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ABSTRACT

A review of the conundrum called mild hypoxic-ischemic encephalopathy (HIE) is provided. During the past
decades, the definition of HIE has evolved to accommodate the short window of time required for the initiation
of therapeutic hypothermia. Also, neurological evaluations have changed with the use of simpler staging systems
that can be applied within the first 6 h of life. In this review, we discuss the challenges in the identification of
newborns with “mild HIE” within 6 h after birth, the limitations in the existing early biomarkers of brain injury,
and the current knowledge gaps in the long term neurodevelopmental outcomes of infants diagnosed with mild
HIE. Progress in the understanding of mild HIE and its sequelae continues to be hindered by the lack of a
standardized definition for mild HIE that will reliably identify at-risk infants who may benefit from neuropro-

tective strategies.

1. Introduction

There is an urgent need to better understand and elucidate the
conundrum called “mild hypoxic-ischemic encephalopathy (HIE).” As
neuroprotective therapies are utilized and studied for moderate and
severe HIE, similar neuroprotective strategies may benefit the outcome
of infants with milder forms of encephalopathy. Yet, the field has been
hindered by some inherent properties of this condition. Chief and
foremost is the lack of a precise and uniform definition for what con-
stitutes ‘mild HIE’ in neonates with perinatal acidosis. There is no
question that the neurological examination is subjective in nature and
abnormalities may be subtle and difficult to discern. In addition, the
timing of the insult affects not only the clinical presentation but also the
progression of the encephalopathy. In the early hours after a significant
hypoxic-ischemic event, the majority of newborns do not demonstrate
clear signs of moderate or severe brain compromise yet these ab-
normalities may develop in the ensuing hours to days after birth.

Given the difficulty of establishing a precise diagnosis and the
complex pathophysiology related to the uncertain timing, severity, and
patterns of the fetal insult [1], neonates with neonatal encephalopathy
(NE) are currently viewed dichotomously: those who do or do not
qualify for therapy based on an early neurologic examination per-
formed within 6 h of birth.

Since hypothermia does not protect all affected neonates from
neurocognitive impairment, adjuvant therapies are being sought and
studied for the moderate and severe HIE. Development of a standar-
dized consensus definition for what constitutes mild HIE which can be
ascertained within 6 h of birth is needed, as well as development of
biomarkers that will identify precisely the subgroup of mild HIE infants
who are likely to develop brain injury. These are essential for the
planning of future trials of neuroprotection in this patient population.

1.1. Defining and staging hypoxic-ischemic encephalopathy: A historical
perspective

Neonatal brain injury is recognized clinically on the basis of a dis-
tinctive encephalopathy that evolves from hyper-excitability to lethargy
and stupor during the first week of life [2,3]. According to Amiel-Tison
[4] in the original description of neonatal encephalopathy associated
with an obstetrical event, no single specific sign could characterize it.
Instead, a group of signs and symptoms indicated varying degrees of
brain dysfunction. Following this principle, Sarnat and Sarnat [2] in
1976 developed a grading system based on serial and comprehensive
neurological examinations and electroencephalographic (EEG) record-
ings performed on 21 asphyxiated newborns (Table 1). Stage 1 or mild
HIE was defined as a state of hyperalertness with normal tone, mild
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distal flexion, overactive stretch reflexes, segmental myoclonus, weak
suck, strong or low threshold for eliciting the Moro reflex, normal
oculovestibular reflex, and slight tonic neck reflex. Mydriasis, tachy-
cardia, sparse secretions, and normal or decreased gastrointestinal
motility also were present. No seizures were noted and the awake EEG
was normal. This mild stage was usually brief in duration (< 24h),
although the 7 with initial stage 1 encephalopathy subsequently all
evolved to stage 2 in the next day. All of the infants with mild HIE had a
normal outcome defined by the absence of cerebral palsy, visual im-
pairment (vision < 20/60), deafness, or cognitive delay (> 3SD) at
12 months of age. In later years, several other neonatal neurological
scoring systems for mild HIE have been developed but as shown in
Table 1, without any uniform criteria or consensus to its definition
[2,5-10].

The Sarnat staging system has become the most widely used clas-
sification of HIE for prediction of neurodevelopment. The school per-
formance of children classified as mild HIE based on the Sarnat stage
was observed to be similar to that of normal children [11]. This cor-
relation between Sarnat stages and outcomes at 3, 5, and 8 years of age
was further explored in larger cohorts by using the worst stage assigned
during the first week of life [11-14]. In those studies, none of the in-
fants with mild HIE died or had major handicap. Since neurological
assessment becomes more precise as the child grows older, longer
follow up evaluations of mild HIE cohorts were done. In the Nether-
lands, survivors of perinatal asphyxia were tested at 9-10 years of age
using the Child Behavior Checklist (CBCL), Teacher's Report Form
(TRF), Diagnostic Interview Schedule for Children (DSM) IV, and Social
Behavior Questionnaire [15]. Subtle differences were noted, with
children who had mild HIE having Intelligence Quotient (IQ) score of
98.1 = 12.3 (mean * SD) versus 109.0 = 12.0 in normal control
children. In addition, social behavior and memory problems also were
significantly higher among children with mild HIE. In a population
based study in the United Kingdom, Odd et al. [16] also reported at
8 years of age an increased risk of low IQ score (< 80) among children
who had been resuscitated at birth, a finding that was independent of
the presence of neonatal encephalopathy.

Data from the pre-hypothermia era suggest that while no death or major
disability occurred among children who had mild HIE, subtle developmental,
language, attention, and behavioral problems were noted later in life.
Table 2 [11,13,15,16,19,20]. It is important to note that an important
contributor to the ongoing conundrum of mild HIE is the fact that the
published studies (Tables 1, 2) have different entry criteria, wide range
of length of follow-up, and different outcome variables.

1.2. Challenges of the early neurological evaluation for identification of at
risk infants

In the pre-hypothermia era, the neurological staging systems were
used to define the degrees of abnormality and assess the likelihood of
poor neurodevelopmental outcome. During the therapeutic hypothermia
era, the use of the staging systems shifted to identification of infants
who may or may not benefit from the treatment. Therefore, physicians
performing a neurological evaluation had to reckon with the limited
therapeutic window of 6 h for initiation of hypothermia, a time period

Table 2
Pre-hypothermia era studies including mild NE infants and developmental outcomes.
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where the neurological findings may not be easy to define and can
change significantly over time. As a result, the definition of HIE was
extrapolated to the use of a modified Sarnat staging system (no EEG,
exam simplified to six categories [21].

The reliability of an early neurological evaluation was first in-
vestigated in a study performed at Parkland Hospital, Dallas, TX.
Substantial difficulties in assigning the level of HIE at 6 to 12h of age
were reported using the modified Sarnat staging [22]. The neurological
examinations were performed by neonatologists who were certified in
the neurological examination using the standardized NICHD Neonatal
Research Network evaluation [21]. The investigators found that the
specific stage of encephalopathy in 25% of newborns with fetal acidosis
(umbilical cord pH < 7.00) could not be determined as their level of
consciousness and neurological examination fluctuated between mild
and moderate, and so they were classified as having an intermediate
stage of HIE (Stages 1-2). In addition, a third of the infants progressed
to have more severe encephalopathy in the first week of life.

The time of the insult affects the clinical presentation as well as the
progression of neonatal encephalopathy. Although the timing of the
insult is predominantly perinatal, it is not always clearly identified and
could encompass antenatal as well as acute on chronic compound in-
sults. Infants who had a severe antenatal event may recover by the time
of birth at which time the stage of encephalopathy is perceived as mild.
In contrast, an infant with a more acute insult can have only mild ab-
normalities on neurological examination in the first 6 h of age which
can then evolve to moderate or severe abnormalities after the first day
of life. In addition, possible confounding variables such as maternal
sedation, anesthesia, or tocolytics (e.g. magnesium sulfate) may play a
role in the accurate determination of the stage of HIE when the neu-
rological examination is performed immediately after birth.

The hospital outcomes of infants with perinatal acidosis who do not
did not meet NICHD examination criteria for hypothermia therapy were
selectively studied at Parkland hospital [23]. Abnormal short-term
outcomes were noted in 12 (20%) of 60 infants who had only 1-2 ab-
normal categories on the modified Sarnat examination performed by
NICHD NRN certified examiners in the first 6 h of age. Specifically, at
the time of discharge from the neonatal intensive care unit (NICU), 12
(20%) infants experienced an abnormal short-term outcome such as
feeding difficulties (n = 8), abnormal neurologic examination at dis-
charge (n = 7), abnormal brain magnetic resonance imaging (n = 6),
seizures (n = 5), gastrostomy (n = 1), or death (n = 1), as well as
prolonged NICU hospitalization.

Two multicenter randomized trials of hypothermia included several
infants with mild HIE due to the inherent difficulties with the early
neurological examination, despite the intent to enroll only infants with
moderate to severe HIE. The ICE trial [24], a pragmatic study that used
ice packs for cooling, included 42 infants with mild HIE. At follow up,
death or major disability was noted in 38% and 25% of children in the
control and cooled groups, respectively, with an odds ratio (95% CI) of
0.53 (0.17-1.66). In the selective head cooling trial, 39 infants with
mild HIE were enrolled and 21 of them received the cooling therapy
[25]. Different from the ICE trial, death or major disability was not
observed in any infant with mild HIE. However, at 2 years of age, a low
Developmental Quotient (DQ) < 85 was noted in 32% (6/19) of cooled

Author, year Mild NE Age at assessment  Neurodevelopmental outcome
n) (years)
Robertson, 1985 [15] 64 3.5 No disability, visual, hearing, language or motor skills
Robertson, 1988 [13] 55 5.5 No differences in psychoeducational school-readiness
Robertson, 1989 [9] 51 8 No differences Intellectual, vocabulary, reading, spelling,
0Odd, 2011 [14] Resuscitation Population 8 Attention problems, memory and language skills and need for educational support at school
Van Handel, 2010 [13] 34 9-10 Behavioral functioning problems and clinical psychiatric diagnoses
Van Handel, 2012 [11] 32 9-10 Subtle effects on short-term and verbal working memory, episodic long-term memory, and intelligence
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and 47% (7/15) of non-cooled infants with mild HIE.

2. Contemporary definitions of mild HIE based on examination
within 6 h of birth

Following the acceptance of hypothermia as a standard of care for
infants with moderate or severe asphyxia, a practice drift of cooling
infants with mild HIE has been uniformly reported in international
registries and databases [26-28]. All of these registries defined mild
HIE based on the modified Sarnat staging criteria assigned in the first
6h of life but no details were provided on the number of abnormal
categories needed or if some categories carried a higher weight for
cooling. In the largest registry of mild HIE in the US (The Children's
Hospital National Database), 76% of infants with mild HIE received
therapeutic hypothermia [29] but the definition of mild HIE in the first
6 h and outcomes beyond discharge were not provided.

The recent Prospective Research in Infants with Mild
Encephalopathy (PRIME) study [8] used a broad definition of mild HIE
on infants who did not meet the NICHD criteria for cooling (moderate
or severe in =3 categories). Infants were classified as having mild HIE
based on the presence of significant perinatal acidosis and =1 ab-
normalities in any of the six categories of the modified Sarnat score
(Table 3). This definition although empirical was standardized, and
specified a priori then applied internationally by certified examiners
across academic centers. Short-term abnormalities including abnorm-
alities on aEEG at < 6 h of life, brain MRI at < 30 days, or abnormal
neurological exam at discharge were noted in 52% of the 54 patients
studied.

Encephalopathy is better represented as a spectrum rather than a
categorical mild vs moderate-severe classification. There is currently no
accepted consensus definition of mild HIE within the first 6 h after
birth. The following section will review biomarkers to help identify and
define the mild HIE infants at highest risk.

2.1. Early electroencephalogram (EEG) and/or amplitude EEG (aEEG)

When EEG is not available in the first day of life, the aEEG is a
simple, non-invasive bedside tool that permits continuous evaluation of
cortical cerebral electrical activity and has been used widely in the
neonatal literature for detection, staging, and prognosis of seizures.

Table 3
Modified Sarnat scoring used for mild NE definition in the PRIME study [6].

Category Stage 1 Stage 2 Stage 3
(Mild) (Moderate) (Severe)
Level of 1 = hyper-alert, 2 = lethargic 3 = stupor or
conscious- responds to minimal coma
ness stimuli
Spontaneous 1 = normal or 2 = decreased 3 = none
activity decreased
Posture 1 = mild flexion of 2 = distal flexion 3 = decerebrated
distal joints complete
(fingers, wrist) extension
Tone 1 = normal 2a = hypotonia 3a = flaccid
(focal or general)
2b = hypertonia  3b = rigid
Primitive reflexes
Suck 1 = weak or 2 = weak or bite 3 = absent
incomplete
Moro 1 = intact, low 2 = incomplete 3 = absent
threshold

Automatic nervous system

Pupils 1 = mydriasis
Heart rate 1 = tachycardia
Respirations 1 = Hyperventilation

2 = myosis

2 = bradycardia
2 = periodic
breathing

3 = variable or
nonreactive

3 = variable HR
3 = apnea or
ventilation

Early Human Development xxx (XXXX) XXX—XXX

In 2001, a retrospective single center study investigated the use-
fulness of aEEG within the first 72 h of life and brain MRI in 25 infants
with HIE [30]. Of the 7 infants classified with mild HIE, 6 had normal
background activity and 1 had dysmature activity. All of these infants
had normal neurodevelopmental outcomes at 2 years of age.

In two case-control studies, Murray et al. [31,32] reported the
cognitive outcome of mild HIE infants born from 2003 to 2005 when
assessed at 2 and 5years of age. In both studies, mild HIE was de-
termined at 6, 12, and 24 h of life by using an EEG grading system. A
grade 1 or mild was defined as a continuous background pattern with
slightly abnormal activity (e.g. mild asymmetry, mild voltage depres-
sion, or poorly defined sleep-wake cycle). In the first cohort (n = 44),
all cases with a normal or mildly abnormal EEG within the first 6 h after
birth had normal outcomes at 2 years of age [31]. The subsequent study
used a similar methodology but a slightly different cohort of mild? HIE
infants (n = 47) and included normal patients as controls (n = 30)
[32]. Study participants were evaluated at 5years of age and key
findings included significantly lower cognitive outcomes when com-
pared to historical control infants. Infants with mild HIE (based on EEG
at 6 h of life) had a full-scale IQ of 99 (94-112), a verbal IQ of 105
(99-111), and a performance IQ of 103 (98-112) compared to a full
scale IQ of 117 (110-124), verbal IQ of 116 (112-125), and perfor-
mance IQ of 115 (107-124) in the control group [32].

A number of studies have investigated the correlation between early
aEEG findings and both short- and long-term outcomes with an overall
good predictive ability in infants with moderate or severe HIE [33-38].
These findings, in combination with the simplicity of a bedside aEEG,
have increased the use of this test as an additional assessment to help
clarify uncertainties on the neurological exam. In infants with mild HIE,
the aEEG may be normal or show a slightly increase in discontinuity of
the background activity (slightly broader band) and cyclicity [39],
which might be challenging to determine within 6 h.

In asphyxiated infants, aEEG has been assessed as early as 3-6h
after birth in a few small, single center studies. In 1995, Eken and
colleagues [40] investigated the predictive value of early aEEG mea-
surements (< 6 h of life) in HIE patients where severity was graded by
Sarnat scoring. Of the 34 infants studied, 11 had mild HIE, with 10 of
them having aEEG recordings that exhibited normal continuous back-
ground activity. For the total population of all stages of HIE, the aEEG
had a 94.1% sensitivity and 78.6% specificity for the prediction of
neurodevelopmental outcomes at 6-24 months of age. A similar study
investigated early aEEG patterns (< 6h of life) in 47 asphyxiated in-
fants, 9 of whom were normal, 5 had mild HIE, and 24 had moderate-
severe HIE by Sarnat scoring [41]. Unfortunately, the study only fo-
cused on prediction of outcomes, thus limiting any interpretations re-
garding its ability to differentiate HIE severity. Of the 26 infants with
normal aEEG patterns, 25 infants had normal outcomes at follow-up (1
to 6 years of age). One infant with psychomotor delay at 4 years of age
had no signs of HIE in the NICU and the delay was attributed to other
causes. Nevertheless, a normal, continuous background activity on the
aEEG, as typically seen in mild HIE patients, was associated with a good
outcome, with an overall accuracy of aEEG patterns of 91.5%. Recently,
in a retrospective analysis of 122 cooled infants from 2008 to 2014,
Weeke et al. [42] compared the Thompson Encephalopathy score with
aEEG, both performed early in life (before cooling). Twenty (16%) in-
fants were classified as having mild HIE on the neurological score but
were cooled based on aEEG findings of discontinuous normal voltage
(DNV), burst suppression (BS), or a more abnormal pattern. Only two
(10%) of these 20 mild HIE infants had adverse outcomes and in both, a
rapid deterioration in neurological examination was noted over sub-
sequent hours. Although a good correlation between early aEEG and the
Thompson score was observed, the study was not able to differentiate
which of the assessments was better in selecting neonates for ther-
apeutic hypothermia.

When focusing on the studies done prospectively, the positive pre-
dictive value of the aEEG was around 60% early on, and optimally
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increases after 48 h of age during therapy. This, along with technical
artifacts, drift in baseline related to lead placements all contribute to
limit the usefulness and enthusiasm in use of aEEG abnormalities as
necessary criteria in order to receive neuroprotective therapies. In the
PRIME study [8], aEEG was performed at a median age of 5.5h of life
(IQR = 4.8, 6.4) and classified later by blinded examiners. A total of 54
infants were enrolled, with 50 having a normal aEEG and 4 had DNV
tracings. Twenty-four (48%) of the 50 infants with normal aEEG and 2
(50%) of 4 infants with DNV had abnormal neurological examination at
discharge and/or abnormal brain MRI.

Early measures of EEG/aEEG could be useful to support the diag-
nosis of mild HIE, but only as an adjunct measure given that the positive
predictive value improves after 48 h and that most of these infants have
normal background activity in the first 6 h of age.

2.2. Heart rate variability (HRV) in infants with mild HIE

HRV has been investigated extensively in asphyxiated infants, but
most studies focused on infants with moderate and severe HIE either for
predictive accuracy of the outcome of death/disability [43-46], or
evaluation of HRV changes during therapeutic hypothermia [47,48]. To
date, there are no studies that have investigated the ability of HRV to
differentiate between the level of encephalopathy (mild, moderate, or
severe), either alone or in combination with neurological exam or other
assessment tools. Two studies from the same group of investigators at
Cork University, Ireland included infants with mild HIE [49,50]. In the
first study [49] performed in the pre-hypothermia era, HRV was mea-
sured between 12 and 48h of life in 61 infants, 17 of whom were
normal, healthy infants, while 22 had mild, 9 moderate, and 13 severe
HIE (severity was defined by EEG grading). A statistically significant
negative correlation was observed, with HRV reduced as severity of
encephalopathy increased. Although statistical comparisons were not
provided, a considerable reduction in HRV was observed between
normal and mild HIE infants. These results indicate the potential for
HRYV to differentiate between the level of encephalopathy in HIE pa-
tients within 48 h of life. Furthermore, multiple HRV features had sig-
nificant correlations with neurodevelopmental outcomes at 2 years of
age, with moderately strong area under the receiver operating curves
ranging from 0.73 to 0.80. In another study [50], similar reductions in
HRV were noted between mild to moderate and severe groups, although
differences between the mild and moderate infants appeared attenuated
by hypothermia.

HRYV analysis has the potential to help in the identification of infants
at higher risk of abnormal neurodevelopmental outcomes not actual
brain injury. Further research is necessary to better determine the ac-
curacy of HRV as a diagnostic tool for mild HIE. Such studies should
include a larger number of infants and establish normative reference
values.

2.3. Serum inflammatory and neuronal biomarkers

Cytokines are mediators in the common pathways associated with
perinatal brain injury induced by a variety of insults. A prospective
cohort study of a panel of biomarkers in term newborns admitted to the
Parkland Hospital NICU, Dallas showed that serum interleukin (IL)-6
concentration by 6h of age was the only cytokine that significantly
correlated with the neurological Dubowitz score that quantifies hypo-
tonia [51-53]. Elevated concentrations of IL-6 and IL-8 have also been
consistently reported in the CSF and serum of asphyxiated full-term
infants. [54] Higher concentrations of IL-1f, IL-6, TNF-a, and IL-8 in
the blood of neonates with HIE also have been associated with ab-
normal neurodevelopmental outcome [55,56]. Before the hypothermia
era, meta-analysis studies highlighted both serum IL-1b and serum IL-6
concentrations measured before 96h of age in infants with en-
cephalopathy [57] as biomarkers predictive of abnormal neurodeve-
lopmental outcomes. In a more recent contemporary cohort of 30
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cooled newborns with HIE, Chalak et al. reported IL-1, IL-6, IL-8, tumor
necrosis factor and interferon to be elevated at 6-24 h after birth and
associated with later abnormal neurological outcomes at 18-24 months
[58].

The microglia and astrocytes can produce glial fibrillary acidic
protein (GFAP), ubiquitin carboxyl-terminal hydrolase L-1 (UCHL-1),
S100B, neuron specific enolase (NSE) as well as other factors in re-
sponse to hypoxic-ischemic injury. [59,60] Multiple small pilot studies
[58,61-64], although novel, have not been powered or validated for
prediction of long term outcomes. GFAP is an intermediate filament
protein that is released from astrocytes into the blood upon astrocyte
death. Serum GFAP has been reported to be significantly elevated in
newborns undergoing hypothermia therapy when compared with con-
trols where a GFAP threshold level > 0.15ng/mL following hy-
pothermia therapy was associated with an abnormal brain MRI. [65]
UCH-L1 serum cut off values > 100 ng/mL have been reported in
neonates with HIE who subsequently died [61]. Another recent study
showed that UCH-L1 was elevated in the umbilical arterial cord plasma
while GFAP was significantly higher at 72h of cooling in infants with
NE who developed adverse outcomes. [63].

Chalak et al. recently conducted a prospective pilot cohort study
and measured neuronal glial fibrillary acidic protein (GFAP) along with
ubiquitin carboxyl-terminal hydrolase L1, and cytokines in the serum
obtained from umbilical cord arterial blood, as well as serially from an
indwelling umbilical artery catheter. Serum GFAP and ubiquitin con-
centrations correlated with severity of NE, with higher levels in mod-
erate to severe HIE as compared to those with mild HIE who were not
cooled. [58].

An ideal serum biomarker would be measured in real time and di-
rectly reflect the neurovascular unit function and be predictive of
outcomes [67-69]. Such a biomarker would enhance the ability to
stratify the insult severity by identifying neonates with mild NE who
might benefit from a neuroprotective strategy, and those with mod-
erate-severe NE who need added interventions to improve outcomes.
The quest of such a single serum biomarker has been elusive and it is
more likely that a panel of biomarkers is needed.

Chalak et al. recent studies were aimed to measure in real time
physiological biomarkers indicating brain health with a novel analytical
“wavelet neurovascular bundle”. This wavelet analysis may allow
noninvasive quantification at the bedside of neurovascular coupling
NVC (by combining metrics obtained from NIRS and EEG) [70]. The
pilot findings using this new bundle support early improved stratifica-
tion of NE severity and also provide early physiological markers of
outcome predictions [71].

Despite the promising research listed above, there are no currently
available serum and or physiological biomarkers available in real time
to be recommended for clinical use.

3. Conclusions

The short time period determined by the therapeutic window (< 6h
of life) has created a real challenge for the definition of mild HIE.
Following the positive effect of hypothermia for infants with moderate
and severe HIE, many centers have shifted from published protocols
and started to apply this therapy in infants with mild HIE.
Unfortunately, a standardized definition is lacking and significant gaps
in knowledge remain. Thus, the immediate goal should be to find early
biomarkers to reliably identify the subset of newborns with mild HIE
who will go on to develop significant brain injury. There is an urgent
need for studies to select a panel from the biomarkers discussed in this
review, to allow discrimination between truly mild HIE and evolving
HIE within the narrow therapeutic window.

Efforts should be made to develop an international consortium of
expertise and follow-up the long-term neurodevelopmental outcomes of
this population. Importantly, investigations of early biomarkers able to
improve the ability to identify which infants with mild HIE are at the
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highest risks of abnormal outcomes are needed. Possibly, a compre-
hensive approach using a combination of standardized neurological
assessment, aEEG or EEG and HRV measurements, may be needed to
simultaneously provide accurate predictions as well as an objective
early definition of mild HIE. This would help to target a subgroup of
mild HIE infants when testing neuroprotective interventions.

Summary key guidelines

® The Conundrum of mild HIE is complicated by the significant gaps

in knowledge related to the short time frame (6 h after birth) allo-
cated to define mild HIE and lack of agreement on a standardized
definition.

e A few small retrospective or observational studies reported short-

and long-term abnormalities in a small proportion of mild HIE in-
fants which does not justify the widespread use of therapeutic hy-
pothermia in all of these infants. In the current era, long-term out-
comes of mild HIE infants are needed.

Research directions

® An international consortium of experts is needed to standardize

definitions of mild HIE within the first 6 h of age as well as registries
for reporting long-term neurodevelopmental outcomes of this po-
pulation.

® Panel(s) of early biomarkers that can improve the current ability to

identify infants with mild HIE who are at highest risk of abnormal
outcomes is needed. This would help target selected newborns with
mild HIE who could benefit from neuroprotective interventions.
Randomized controlled trials are needed to evaluate the safety and
efficacy of neuroprotective strategies in mild HIE.

Funding source

Lina Chalak is supported by NIH Grant K23HD069521 and

1R01NS102617-01.

Conflict of interest statement

None of the authors has any conflict of interest to declare.

References

[1]
[2]
[3]

[4]
[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

D.M. Ferriero, Neonatal brain injury, N. Engl. J. Med. 351 (19) (2004) 1985-1995.
H.B. Sarnat, M.S. Sarnat, Neonatal encephalopathy following fetal distress. A clin-
ical and electroencephalographic study, Arch. Neurol. 33 (10) (1976) 696-705.
S.P. Miller, B. Latal, H. Clark, A. Barnwell, D. Glidden, A.J. Barkovich, et al.,
Clinical signs predict 30-month neurodevelopmental outcome after neonatal en-
cephalopathy, Am. J. Obstet. Gynecol. 190 (1) (2004) 93-99.

C. Amiel-Tison, Cerebral damage in full-term new-born aetiological factors, neo-
natal status and long-term follow-up, Neonatology 14 (3-4) (1969) 234-250.

C. Amiel-Tison, P. Ellison, Birth asphyxia in the fullterm newborn: early assessment
and outcome, Dev. Med. Child Neurol. 28 (5) (1986) 671-682.

E.G. Lipper, T.M. Voorhies, G. Ross, R.C. Vannucci, P.A. Auld, Early predictors of
one-year outcome for infants asphyxiated at birth, Dev. Med. Child Neurol. 28 (3)
(1986) 303-309.

J.M.R. Perez, S.G. Golombek, A. Sola, Clinical hypoxic-ischemic encephalopathy
score of the Iberoamerican Society of Neonatology (Siben): a new proposal for di-
agnosis and management, Rev. Assoc. Med. Bras. 63 (1) (2017) 64-69.

C. Prempunpong, L.F. Chalak, J. Garfinkle, B. Shah, V. Kalra, N. Rollins, et al.,
Prospective research on infants with mild encephalopathy: the PRIME study, J.
Perinatol. 38 (1) (2018) 80-85.

C. Thompson, A. Puterman, L. Linley, F. Hann, Elst Cvd, Molteno C, et al. the value
of a scoring system for hypoxic ischaemic encephalopathy in predicting neurode-
velopmental outcome, Acta Paediatr. 86 (7) (1997) 757-761.

C. Amiel-Tison, Birth injury as a cause of brain dysfunction in full-term newborns,
Adyv. Perinat. Neurol. 1 (1979) 57-83.

C.M. Robertson, N.N. Finer, M.G. Grace, School performance of survivors of neo-
natal encephalopathy associated with birth asphyxia at term, J. Pediatr. 114 (5)
(1989) 753-760.

B.V. Acton, W.S. Biggs, D.E. Creighton, K.A. Penner, H.N. Switzer, J.H. Thomas,
et al., Overestimating neurodevelopment using the Bayley-III after early complex

[13]
[14]

[15]

[16]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Early Human Development xxx (XXXX) XXX—XXX

cardiac surgery, Pediatrics 128 (4) (2011) e794-800.

C. Robertson, N. Finer, Term infants with hypoxic-ischemic encephalopathy: out-
come at 3.5 years, Dev. Med. Child Neurol. 27 (4) (1985) 473-484.

C.M. Robertson, N.N. Finer, Long-term follow-up of term neonates with perinatal
asphyxia, Clin. Perinatol. 20 (2) (1993) 483-500.

M. van Handel, H. Swaab, L.S. de Vries, M.J. Jongmans, Behavioral outcome in
children with a history of neonatal encephalopathy following perinatal asphyxia, J.
Pediatr. Psychol. 35 (3) (2010) 286-295.

D.E. Odd, G. Lewis, A. Whitelaw, D. Gunnell, Resuscitation at birth and cognition at
8 years of age: a cohort study, Lancet 373 (9675) (2009) 1615-1622.

C.M. Robertson, N.N. Finer, Educational readiness of survivors of neonatal en-
cephalopathy associated with birth asphyxia at term, J. Dev. Behav. Pediatr. 9 (5)
(1988) 298-306.

M. van Handel, L. de Sonneville, L.S. de Vries, M.J. Jongmans, H. Swaab, Specific
memory impairment following neonatal encephalopathy in term-born children,
Dev. Neuropsychol. 37 (1) (2012) 30-50.

S. Shankaran, A.R. Laptook, R.A. Ehrenkranz, J.E. Tyson, S.A. McDonald,

E.F. Donovan, et al., Whole-body hypothermia for neonates with hypoxic-ischemic
encephalopathy, N. Engl. J. Med. 353 (15) (2005) 1574-1584.

L.F. Shalak, A.R. Laptook, S.C. Velaphi, J.M. Perlman, Amplitude-integrated elec-
troencephalography coupled with an early neurologic examination enhances pre-
diction of term infants at risk for persistent encephalopathy, Pediatrics 111 (2)
(2003) 351-357.

T.L. DuPont, L.F. Chalak, M.C. Morriss, P.J. Burchfield, L. Christie, P.J. Sanchez,
Short-term outcomes of newborns with perinatal acidemia who are not eligible for
systemic hypothermia therapy, J. Pediatr. 162 (1) (2013) 35-41.

S.E. Jacobs, C.J. Morley, T.E. Inder, M.J. Stewart, K.R. Smith, P.J. McNamara, et al.,
Whole-body hypothermia for term and near-term newborns with hypoxic-ischemic
encephalopathy: a randomized controlled trial, Arch. Pediatr. Adolesc. Med. 165 (8)
(2011) 692-700.

P.D. Gluckman, J.S. Wyatt, D. Azzopardi, R. Ballard, A.D. Edwards, D.M. Ferriero,
et al., Selective head cooling with mild systemic hypothermia after neonatal en-
cephalopathy: multicentre randomised trial, Lancet 365 (9460) (2005) 663-670.
B. Kracer, S.R. Hintz, K.P. Van Meurs, H.C. Lee, Hypothermia therapy for neonatal
hypoxic ischemic encephalopathy in the state of California, J. Pediatr. 165 (2)
(2014) 267-273.

D. Azzopardi, B. Strohm, L. Linsell, A. Hobson, E. Juszczak, J.J. Kurinczuk, et al.,
Implementation and conduct of therapeutic hypothermia for perinatal asphyxial
encephalopathy in the UK-analysis of national data, PLoS One 7 (6) (2012) e38504.
S. Mehta, A. Joshi, B. Bajuk, N. Badawi, S. McIntyre, K. Lui, Eligibility criteria for
therapeutic hypothermia: from trials to clinical practice, J. Paediatr. Child Health
53 (3) (2017) 295-300.

AN. Massaro, K. Murthy, 1. Zaniletti, N. Cook, R. DiGeronimo, M. Dizon, et al.,
Short-term outcomes after perinatal hypoxic ischemic encephalopathy: a report
from the Children's hospitals neonatal consortium HIE focus group, J. Perinatol. 35
(4) (2015) 290-296.

E. Biagioni, E. Mercuri, M. Rutherford, F. Cowan, D. Azzopardi, M.F. Frisone, et al.,
Combined use of electroencephalogram and magnetic resonance imaging in full-
term neonates with acute encephalopathy, Pediatrics 107 (3) (2001) 461-468.
D.M. Murray, G.B. Boylan, C.A. Ryan, S. Connolly, Early EEG findings in hypoxic-
ischemic encephalopathy predict outcomes at 2 years, Pediatrics 124 (3) (2009)
e459-67.

D.M. Murray, C.M. O'Connor, C.A. Ryan, I. Korotchikova, G.B. Boylan, Early EEG
grade and outcome at 5 years after mild neonatal hypoxic ischemic encephalopathy,
Pediatrics 138 (4) (2016) €20160659.

N. al Nageeb, A.D. Edwards, F.M. Cowan, D. Azzopardi, Assessment of neonatal
encephalopathy by amplitude-integrated electroencephalography, Pediatrics 103
(6) (1999) 1263-1271.

1. Bjerre, L. Hellstrom-Westas, I. Rosén, N. Svenningsen, Monitoring of cerebral
function after severe asphyxia in infancy, Arch. Dis. Child. 58 (12) (1983)
997-1002.

D. Osredkar, M.C. Toet, L.G. van Rooij, A.C. van Huffelen, F. Groenendaal, L.S. de
Vries, Sleep-wake cycling on amplitude-integrated electroencephalography in term
newborns with hypoxic-ischemic encephalopathy, Pediatrics 115 (2) (2005)
327-332.

H.J. Ter Horst, C. Sommer, K.A. Bergman, J.M. Fock, T.W. Van Weerden, A.F. Bos,
Prognostic significance of amplitude-integrated EEG during the first 72 hours after
birth in severely asphyxiated neonates, Pediatr. Res. 55 (6) (2004) 1026.

M. Toet, L. Hellstrom-Westas, F. Groenendaal, P. Eken, L. De Vries, Amplitude in-
tegrated EEG 3 and 6 hours after birth in full term neonates with hypoxic—ischaemic
encephalopathy, Arch. Dis. Child. Fetal Neonatal Ed. 81 (1) (1999) F19-F23.

L. Van Rooij, M. Toet, D. Osredkar, A. Van Huffelen, F. Groenendaal, L. De Vries,
Recovery of amplitude integrated electroencephalographic background patterns
within 24 hours of perinatal asphyxia, Arch. Dis. Child. Fetal Neonatal Ed. 90 (3)
(2005) (F245-FF51).

D. Azzopardi, Clinical applications of cerebral function monitoring in neonates,
Semin. Fetal Neonatal Med. 20 (3) (2015) 154-163.

P. Eken, M. Toet, F. Groenendaal, L. De Vries, Predictive value of early neuroi-
maging, pulsed Doppler and neurophysiology in full term infants with hypoxic-
ischaemic encephalopathy, Arch. Dis. Child. Fetal Neonatal Ed. 73 (2) (1995)
F75-F80.

L. Hellstrém-Westas, I. Rosen, N.W. Svenningsen, Predictive value of early con-
tinuous amplitude integrated EEG recordings on outcome after severe birth as-
phyxia in full term infants, Arch. Dis. Child. Fetal Neonatal Ed. 72 (1) (1995)
(F34-F8).

L.C. Weeke, A. Vilan, M.C. Toet, I.C. van Haastert, L.S. de Vries, F. Groenendaal, A


http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0005
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0010
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0010
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0015
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0015
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0015
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0020
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0020
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0025
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0025
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0030
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0030
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0030
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0035
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0035
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0035
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0040
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0040
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0040
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0045
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0045
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0045
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0050
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0050
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0055
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0055
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0055
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0060
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0060
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0060
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0065
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0065
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0070
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0070
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0075
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0075
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0075
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0080
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0080
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0095
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0095
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0095
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0100
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0100
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0100
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0105
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0105
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0105
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0110
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0110
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0110
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0110
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0115
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0115
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0115
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0120
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0120
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0120
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0120
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0125
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0125
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0125
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0130
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0130
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0130
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0135
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0135
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0135
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0140
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0140
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0140
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0145
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0145
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0145
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0145
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0150
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0150
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0150
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0155
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0155
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0155
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0160
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0160
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0160
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0165
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0165
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0165
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0170
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0170
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0170
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0175
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0175
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0175
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0175
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0180
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0180
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0180
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0185
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0185
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0185
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0190
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0190
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0190
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0190
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0195
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0195
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0200
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0200
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0200
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0200
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0205
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0205
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0205
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0205
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0210

L. Chalak et al.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

comparison of the Thompson encephalopathy score and amplitude-integrated
electroencephalography in infants with perinatal asphyxia and therapeutic hy-
pothermia, Neonatology 112 (1) (2017) 24-29.

A.N. Massaro, R.B. Govindan, T. Al-Shargabi, N.N. Andescavage, M. Metzler,

T. Chang, et al., Heart rate variability in encephalopathic newborns during and after
therapeutic hypothermia, J. Perinatol. 34 (11) (2014) 836-841.

M. Metzler, R. Govindan, T. Al-Shargabi, G. Vezina, N. Andescavage, Y. Wang,

et al., Pattern of brain injury and depressed heart rate variability in newborns with
hypoxic ischemic encephalopathy, Pediatr. Res. 82 (3) (2017) 438-443.

B.D. Vergales, S.A. Zanelli, J.A. Matsumoto, H.P. Goodkin, D.E. Lake,

J.R. Moorman, et al., Depressed heart rate variability is associated with abnormal
EEG, MRI, and death in neonates with hypoxic ischemic encephalopathy, Am. J.
Perinatol. 31 (10) (2014) 855-862.

Z.A. Vesoulis, R. Rao, S.B. Trivedi, A.M. Mathur, The effect of therapeutic hy-
pothermia on heart rate variability, J. Perinatol. 37 (6) (2017) 679-683.

M. Kozar, K. Javorka, M. Javorka, K. Matasova, M. Zibolen, Changes of cardio-
vascular regulation during rewarming in newborns undergoing whole-body hy-
pothermia, Neuroendocrinol. Lett. 36 (5) (2015) 434-438.

A.N. Massaro, H.E. Campbell, M. Metzler, T. Al-Shargabi, Y. Wang, A. du Plessis,
et al., Effect of temperature on heart rate variability in neonatal ICU patients with
hypoxic-ischemic encephalopathy, Pediatr. Crit. Care Med. 18 (4) (2017) 349-354.
R.M. Goulding, N.J. Stevenson, D.M. Murray, V. Livingstone, P.M. Filan,

G.B. Boylan, Heart rate variability in hypoxic ischemic encephalopathy: correlation
with EEG grade and 2-y neurodevelopmental outcome, Pediatr. Res. 77 (5) (2015)
681-687.

R.M. Goulding, N.J. Stevenson, D.M. Murray, V. Livingstone, P.M. Filan,

G.B. Boylan, Heart rate variability in hypoxic ischemic encephalopathy during
therapeutic hypothermia, Pediatr. Res. 81 (4) (2017) 609-615.

V.J. Ellison, T.J. Mocatta, C.C. Winterbourn, B.A. Darlow, J.J. Volpe, T.E. Inder, The
relationship of CSF and plasma cytokine levels to cerebral white matter injury in the
premature newborn, Pediatr. Res. 57 (2) (2005) 282-286.

J.J. Volpe, Cerebral white matter injury of the premature infant-more common than
you think, Pediatrics 112 (1 Pt 1) (2003) 176-180.

L.F. Shalak, A.R. Laptook, H.S. Jafri, O. Ramilo, J.M. Perlman, Clinical chor-
ioamnionitis, elevated cytokines, and brain injury in term infants, Pediatrics 110 (4)
(2002) 673-680.

K. Savman, M. Blennow, K. Gustafson, E. Tarkowski, H. Hagberg, Cytokine response
in cerebrospinal fluid after birth asphyxia, Pediatr. Res. 43 (6) (1998) 746-751.
C. Chiesa, G. Pellegrini, A. Panero, T. De Luca, M. Assumma, F. Signore, et al.,
Umbilical cord interleukin-6 levels are elevated in term neonates with perinatal
asphyxia, Eur. J. Clin. Investig. 33 (4) (2003) 352-358.

AL Bartha, A. Foster-Barber, S.P. Miller, D.B. Vigneron, D.V. Glidden,

A.J. Barkovich, et al., Neonatal encephalopathy: association of cytokines with MR
spectroscopy and outcome, Pediatr. Res. 56 (6) (2004) 960-966.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[67]

[68]

[69]

[70]

[71]

Early Human Development xxx (XXXX) XXX—XXX

V. Ramaswamy, J. Horton, B. Vandermeer, N. Buscemi, S. Miller, J. Yager,
Systematic review of biomarkers of brain injury in term neonatal encephalopathy,
Pediatr. Neurol. 40 (3) (2009) 215-226.

L.F. Chalak, P.J. Sanchez, B. Adams-Huet, A.R. Laptook, R.J. Heyne, C.R. Rosenfeld,
Biomarkers for severity of neonatal hypoxic-ischemic encephalopathy and out-
comes in newborns receiving hypothermia therapy, J. Pediatr. 164 (3) (2014)
468-474 (el).

R.M. McAdams, S.E. Juul, The role of cytokines and inflammatory cells in perinatal
brain injury, Neurol. Res. Int. 2012 (2012) 561494.

I.N. Mir, L.F. Chalak, Serum biomarkers to evaluate the integrity of the neurovas-
cular unit, Early Hum. Dev. 90 (10) (2014) 707-711.

M. Douglas-Escobar, C. Yang, J. Bennett, J. Shuster, D. Theriaque, A. Leibovici,
et al., A pilot study of novel biomarkers in neonates with hypoxic-ischemic en-
cephalopathy, Pediatr. Res. 68 (6) (2010) 531-536.

AN. Massaro, T. Chang, N. Kadom, T. Tsuchida, J. Scafidi, P. Glass, et al.,
Biomarkers of brain injury in neonatal encephalopathy treated with hypothermia, J.
Pediatr. 161 (3) (2012) 434-440.

A.N. Massaro, A. Jeromin, N. Kadom, G. Vezina, R.L. Hayes, K.K. Wang, et al.,
Serum biomarkers of MRI brain injury in neonatal hypoxic ischemic encephalo-
pathy treated with whole-body hypothermia: a pilot study, Pediatr. Crit. Care Med.
14 (3) (2013) 310-317.

A.N. Massaro, T. Chang, S. Baumgart, R. McCarter, K.B. Nelson, P. Glass,
Biomarkers S100B and neuron-specific enolase predict outcome in hypothermia-
treated encephalopathic newborns*, Pediatr. Crit. Care Med. 15 (7) (2014)
615-622.

C.S. Ennen, T.A. Huisman, W.J. Savage, F.J. Northington, J.M. Jennings,

A.D. Everett, et al., Glial fibrillary acidic protein as a biomarker for neonatal hy-
poxic-ischemic encephalopathy treated with whole-body cooling, Am. J. Obstet.
Gynecol. 205 (3) (2011) (251 el-7).

R.D. Higgins, T. Raju, A.D. Edwards, D.V. Azzopardi, C.L. Bose, R.H. Clark, et al.,
Hypothermia and other treatment options for neonatal encephalopathy: an execu-
tive summary of the Eunice Kennedy Shriver NICHD workshop, J. Pediatr. 159 (5)
(2011) 851-858.

1. Kratzer, S. Chip, Z.S. Vexler, Barrier mechanisms in neonatal stroke, Front.
Neurosci. 8 (2014) 359.

S.E. Juul, D.M. Ferriero, Pharmacologic neuroprotective strategies in neonatal brain
injury, Clin. Perinatol. 41 (1) (2014) 119-131.

L.F. Chalak, R. Zhang, New wavelet neurovascular bundle for bedside evaluation of
cerebral autoregulation and neurovascular coupling in newborns with hypoxic-is-
chemic encephalopathy, Dev. Neurosci. 39 (1-4) (2017) 89-96.

L.F. Chalak, F. Tian, B. Adams-Huet, D. Vasil, A. Laptook, T. Tarumi, et al., Novel
wavelet real time analysis of neurovascular coupling in neonatal encephalopathy,
Sci. Rep. 7 (2017) 45958.


http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0210
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0210
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0210
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0215
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0215
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0215
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0220
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0220
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0220
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0225
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0225
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0225
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0225
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0230
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0230
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0235
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0235
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0235
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0240
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0240
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0240
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0245
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0245
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0245
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0245
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0250
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0250
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0250
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0255
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0255
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0255
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0260
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0260
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0265
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0265
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0265
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0270
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0270
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0275
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0275
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0275
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0280
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0280
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0280
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0285
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0285
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0285
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0290
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0290
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0290
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0290
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0295
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0295
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0300
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0300
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0305
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0305
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0305
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0310
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0310
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0310
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0315
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0315
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0315
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0315
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0320
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0320
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0320
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0320
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0325
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0325
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0325
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0325
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0335
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0335
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0335
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0335
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0340
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0340
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0345
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0345
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0350
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0350
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0350
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0355
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0355
http://refhub.elsevier.com/S0378-3782(18)30125-7/rf0355

	A review of the conundrum of mild hypoxic-ischemic encephalopathy: Current challenges and moving forward
	Introduction
	Defining and staging hypoxic-ischemic encephalopathy: A historical perspective
	Challenges of the early neurological evaluation for identification of at risk infants

	Contemporary definitions of mild HIE based on examination within 6 h of birth
	Early electroencephalogram (EEG) and/or amplitude EEG (aEEG)
	Heart rate variability (HRV) in infants with mild HIE
	Serum inflammatory and neuronal biomarkers

	Conclusions
	Summary key guidelines
	Research directions
	Funding source
	Conflict of interest statement
	References




