL)
IL-6 (pg/mL)
IL-8 (pg/mL)
IL-10 (pg/mL)
IL-13 (pg/mL)
IFN-g (pg/mL)
TNF-a (pg/mL)
MCP-1 (pg/mL)
BDNF (pg/mL)
Epo (mIU/mL)

Year 1 neurodevelopmental
outcomes

MRI injury score

Median (range)

Global
score

Basal
ganglia

White
matter

Cortex

Brainstem

Cerebellum

AIMS

WIDEA

0.50
0.44
0.50
98.8
0.39
24.1
105
4.6
0.4
3.2
5.0
746
80
23.4

0.32*
0.29*
0.16*
.04
0.28*
0.17*
0.31*
0.24*
0.22*
0.30*
0.21*
0.10
0.15
.02

0.25
0.29*
0.24*
0.21
.09
0.17*
0.13
0.25*
0.15
0.29*
0.13
.09
0.19
0.16*

.05
0.14
.00
−.02
.09
0.14
0.15
0.13
0.11
0.11
0.14
.08
.02
−.02

0.26
0.23
.07
.04
.06
−.09
0.20
.09
0.13
.08
.03
.06
0.29
−.02

0.26*
0.33*
0.15
0.15
0.14
0.24
0.21
0.24
0.20
0.31
0.24*
.02
0.17
0.26*

.07
−0.18
.00
0.15
.04
−0.11
−.03
−0.10
−.04
−.04
.03
−0.10
−0.15
−.08

−0.19
−.09
−0.28
−0.30
−0.24
−0.25
−0.28
−0.21
−0.33
−0.20
−0.18
−0.15
−0.19
−0.12

−0.15
−0.19
−0.24*
−0.27
−.08
−0.20
−0.17
−.07
−0.16
−0.27
−0.25
.05
.00
−.02

(.07-19)
(.05-191)
(.01-12.8)
(43.8-758)
(.06-990)
(2.67-1534)
(10.9-990)
(0.4-668)
(.07-15.5)
(0.9-623)
(1.92-565)
(63-5000
(0.3-1008)
(0.3-5047)

*Treatment and HIE severity adjusted P value of < .05.

BDNF was associated with higher WIDEA score at 1 year
(rs 0.37, P = .01).
The relationships between biomarkers and MRI injury
did not significantly differ by Epo treatment allocation
(biomarker*treatment group interaction P > .05). Day 5 Tau,
BDNF, and Epo levels by treatment group are shown in
Figure 2.

Discussion
We demonstrate the ability of several brain specific proteins
and cytokines, when measured during the acute postnatal
period in newborns with HIE, to serve as biomarkers of brain
injury assessed by MRI. In particular, plasma Tau appears to
have high promise as it remains correlated with brain injury

when measured out to day 5 and is also related to functional
outcomes at 1 year. BDNF may have utility as a marker of neuronal repair with higher levels at day 5 associated with reduced
brain injury by MRI and improved motor performance at
1 year. These results support the potential importance of developing a specimen biorepository within the context of a phase
III multicenter randomized therapeutic trial and will help direct
optimized timing and selection of biomarkers for future
larger validation studies.
Consistent with prior studies, we observed significant correlations between brain injury and brain specific proteins S100B
protein, UCH-L1, and total Tau. S100B is a calcium-binding
protein released in the setting of astroglial injury that is known
to be neurotoxic at supraphysiologic concentrations.44 Several
small studies have related S100B levels in the first few days of

Table III. Spearman correlation of biomarker levels at day 5 predicting MRI injury scores and neurodevelopment outcomes at 1 year

Biomarker name
Brain specific proteins

Cytokines/chemokines

S100B
UCH-L1
Tau
NSE
IL-1b
IL-6
IL-8
IL-10
IL-13
IFN-g
TNF-a
MCP-1
BDNF
Epo

MRI global
injury severity

Year 1 AIMS

Year 1 WIDEA

Day 5 biomarker
(pg/mL)

Spearman
correlation

Spearman
correlation

Spearman
correlation

Median (range)

Overall

Overall

Overall

0.41
0.23
0.27
45.4
0.18
5.6
37
0.5
.07
3
4.6
885
388
72.8

.07
0.11
0.32*
−.02
.09
0.13
0.25
0.24
.09
−0.10
.08
0.26
−0.16
−0.39*

.02
.01
−0.25
−.04
.09
−.02
−.09
−0.27
−0.19
−.07
−.07
.05
0.26
0.18

.03
−.09
−0.25
.04
0.19
−0.21
.02
−0.18
−0.11
.03
−.09
.08
0.37*
0.11

(.001-7.1)
(.08-2.3)
(.01-5.1)
(12-236)
(.05-9.7)
(.09-162)
(.06-990)
(.04-44.7)
(.07-7.3)
(0.2-33.7)
(.04-16.5)
(234-5000)
(0.31-1436)
(0.1-6699)

*P value of < .05 for evidence of day 5 biomarker level association with outcome, adjusted for baseline biomarker level, randomized treatment assignment, and HIE severity.
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Figure 2. Relationships between day 5 A, Epo, B, Tau, and C-D, BDNF levels and brain injury, assessed by A-C, MRI Global
Brain Injury Score and D, WIDEA score at 1 year, were not different by Epo treatment (red) compared with placebo (black).
P values are adjusted for encephalopathy severity, treatment group, and specimen processing time.

life to clinical grade of encephalopathy, brain injury by MRI,
and/or short-term neurodevelopmental outcomes in newborns with HIE in both the pre-19,20,26 and postcooling era.17,21,27
UCH-L1, also known as neuronal-specific protein gene product
9.5, is an abundant protein concentrated in neurons of the
central nervous system.45 Recent studies have related UCHL1 to brain injury in neonatal HIE.22-25 To our knowledge, no
studies have evaluated S100B and UCH-L1 levels out to day
5 after perinatal asphyxia. Our findings are consistent with prior
studies relating these biomarkers measured in the first 24 hours
of life with brain injury by MRI, but suggest limited utility
of measurements performed at day 5 of life. Tau protein is a
microtubule-associated protein that is abundant in neuronal
axons.46 In the setting of hypoxia-ischemia, phosphorylated Tau
accumulates intracellularly leading to axonal injury and cell
death.47 Two recent studies have reported correlation between
outcomes and peripheral blood Tau measurements performed serially up to day 7 in newborns with HIE.29,30 In 1 study,
hypothermia-treatment was associated with reduced serial Tau
measures compared with normothermic infants managed
conventionally,30 demonstrating the potential of Tau to reflect
treatment modification after neurotherapeutic intervention.
Our results suggest that Epo treatment may reduce Tau at
72

day 5 (Figure 1), although we did not demonstrate a statistically significant difference in Epo treatment modification. We
acknowledge that our study was underpowered to identify
such treatment modification effects. Future studies will need
to evaluate whether Epo treatment modifies the trajectory of
these biomarkers and their relationships with neurologic
outcomes.
That we did not observe a relationship between NSE and
brain injury supports the limitation of this brain specific protein
as a viable biomarker of neonatal brain injury. With known
variability in the setting of hemolysis,48 prior studies have demonstrated conflicting predictive abilities for neurological injury
in newborns with HIE.17,19-21,49,50 We cannot make conclusions about the utility of GFAP as a biomarker of brain injury
given that most levels in our cohort were below the limits of
detection by our assay (0.2 ng/mL). We used a customized multiplexed assay for GFAP determinations that was validated in
the setting of mild traumatic brain injury.36 Other studies using
high-affinity assays have demonstrated association between
GFAP and brain injury in HIE,22,24,28 and have described
increasing levels over the first week of life in babies with poor
outcomes. Future studies will need to incorporate highaffinity assays for GFAP to evaluate the comparative predictive
Massaro et al
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ability of this brain specific protein with other biomarkers of
brain injury in babies with HIE.
We describe modest associations between proinflammatory
(IL-1b, IL-6, IL-8, IFN-g, and TNF-a) and anti-inflammatory
(IL-10, IL-13) cytokines and brain injury. Consistent with prior
studies in neonatal HIE,24,31 these associations are mainly
observed in the first 24 hours as the neuroinflammatory response to injury peaks during this time period.51 Although
prior studies have suggested that IL-631 and IL-824 may continue to differentiate severity of brain injury out to 48 to 72
hours, our study suggests limited utility to delayed assessment of inflammatory cytokine response at 5 days after insult.
BDNF is a cytokine secreted by neural cells to promote cell
survival and regeneration in the setting of insults such as
hypoxia-ischemia and inflammation.52-54 Two studies have
related early BDNF levels to severity of HIE in newborns.27,55
Although not statistically significant, we likewise observed a
positive correlation between BDNF measured in the first 24
hours of life and severity of brain injury by MRI. In contrast,
higher BDNF at day 5 was associated with a trend toward
lower MRI global brain injury score and a higher WIDEA
score at 1 year. These data suggest that BDNF release may
serve as an acute marker of injury when measured early, but
observation of a sustained elevation of BDNF may reflect
neuroprotective and reparative processes. This positive association between BDNF and outcomes has been reported in patients with traumatic brain injury.56
Although baseline Epo level was not associated with global
MRI injury score, it is of interest that a positive correlation was
observed between baseline (endogenous) Epo level and injury
by MRI in the basal ganglia and brainstem. This may signify
the role of early postnatal Epo level as a marker of in utero
hypoxia and associated risk for brain injury.6 Conversely,
Epo level at day 5, largely indicating Epo treatment status, was
negatively correlated with brain injury. This is consistent with
the significant effect of Epo treatment in reducing brain injury
by MRI demonstrated in the parent study.11
Our selection of candidate biomarkers was driven both scientifically and pragmatically. Given limited plasma volumes
because of neonatal blood sampling restrictions, we prioritized analytes that had literature-supported evidence of being
correlated to neonatal brain injury and were quantifiable via
multiplexed or high-sensitivity assays utilizing minimal sample
volume. We recognize that this selected panel is not exhaustive of all promising biomarkers as other brain specific proteins (eg, Activin A, 57-59 spectrin breakdown products, 30
neurofilament heavy chain protein23) and cytokines (eg, macrophage inflammatory protein 1a32 and vascular endothelial
growth factor24) have been described as potential biomarkers
in HIE. However, this approach enabled us to screen a relatively large number of candidate biomarkers within a single
well-characterized cohort of newborns with HIE.
Likewise, our sampling approach in this ancillary study was
pragmatically coordinated with time points designed for
Epo pharmacokinetic analyses. The early time point (<24 hours
of life) allowed for evaluation of biomarkers in the acute
period when therapeutic decisions are often being made and
Biomarkers in HIE
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when peak of secondary injury is known to occur.60 The later
time point was following rewarming and in close proximity
to when brain MRI, one of our primary outcomes, was performed. Evaluating cytokine levels later in the course of illness
is important as prior studies have suggested biphasic response for some cytokines such as IL-6 and IL-8.32 In our study,
most cytokines decreased by day 5 suggesting that the
neuroinflammatory response to hypoxia-ischemia peaks in the
first few days after injury and later serial measurements have
limited utility in monitoring ongoing secondary injury. Meanwhile, BDNF and brain specific proteins such as plasma Tau
may have a role in the longitudinal monitoring of evolving brain
injury. Future studies might require a more frequent sampling strategy, particularly during the first 48-72 hours of life
to establish trajectories of these biomarkers with more
granularity.
Our study has several limitations. Sample size for this ancillary study was determined by the parent randomized trial.
Therefore, it was not surprising that we were unable to detect
statistically significant effects of Epo treatment modification
across biomarkers. Likewise, sample size limitations precluded our ability to control for additional demographic and
clinical covariates in our analyses, to evaluate combinative predictive values, and to adjust for multiple comparisons. As previously reported, 2 infants with myotonic dystrophy and
brainstem malformation were identified after enrollment in
the parent trial.11 We analyzed all available data according to
an intent to treat approach. However, we did inspect baseline
biomarker values in these 2 subjects to insure they were not
out of range of other subjects because of underlying alternative pathology. We assessed brain injury by MRI and developmental outcomes at 1 year. Although neonatal MRI is a
reliable predictor of neurodevelopmental outcomes in newborns with HIE,61,62 it is recognized that biomarkers of brain
injury should be validated by establishing predictive abilities
for later functional outcomes. Despite these limitations, our
study provides insight into timing and selection of biomarkers
to move forward in future larger validation studies. These
studies should focus on establishing early trajectories of
inflammatory cytokines (IL-1b, IL-6, IL-8, IL-0, IL-3, IFN-g,
and TNF-a). Serial measures of brain specific proteins
(including S100B protein, UCH-L1, and Tau) and BDNF
through hypothermia and after rewarming may further
help to refine the ability to assess treatment effect of Epo or
other neurotherapeutic interventions and predict outcomes
after HIE. ■
Submitted for publication Jun 20, 2017; last revision received Sep 21, 2017;
accepted Oct 25, 2017
Reprint requests: An N. Massaro, MD, Department of Pediatrics, The George
Washington University School of Medicine, Division of Neonatology, Children’s
National Medical Center, 111 Michigan Ave, NW, Washington, DC 20010.
E-mail: anguyenm@cnmc.org

References
1. Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA,
Donovan EF, et al. Whole-body hypothermia for neonates with hypoxicischemic encephalopathy. N Engl J Med 2005;353:1574-84.
73

THE JOURNAL OF PEDIATRICS • www.jpeds.com
2. Gluckman PD, Wyatt JS, Azzopardi D, Ballard R, Edwards AD, Ferriero
DM, et al. Selective head cooling with mild systemic hypothermia after
neonatal encephalopathy: multicentre randomised trial. Lancet
2005;365:663-70.
3. Jacobs SE, Berg M, Hunt R, Tarnow-Mordi WO, Inder TE, Davis PG.
Cooling for newborns with hypoxic ischaemic encephalopathy. Cochrane Database Syst Rev 2013;(1):CD003311.
4. Higgins RD, Raju T, Edwards AD, Azzopardi DV, Bose CL, Clark RH, et al.
Hypothermia and other treatment options for neonatal encephalopathy: an executive summary of the Eunice Kennedy Shriver NICHD workshop. J Pediatr 2011;159:851-8, e1.
5. Kleinman ME, de Caen AR, Chameides L, Atkins DL, Berg RA, Berg MD,
et al. Pediatric basic and advanced life support: 2010 International
Consensus on Cardiopulmonary Resuscitation and Emergency Cardiovascular Care Science with Treatment Recommendations. Pediatrics
2010;126:e1261-318.
6. Teramo KA, Widness JA. Increased fetal plasma and amniotic fluid
erythropoietin concentrations: markers of intrauterine hypoxia.
Neonatology 2009;95:105-16.
7. Dame C, Juul SE, Christensen RD. The biology of erythropoietin in the
central nervous system and its neurotrophic and neuroprotective
potential. Biol Neonate 2001;79:228-35.
8. Demers EJ, McPherson RJ, Juul SE. Erythropoietin protects dopaminergic neurons and improves neurobehavioral outcomes in juvenile rats after
neonatal hypoxia-ischemia. Pediatr Res 2005;58:297-301.
9. Juul SE, McPherson RJ, Bammler TK, Wilkerson J, Beyer RP, Farin FM.
Recombinant erythropoietin is neuroprotective in a novel mouse oxidative injury model. Dev Neurosci 2008;30:231-42.
10. Traudt CM, Juul SE. Erythropoietin as a neuroprotectant for neonatal brain
injury: animal models. Methods Mol Biol 2013;982:113-26.
11. Wu YW, Mathur AM, Chang T, McKinstry RC, Mulkey SB, Mayock DE,
et al. High-dose erythropoietin and hypothermia for hypoxic-ischemic
encephalopathy: a phase II trial. Pediatrics 2016;137:pii: e20160191.
12. Sarnat HB, Sarnat MS. Neonatal encephalopathy following fetal distress. A clinical and electroencephalographic study. Arch Neurol
1976;33:696-705.
13. Miller SP, Latal B, Clark H, Barnwell A, Glidden D, Barkovich AJ, et al.
Clinical signs predict 30-month neurodevelopmental outcome after neonatal encephalopathy. Am J Obstet Gynecol 2004;190:93-9.
14. Thompson CM, Puterman AS, Linley LL, Hann FM, van der Elst CW,
Molteno CD, et al. The value of a scoring system for hypoxic ischaemic
encephalopathy in predicting neurodevelopmental outcome. Acta Paediatr
1997;86:757-61.
15. Holmes GL, Lombroso CT. Prognostic value of background patterns in
the neonatal EEG. J Clin Neurophysiol 1993;10:323-52.
16. Tsuchida TN. EEG background patterns and prognostication of neonatal encephalopathy in the era of hypothermia. J Clin Neurophysiol
2013;30:122-5.
17. Massaro AN, Chang T, Kadom N, Tsuchida T, Scafidi J, Glass P, et al.
Biomarkers of brain injury in neonatal encephalopathy treated with hypothermia. J Pediatr 2012;161:434-40.
18. Massaro AN, Chang T, Baumgart S, McCarter R, Nelson KB, Glass P.
Biomarkers S100B and neuron-specific enolase predict outcome in
hypothermia-treated encephalopathic newborns. Pediatr Crit Care Med
2014;15:615-22.
19. Nagdyman N, Komen W, Ko HK, Muller C, Obladen M. Early biochemical indicators of hypoxic-ischemic encephalopathy after birth asphyxia.
Pediatr Res 2001;49:502-6.
20. Nagdyman N, Grimmer I, Scholz T, Muller C, Obladen M. Predictive value
of brain- specific proteins in serum for neurodevelopmental outcome after
birth asphyxia. Pediatr Res 2003;54:270-5.
21. Roka A, Kelen D, Halasz J, Beko G, Azzopardi D, Szabo M. Serum
S100B and neuron- specific enolase levels in normothermic and hypothermic infants after perinatal asphyxia. Acta Paediatr 2012;101:319-23.
22. Massaro AN, Jeromin A, Kadom N, Vezina G, Hayes RL, Wang KK, et al.
Serum biomarkers of MRI brain injury in neonatal hypoxic ischemic
encephalopathy treated with whole-body hypothermia: a pilot study. Pediatr
Crit Care Med 2013;14:310-7.
74

Volume 194
23. Douglas-Escobar M, Yang C, Bennett J, Shuster J, Theriaque D, Leibovici
A, et al. A pilot study of novel biomarkers in neonates with hypoxicischemic encephalopathy. Pediatr Res 2010;68:531-6.
24. Chalak LF, Sanchez PJ, Adams-Huet B, Laptook AR, Heyne RJ, Rosenfeld
CR. Biomarkers for severity of neonatal hypoxic-ischemic encephalopathy and outcomes in newborns receiving hypothermia therapy. J Pediatr
2014;164:468-74, e1.
25. Douglas-Escobar MV, Heaton SC, Bennett J, Young LJ, Glushakova O,
Xu X, et al. UCH- L1 and GFAP serum levels in neonates with hypoxicischemic encephalopathy: a single center pilot study. Front Neurol
2014;5:273.
26. Thorngren-Jerneck K, Alling C, Herbst A, Amer-Wahlin I, Marsal K. S100
protein in serum as a prognostic marker for cerebral injury in term
newborn infants with hypoxic ischemic encephalopathy. Pediatr Res
2004;55:406-12.
27. Liu F, Yang S, Du Z, Guo Z. Dynamic changes of cerebral-specific proteins in full-term newborns with hypoxic-ischemic encephalopathy. Cell
Biochem Biophys 2013;66:389-96.
28. Ennen CS, Huisman TA, Savage WJ, Northington FJ, Jennings JM, Everett
AD, et al. Glial fibrillary acidic protein as a biomarker for neonatal hypoxicischemic encephalopathy treated with whole-body cooling. Am J Obstet
Gynecol 2011;205:251, e1-7.
29. Takahashi K, Hasegawa S, Maeba S, Fukunaga S, Motoyama M,
Hamano H, et al. Serum tau protein level serves as a predictive factor
for neurological prognosis in neonatal asphyxia. Brain Dev 2014;36:6705.
30. Wu H, Li Z, Yang X, Liu J, Wang W, Liu G. SBDPs and Tau proteins for
diagnosis and hypothermia therapy in neonatal hypoxic ischemic encephalopathy. Exp Ther Med 2017;13:225-9.
31. Orrock JE, Panchapakesan K, Vezina G, Chang T, Harris K, Wang Y, et al.
Association of brain injury and neonatal cytokine response during therapeutic hypothermia in newborns with hypoxic-ischemic encephalopathy. Pediatr Res 2016;79:742-7.
32. Jenkins DD, Rollins LG, Perkel JK, Wagner CL, Katikaneni LP, Bass WT,
et al. Serum cytokines in a clinical trial of hypothermia for neonatal
hypoxic-ischemic encephalopathy. J Cereb Blood Flow Metab 2012;32:188896.
33. Bhandari V, Buhimschi CS, Han CS, Lee SY, Pettker CM, Campbell KH,
et al. Cord blood erythropoietin and interleukin-6 for prediction of
intraventricular hemorrhage in the preterm neonate. J Matern Fetal
Neonatal Med 2011;24:673-9.
34. Ruth V, Autti-Ramo I, Granstrom ML, Korkman M, Raivio KO. Prediction of perinatal brain damage by cord plasma vasopressin, erythropoietin, and hypoxanthine values. J Pediatr 1988;113:880-5.
35. Keustermans GC, Hoeks SB, Meerding JM, Prakken BJ, de Jager W.
Cytokine assays: an assessment of the preparation and treatment of blood
and tissue samples. Methods 2013;61:10-7.
36. Buonora JE, Yarnell AM, Lazarus RC, Mousseau M, Latour LL, Rizoli SB,
et al. Multivariate analysis of traumatic brain injury: development of an
assessment score. Front Neurol 2015;6:68.
37. Bednarek N, Mathur A, Inder T, Wilkinson J, Neil J, Shimony J. Impact
of therapeutic hypothermia on MRI diffusion changes in neonatal encephalopathy. Neurology 2012;78:1420-7.
38. Darrah J, Redfern L, Maguire TO, Beaulne AP, Watt J. Intra-individual
stability of rate of gross motor development in full-term infants. Early
Hum Dev 1998;52:169-79.
39. Piper MC, Pinnell LE, Darrah J, Maguire T, Byrne PJ. Construction and
validation of the Alberta Infant Motor Scale (AIMS). Can J Public Health
1992;83(Suppl 2):S46-50.
40. Darrah J, Piper M, Watt MJ. Assessment of gross motor skills of at-risk
infants: predictive validity of the Alberta Infant Motor Scale. Dev Med
Child Neurol 1998;40:485-91.
41. Msall ME. Measuring functional skills in preschool children at risk for
neurodevelopmental disabilities. Ment Retard Dev Disabil Res Rev
2005;11:263-73.
42. Msall M, Tremont M, Ottenbacher KJ. Functional assessment of preschool children: optimizing developmental and family supports in early
intervention. Infants Young Child 2001;14:16-66.

Massaro et al

March 2018
43. R Foundation for Statistical Computing. R: a language and environment for statistical computing. Vienna: R Foundation for Statistical
Computing; 2014.
44. Goncalves CA, Leite MC, Nardin P. Biological and methodological features of the measurement of S100B, a putative marker of brain injury.
Clin Biochem 2008;41:755-63.
45. Wilkinson KD, Lee KM, Deshpande S, Duerksen-Hughes P, Boss JM, Pohl
J. The neuron- specific protein PGP 9.5 is a ubiquitin carboxyl-terminal
hydrolase. Science 1989;246:670-3.
46. Binder LI, Frankfurter A, Rebhun LI. The distribution of tau in the mammalian central nervous system. J Cell Biol 1985;101:1371-8.
47. Zhao J, Chen Y, Xu Y, Pi G. Effects of PTEN inhibition on the regulation of Tau phosphorylation in rat cortical neuronal injury after oxygen
and glucose deprivation. Brain Inj 2016;30:1150-9.
48. Ramont L, Thoannes H, Volondat A, Chastang F, Millet MC, Maquart
FX. Effects of hemolysis and storage condition on neuron-specific enolase
(NSE) in cerebrospinal fluid and serum: implications in clinical practice. Clin Chem Lab Med 2005;43:1215-7.
49. Celtik C, Acunas B, Oner N, Pala O. Neuron-specific enolase as a marker
of the severity and outcome of hypoxic ischemic encephalopathy. Brain
Dev 2004;26:398-402.
50. Tekgul H, Yalaz M, Kutukculer N, Ozbek S, Kose T, Akisu M, et al. Value
of biochemical markers for outcome in term infants with asphyxia. Pediatr
Neurol 2004;31:326-32.
51. Dammann O, O’Shea TM. Cytokines and perinatal brain damage. Clin
Perinatol 2008;35:643-63, v.
52. Walton M, Connor B, Lawlor P, Young D, Sirimanne E, Gluckman P, et al.
Neuronal death and survival in two models of hypoxic-ischemic brain
damage. Brain Res Brain Res Rev 1999;29:137-68.
53. Han BH, Holtzman DM. BDNF protects the neonatal brain from hypoxicischemic injury in vivo via the ERK pathway. J Neurosci 2000;20:577581.

Biomarkers in HIE

ORIGINAL ARTICLES
54. Werner JK, Stevens RD. Traumatic brain injury: recent advances in
plasticity and regeneration. Curr Opin Neurol 2015;28:565-73.
55. Imam SS, Gad GI, Atef SH, Shawky MA. Cord blood brain derived
neurotrophic factor: diagnostic and prognostic marker in fullterm
newborns with perinatal asphyxia. Pak J Biol Sci 2009;12:1498-504.
56. Korley FK, Diaz-Arrastia R, Wu AH, Yue JK, Manley GT, Sair HI, et al.
Circulating brain- derived neurotrophic factor has diagnostic and
prognostic value in traumatic brain injury. J Neurotrauma 2016;33:21525.
57. Florio P, Frigiola A, Battista R, Abdalla Ael H, Gazzolo D, Galleri L, et al.
Activin A in asphyxiated full-term newborns with hypoxic ischemic encephalopathy. Front Biosci (Elite Ed) 2010;2:36-42.
58. Florio P, Luisi S, Moataza B, Torricelli M, Iman I, Hala M, et al. High
urinary concentrations of activin A in asphyxiated full-term newborns
with moderate or severe hypoxic ischemic encephalopathy. Clin Chem
2007;53:520-2.
59. Florio P, Luisi S, Bruschettini M, Grutzfeld D, Dobrzanska A, Bruschettini
P, et al. Cerebrospinal fluid activin a measurement in asphyxiated full-term
newborns predicts hypoxic ischemic encephalopathy. Clin Chem
2004;50:2386-9.
60. Johnston MV, Fatemi A, Wilson MA, Northington F. Treatment advances in neonatal neuroprotection and neurointensive care. Lancet Neurol
2011;10:372-82.
61. Shankaran S, Barnes PD, Hintz SR, Laptook AR, Zaterka-Baxter KM,
McDonald SA, et al. Brain injury following trial of hypothermia for neonatal hypoxic-ischaemic encephalopathy. Arch Dis Child 2012;97:F398404.
62. Rutherford M, Ramenghi LA, Edwards AD, Brocklehurst P, Halliday H,
Levene M, et al. Assessment of brain tissue injury after moderate
hypothermia in neonates with hypoxic-ischaemic encephalopathy:
a nested substudy of a randomised controlled trial. Lancet Neurol
2010;9:39-45.

75

THE JOURNAL OF PEDIATRICS • www.jpeds.com

Volume 194

Table I. Blood sample processing time by treatment
group
Sample
PK-1
PK-2
PK-3

Epo

Placebo

P value*

1.3 (0.5-12.6) max = 23.8
0.9 (0.5-11.6) max = 22.8
0.7 (0.5-1.1) max = 22.9

1.2 (0.5-1.6) max = 38
0.8 (0.5-1.0) max = 21.6
0.8 (0.5-2.6) max = 24.4

.79
.46
.42

max, maximum; PK, pharmacokinetics.
Data presented as median (IQR).
*P value derived using a Wilcoxon-rank sum test.
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