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A B S T R A C T   

Neonatal Encephalopathy (NE) is a neurologic syndrome in term and near-term infants who have depressed consciousness, difficulty initiating and maintaining 
respiration, and often abnormal tone, reflexes and neonatal seizures in varying combinations. Moderate/severe NE affects 0.5–3/1000 live births in high-income 
countries, more in low- and middle-income countries, and carries high risk of mortality or disability, including cerebral palsy. Reduced blood flow and/or 
oxygenation around the time of birth, as with ruptured uterus, placental abruption or umbilical cord prolapse can cause NE. This subset of NE, with accompanying 
low Apgar scores and acidemia, is termed Hypoxic-Ischemic Encephalopathy. Other causes of NE that can present similarly, include infections, inflammation, toxins, 
metabolic disease, stroke, placental disease, and genetic disorders. Aberrant fetal growth and congenital anomalies are strongly associated with NE, suggesting a 
major role for maldevelopment. As new tools for differential diagnosis emerge, their application for prevention, individualized treatment and prognostication will 
require further systematic studies of etiology of NE.   

Neonatal Encephalopathy (NE) is identified by the World Health 
Organization as one of the 10 leading causes of lost years of life [1] and 
is extremely expensive in lifetime costs and in emotional distress for 
individuals and families. Although NE is traditionally attributed to birth 
asphyxia, population-based studies have consistently observed that most 
NE and some of the subset of NE considered to be hypoxic-ischemic in 
origin occurs in infants who have not experienced acute peripartum or 
intrapartum events. Therapeutic hypothermia (TH), undertaken soon 
after birth, is an important advance in treatment, but does not benefit all 
affected infants [2] The clinical management of infants with NE is 
complex, demanding, and resource intensive, but etiology is also 
important. The underlying etiology of NE may influence the infant’s 
response to treatment and understanding of etiology can help caregivers 
identify preventive strategies and individualized approaches to treat
ment as well as provide a more accurate prognosis. Thoughtful differ
ential diagnosis is a key step for optimal clinical management. 

“NE” describes disturbed neurological function in a neonate with 

abnormal level of consciousness and any combination of seizures, dif
ficulty initiating and maintaining respiration, abnormal tone or reflexes, 
or disturbances of suck or swallowing. Initially described in neonates 
≥37 weeks at birth, recent trends have included late preterm births 
35–36 weeks. In most neonates with NE, onset is in the first 24 h of life, 
commonly in the delivery room, but onset may be any time in the first 
week of life. Although presenting in the neonatal period, NE often has its 
origins in prenatal life. The etiology of NE is diverse and no single test 
defines it. 

One of the many etiological pathways to NE includes a period of 
peripartum or intrapartum hypoxia-ischemia. In 2014, the American 
College of Obstetricians and Gynaecologists (ACOG) and the American 
Academy of Pediatrics (AAP) Task Force on NE defined a set of markers 
concerning neonatal status, contributing events and developmental 
outcome that should be used to determine if NE is due to peripartum or 
intrapartum hypoxia-ischemia[3] (See Table 1). 

The more criteria that are fulfilled, the more likely it is that hypoxia- 
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ischemia has played a major role in the etiological pathway to NE. 
Hypoxic-ischemic encephalopathy (HIE) is the subset of NE, in which 
potentially asphyxiating birth events (“sentinel events”) such as major 
abruption or cord prolapse are thought to have occurred. Other deter
minative factors should also be thoroughly investigated. Even when 
efforts are made to gather complete data, caution is appropriate when 
concluding that intrapartum events are causal in a neonate with NE 
because the antecedents of the intrapartum risk factors may themselves 
influence outcome. For example, premature rupture of membranes, 
thick meconium, prolonged second stage of labor, and abnormal car
diotocography (CTG) are often listed as intrapartum factors [3] because 
they are observed in the intrapartum period, but these can obviously be 
the results of pathologic mechanisms that operated well before labor 
began. The same is true of low Apgar scores and acidosis. These signs 
may indicate the severity, but not necessarily the nature of the insult. 
Except in the case of evident sentinel events such as uterine rupture, the 

critical questions often remain: At what point was oxygen and/or blood 
supply decreased? At what point would an intervention directed to ox
ygen and/or blood supply have prevented neurologic abnormality? And 
this is commonly not clearly identifiable. 

Population-based studies have been consistent in finding that most 
neonates with NE, including those who later develop cerebral palsy 
(CP), did not experience sentinel events, yet most experimental models 
of NE and of CP are based upon assumptions about the primacy of 
hypoxia-ischemia in these disorders. Such models may not be relevant to 
most NE or CP in human infants. Assumptions about hypoxic-ischemic 
etiology in NE may blind us to other etiologic possibilities. 

The nature of study samples are important in the interpretation of 
study results. Studies from hospitals that are referral centers, including 
randomized trials of TH, provide much of our knowledge about clinical 
features of NE. They can include detailed observations about differences 
among neonates being cooled, correlates of those differences, and initial 
observations on effects of treatment. The samples for such studies may 
not however, be representative of all NE in the community. Population- 
based studies, on the other hand, are the appropriate approach for 
robust information about incidence of NE and about the frequency and 
impact of risk factors. These two study types hospital-based and 
population-based are complementary and both are needed. It is neces
sary, however, to recognize the strengths and limitations of each. 

1. Epidemiology of NE and HIE 

We sought to update the landmark paper “Epidemiology of neonatal 
encephalopathy and hypoxic-ischemic encephalopathy”[4] published in 
2010. The estimated incidence of NE was 3/1000 and HIE was 1.5/1000 
live births[4]. These estimations were derived from two 
population-based studies (last birth year 1995) for the NE estimate and 
three population-based studies (last birth year 1996) for the HIE esti
mate. There were several important differences in the studies included 
in the review. First and foremost was the case definition – no two studies 
used the same definition/inclusion criteria. The differences in reported 
incidence between population-based and hospital-based studies were 
large, with hospital-based studies reporting higher incidence estimates, 
due to the nature of referral centers for both neonates and high-risk 
pregnancies. If all hospital-based studies had been included, the range 
for NE would have been 2–6/1000 and for HIE 1–8/1000 live births. 
There was a combination of retrospective and prospective designs, high- 
and low-income countries, and differences in the birth years covered 
(ranging between 1970’s to late 1990s). Similar difficulties were iden
tified during this update. 

In Fig. 1 [4–15], Kurinczuk et al.[4] and Lee et al.[5] are review 

Table 1 
ACOG/AAP criteria to determine whether NE is due to peripartum or intra
partum hypoxia ischemiaa.  

1. Does the baby meet the definition for NE? 
35+ weeks gestation, abnormal consciousness±difficulty initiating and maintaining 

respiration, seizures, abnormal tone/reflexes 
2. What is the likelihood that an acute peripartum or intrapartum event was the major 

contributor? 
Neonatal signs 
a. Apgar score of less than 5 at 10 min of life 
b. Fetal umbilical artery acidemia: pH < 7 or base deficit ≥12 
c. MRI obtained between 24 and 96 h and up to day 10 showing distinct basal-ganglia- 

thalamus, watershed or near-total cortical injury pattern 
d. Presence of multisystem organ failure – can include cardiac, renal, hepatic, 

metabolic, hematologic and gastrointestinal dysfunction 
Type and timing of contributing factors consistent with an acute or peripartum event 
a. Sentinel hypoxic or ischemic event immediately before or during labor/delivery: e. 

g., ruptured uterus, umbilical cord prolapse 
b. Fetal heart rate pattern that deteriorates to absent variability with: recurrent late or 

variable decelerations, or with bradycardia, or a sinusoidal pattern for ≥20 min 
c. MRI obtained between 24 and 96 h and up to day 10 showing distinct basal-ganglia- 

thalamus or watershed pattern 
d. No evidence of other proximal or distal factors that could contribute substantially or 

indicate other underlying pathobiology e.g. abnormal fetal growth, congenital 
microcephaly, maternal infection, neonatal sepsis 

Developmental outcome is spastic quadriplegic or dyskinetic cerebral palsy (CP) 
a. Other CP subtypes are less likely to be associated with an acute peripartum or 

intrapartum event and, spastic quadriplegia and dyskinesia can also have other 
causes. 

b. Other developmental disabilities may occur, but are not specific to acute peripartum 
or intrapartum events and may arise from a variety of causes  

a Adapted from Reference 3 

Fig. 1. NE and HIE incidenc  
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papers and all others represent single studies, ranging from whole 
countries to single hospitals[6–14]. The larger the circle, the larger the 
denominator as seen in Table 2 (Supplementary Data) [6–18]. The only 
new study of NE incidence [10], reported that, across New Zealand, 
incidence was 1.2/1000 live births, a much lower estimate than (3/1000 
liv births) in the 2010 review. 

A recent global summary modelled that, in one year, 1.15 million 
neonates (8.5 cases per 1000 live births) were estimated to have 
developed NE associated with intrapartum events (HIE), with 96% born 
in Low- and Middle-Income Countries (LMICs) [19]. The median inci
dence in high-income countries was 1.6/1000 live births (Fig. 1). The 
remaining studies reported on HIE incidence, and there was large vari
ation between studies, from 0.5/1000[13] to 2.6/1000 live births[7]. 
These studies were from the United Kingdom but the designs were very 
different, one relying on careful review of notes for eligibility to a strict 
definition and the other, much larger, relying on diagnostic codes. Both 
study designs are useful for their individual aims, but they are surely 
measuring different things. Although eligibility and exclusion criteria 
differed (Table 2 Supplementary Data), there was less variation in 
incidence than in the previous review. In high-income countries, most 
studies reported an incidence of HIE between 0.5 and 1.5/1000 live 
births, suggesting a reduction from the HIE in the mid 2000s. 

The concerns reported by Kurinczuk et al. [4] about definitions can 
be highlighted by two recent studies that used the same cohort of neo
nates, but different definitions. In a South African cohort, the incidence 
of moderate to severe HIE varied, depending upon the definition used, 
between 1.5 and 3.7 per 1000 live births[20]. In the UK, Yates et al.[21] 
reported a range between 1.3 and 2.5/1000 live births dependent on 
definition. 

In line with our findings, a number of European studies have re
ported recent reductions each using the same definitions over time, 
attributed to the many improvements in prenatal and perinatal care. 
Amin et al. (2019) [13] in Wales reported a steady decline from 
1.0/1000 live births in 2007 to <0.5/1000 live births in 2015. A marked 
reduction in HIE (between 4 and 5/1000 live births in the early 2000s to 
0.4–1.9/1000 in 2010–14) has also been reported in Portugal, accom
panied by an overall 4% decrease in caesarean deliveries [22]. In the 
Netherlands, the incidence of moderate and severe NE was 1.56 per 
1000 births in the years 2000–2007, falling to 0.86 in 2008–2013[23]. 

In LMICs, both the incidence and severity of NE were higher than 
high-income countries and the case-mortality rate was also higher[24]. 
Lee et al. (2013) estimated a median rate of 12.1/1000 in low-income 
countries [5]. Three studies from LMICs [16–18] were identified for 
this paper, all with extremely high rates of HIE; however, their defini
tions were quite different to those used in high-income countries, 
making comparisons difficult (Table 2 Supplementary Data). It is likely 
that the causal pathways to NE are different in LMICs with an 
over-representation of sentinel events, obstructed labor, 
hypoxia-ischemia and infectious etiologies [24,25]. The impact of un
recognized pathology such as pre-eclampsia, gestational diabetes, fetal 
growth restriction, neonatal jaundice and hypoglycemia is compounded 
by the lack of trained birth attendants [26]. While these problems 
currently magnify risk, they identify opportunities for interventions to 
improve outcomes in LMIC settings. 

As neonatal deaths and stillbirths decrease with progress towards the 
Global Millennium Goals, it is likely that survival among children with 
NE will increase creating a spike in long-term disability in these coun
tries[27]. This is particularly so in countries early in their experience 
with neonatal intensive care. Partnerships with neonatal intensive care 
units (NICUs) in high-income countries may help avoid pitfalls and 
optimize outcomes worldwide. 

2. The neonatal neurological examination and description of 
seizures 

A thorough neonatal neurological examination is among the first 

steps in the evaluation of potential etiologies of NE. The Sarnat stages of 
NE observed in 1976 are a tool for grading encephalopathy severity 
[28]. The evolution of physical examination findings and neurological 
state during the first 72 h of age differs based on cause of the enceph
alopathy, severity, and injury timing and should be carefully docu
mented. Medications administered to mother or child, such as sedatives 
and antiseizure medications, and level of NICU support should be taken 
into consideration when interpreting neurological examination findings. 
The modified Sarnat grade and the Amiel-Tison Neurological Assess
ment at Term (ATNAT) at three days of age correlate strongly with 
outcome at 24 months[29]. However, the best correlation of neurolog
ical exam with outcome is the examination performed at discharge from 
the NICU, when confounders such as sedatives, mechanical ventilation, 
and other medications are often no longer present [29]. Normalization 
of the neurological exam during the first three days of age predicted a 
normal outcome; in contrast, a static course on serial examinations is 
worrisome and may suggest the possibility of a severe degree of ab
normality and perhaps chronic prenatal etiology.[29]. Similarly, 
persistent encephalopathy as observed by abnormal 
amplitude-integrated electroencephalogram at 48 h of age is associated 
with abnormal neurodevelopmental outcomes [30] By 3 months of age, 
abnormal general movements are highly predictive of CP [31]. 

Seizures occur in many infants with NE and are often the indicator 
leading to neurodiagnostic evaluation and diagnosis. Timing of the onset 
of seizures and electroencephalographic findings vary by etiology of NE. 
In a multicenter European study, seizure onset was earlier in infants with 
NE due to HIE than for infants with metabolic/genetic causes (median of 
16.5 h for moderate HIE vs. 56.6 h for metabolic/genetic disorder, P <
.001)[32]. In addition, seizures decreased in frequency earlier in infants 
with moderate HIE (median 34.4 h of age) than in infants with seizures 
due to stroke or metabolic/genetic conditions[32]. Thus the timing and 
evolution of seizures over the first few days of age can help direct the 
work-up for etiologies of NE presenting with seizures. 

3. Risk factors and etiologies of NE, underestimation of aberrant 
brain development and under exploration of its mechanisms 

Risk factors for NE span the pre-conceptional to perinatal period and 
include etiologies originating from maternal, placental, and fetal sources 
that can impact fetal status and transition at delivery[33]. Without 
careful consideration of the multiple potential etiologies of NE and 
gathering of all available information, the role of contributing or causal 
factors and their mechanism in NE may be missed. Information con
cerning factors operating in fetal development requires transfer of 
maternal prenatal records to clinicians involved in care of the infant. 

Low socioeconomic status (SES) is more common in infants with NE 
than in term healthy controls; this was first noted in Western Australia 
[34], and has now been confirmed in other regions of the world. In a 
population-based study in the United States, SES was measured sepa
rately by three factors: low median income neighborhoods at birth, level 
of maternal education, and private insurance. Each indicated lower SES 
in NE compared to term healthy controls[35]. In New Zealand, the rate 
of NE was higher in the presence of standardized measures of depriva
tion[10]. SES is also a powerful predictor of cognitive performance. In 
one landmark study, as measured by individual Stanford Binet R testing 
in about 40,000 4-year-old children, IQ varied by about 20 IQ points – 
more than a standard deviation– according to SES. [36]. Any credible 
study of cognitive function of survivors of NE or other perinatal factor 
must take SES into account. The links between SES and risk of NE await 
further investigation, including whether disagreements about the asso
ciation of placental inflammation with NE might relate to differing SES 
in the groups studied [37,38]. 

Maternal psychiatric disorders and drug exposures also can have 
important consequences in the developing brain[39]. Even exposure to 
maternal stress, which is common, can affect development of the fetal 
autonomic nervous system and impact fetal-neonatal transition [33]. 

S. McIntyre et al.                                                                                                                                                                                                                               



Seminars in Fetal and Neonatal Medicine 26 (2021) 101265

4

Maternal antidepressant use during pregnancy has been associated with 
a three-fold increase in risk for NE[40]. Untreated depression during 
pregnancy, however, can also lead to deleterious effects on pregnancy 
outcome, including low-birth weight, preeclampsia and eclampsia and 
on maternal-infant bonding[39]. 

Maternal substance use, highly correlated to psychiatric disorders, 
can also contribute to impaired fetal brain development, intrauterine 
growth restriction, preterm birth, abnormal fetal-neonatal transition, 
and neonatal withdrawal syndromes. Neonatal withdrawal syndromes 
have been recognized following birth to a mother on antidepressant 
medication, especially venlafaxine. A venlafaxine neonatal withdrawal 
syndrome has been described, which presents as NE typically within the 
first four days of age[41]. Infants can be jittery and hyperreflexic with 
poor feeding, tremors, irritability, and myoclonic jerks. Most infants 
have a normal EEG and there is no epileptic correlate to the movements 
[41]. The NE associated with withdrawal subsides over days to weeks. 

Congenital infections are an important cause of NE and may go un
recognized without focused testing. Congenital infectious agents can 
contribute to destructive lesions (i.e. intracranial hemorrhage, cystic 
lesions) that can present with NE. Specific congenital infections vary 
based on maternal exposures and risks, but include toxoplasmosis gondii, 
cytomegalovirus (CMV), parvovirus B19, human immunodeficiency virus 
and group beta streptococcus[42]. We recommend documentation of 
testing performed during pregnancy. 

CMV is the most common congenital infection in developed coun
tries, can present as NE[43] and may be on the pathway to CP for up to 
10%. [44]. Since postnatal antiviral treatment is available, this is an 
important infection to recognize. About ten percent of neonates with 
symptomatic congenital CMV have seizures as a presenting sign[45]. 
Other clinical findings such as hepatosplenomegaly and thrombocyto
penia should raise suspicion of this viral infection, which is often 
asymptomatic in the mother. Diagnostic evaluation should begin early, 
with urine or saliva for CMV DNA by polymerase chain reaction within 
the first three weeks of birth, neuroimaging, ophthalmology evaluation, 
and auditory brainstem response testing. Neuroimaging findings include 
lenticulostriate vasculopathy, subependymal cysts, and/or periven
tricular calcifications best seen on cranial ultrasound, as well as 
neuronal migration disorders and cerebellar hypoplasia best seen on 
brain MRI[45]. Postnatal treatment with oral valganciclovir for six 
months has been shown to decrease sensorineural hearing loss and may 
lead to modest improvement in neurodevelopmental outcome at 24 
months of age[46]. 

Population-based studies indicate that neonates who are growth- 
restricted and/or have congenital anomalies are at high risk for NE 
[34]. One in four or five surviving infants with NE develops CP, and 
these same factors – fetal growth restriction and birth defects – are 
important contributors to CP in term and near-term infants, greatly 
outweighing birth asphyxia and infection/inflammation in the attrib
utable fraction of CP they account for. [42]. They deserve much greater 
focus than they have received as predictors of neurologic disability and 
as identifiers of underlying aberrant developmental processes[47]. 

Ideally, the history for an infant presenting with NE should include 
information about tests for malformations, congenital infections, ge
netics, fetal growth trajectory, maternal autoimmune conditions, sub
stance exposures, thyroid disease and other medical conditions that can 
influence the fetal and neonatal condition[48]. For most NE births this 
information must be assembled after delivery. 

4. Placental role in the pathogenesis of NE 

A noted perinatal pathologist observed “In-labor catastrophes are 
rare and, when present, are rarely either diagnosable (in advance) or 
intervenable. Most cases of unexpected bad outcomes have chronic in
sults in the placenta.” [49]. Effects of hypoxia and ischemia on the 
placenta include impaired villous development, reduced trophoblast 
invasion, and altered placental blood flow. There is an hypothesis that 

these changes are secondary to oxidative stress as a result of the 
abnormal remodeling of the uterine spiral arteries [50]. 

Abnormalities observable on gross inspection were more common in 
the placentas of children with a later diagnosis of cerebral palsy, espe
cially in those who had NE, than in controls [51]. 

Abnormal microscopic findings were also common in the placenta of 
neonates with NE [52] and included vasculopathy and/or placental 
inflammation that can be caused by infection or impaired immune 
tolerance [50,53,54]. Vasculopathy is associated with worse neuro
developmental outcomes and stillbirth, while thrombosis and decreased 
fetoplacental flow are significant independent factors for development 
of NE. Fetal vascular malperfusion (FVM) is a recent clinical term 
indicating a group of placental lesions causing reduced or absent 
perfusion of the villous parenchyma by the fetus. It is an important 
placental finding in NE[38], observed in 20% of neonates with NE and 
7% of controls (p=<.001) [38]. FVM is manifested as extensive avas
cular villi, necrotic fragments in the villous stroma, vascular thrombi, 
and abnormalities of the umbilical cord. Based on histological charac
teristics, FVM is thought to develop not later than 48 h before labor[38]. 
Abnormalities on electronic fetal monitoring were considerably more 
common in infants with NE whose placentas revealed FVM[38]. Infec
tion with an inflammatory fetal response (funisitis) is a strong predictor 
of severe NE in term neonates, while inflammation limited to the 
maternal side of the placenta (chorioamnionitis without funisitis) is less 
clearly related to neurological outcomes in neonates with NE[38,53,54]. 
High-grade villitis (patchy/diffuse villitis) has been associated with NE, 
neonatal seizures, intrauterine growth restriction, and placental hypo
plasia [53,54]. All samples with high-grade villitis had focal avascular 
villi and small infarcts. There is a higher risk of unfavorable neuro
developmental outcomes in neonates who experienced meconium 
aspiration accompanied by a high-grade villitis. In a retrospective cohort 
study, Mir et al. identified high-grade placental inflammatory villitis, a 
fetal lesion – but not chorioamnionitis, a maternal lesion– as an adverse 
factor in neurologic development[37]. In contrast, inflammatory 
placental lesions and maternal vascular malperfusion were not linked 
significantly with NE in the Vik et al. study, who have primarily asso
ciated vascular malperfusion of subacute or chronic origin on the fetal 
side of the placenta (i.e. FVM) with increased risk of NE [38]. What 
might underlie conflicting results about placental inflammation and NE 
in different studies has not been explored, but may include differences in 
the populations studied, the methodology employed or the interpreta
tion by the pathologist. 

5. Genetics, inflammation, epigenetics, transcriptomics, and 
metabolomics of NE 

5.1. Genetic markers 

Evidence is increasing that genetic factors are important in NE. A 
recent review makes it evident that the genetics and genomics influ
encing brain development may have a large role in NE and in cerebral 
palsy[42]. For example, an association has been reported of a single 
nucleotide polymorphism (SNP) rs1835740 with clinical complications 
at birth: neonates homozygous for the minor allele required resuscita
tion more frequently than the wild type neonates, and the proportion 
with a low Apgar score was higher in those with the minor allele[55]. 
Perhaps relevant to mechanism is that the SNP rs1835740 is involved in 
glutamate homeostasis and signaling and sensitizes to hypoxia to pro
duce glutamate concentration in the brain high enough to cause respi
ratory depression at birth[55]. In term neonates with a clinical diagnosis 
of NE, there was a correlation of abnormal findings on electroenceph
alography, transfontanellar ultrasound, and a mutation in the IL-6 
coding gene[56]. Carriers of the IL6 174G > C mutation (CC geno
type) were also more likely to have neurological symptoms compared to 
those with the IL-6 174 GC genotype [56]. Mutations in the MECP2 gene 
associated with X-linked Rett syndrome, can cause severe NE in boys[57, 
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58]. Affected infants present with microcephaly, hypotonia, motor dis
orders, and seizures, and suffer early mortality. 

5.2. Inflammation biomarkers 

Biomarkers play a potential role in the early diagnosis, assessment of 
response to treatment, and prognosis in NE[59]. Despite differing eti
ologies leading to NE, infants have a systemic inflammatory response, 
which appears proportional to the severity of NE. In addition, cytokine 
responses are predictive of MRI anomalies, seizures and neuro
developmental outcome in infants with NE[60–63]. Early neutrophilia 
has been associated with increased infarct size on MRI and, in a neonatal 
animal model of inflammation-sensitized hypoxic-ischemic brain injury, 
early neutrophil infiltration is critical in the injury process[64,65]. In 
human neonates, neutrophilia is associated with poor neurological 
outcome following NE[66]. However, inflammation has long been 
recognized as vital for its dual role in repair, as well as a trigger for 
neuronal damage in perinatal brain injury[67,68]. Perinatal inflamma
tion demonstrated by chorioamnionitis or elevated cord blood cytokines 
has been associated with NE, as well as longer term neuropsychiatric 
disorders[54]. Although cerebrospinal fluid biomarkers have previously 
been shown to be associated with adverse outcomes in the pre TH era, 
this has not been found post-TH[63], perhaps related the later timing of 
lumbar puncture after day 3 when TH is completed. 

Persistent systemic inflammation has been demonstrated in animal 
models of neonatal brain injury with elevated pro-inflammatory cyto
kines such as interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor ne
crosis factor-alpha (TNF-α) at day 7. TH delays the peak in 
proinflammatory cytokines in infants with NE randomized to TH versus 
normothermia[61], and sustained inflammation during the first week of 
life correlates with severity of NE[69]. The combination of infection and 
hypoxia/ischemia synergizes to increase the degree of brain injury[70, 
71]. Infection and inflammation have been implicated in both the eti
ology and the response to injury. 

Cytokine dysregulation has been found in school-aged children with 
CP who had brain injury in the neonatal period[72], with significantly 
higher monocyte TNF-α and toll like receptor (TLR)-4 expression. Numis 
et al.[73] demonstrated early changes in proinflammatory cytokines, 
such as IL-6 and TNF-α in the IL-1 β pathway, were associated with 
remote epilepsy in infants following NE. Perinatal inflammation is 
associated with many neuropsychiatric and neuro-psychological disor
ders. Fleiss et al. suggest that the injury processes can persist for months 
and years and propose a tertiary mechanism of damage, which includes 
inflammation and epigenetic changes[74]. 

IL-1β production is increased following hypoxic-ischemic injury and 
this injury is reduced by IL-receptor antagonist (IL-1RA) or by caspase 1 
[75], but was less effective in conjunction with hypothermia [76]. This 
pathway has also been implicated in numerous diseases like gout, Alz
heimer’s disease, obesity, and diabetes[77]. The inflammasomes are 
complex proteins in macrophages and neutrophils which play a funda
mental role in the production of inflammation in innate immunity and 
are formed by activation of the nucleotide-binding oligomerization 
domain like receptor family proteins (NLRP). NLRP3 is the most widely 
studied inflammasome and can be activated by microbes, LPS and fungi, 
and induce IL-1β secretion in the presence of adenosine triphosphate 
(ATP). Regulation of the NLRP3 inflammasome complex is described in 
3 possible ways: expression of the inflammasome complex, the amount 
of NLRP3 activators present and post-transcriptional modulation via 
microRNAs. 

MicroRNAs (miRNAs) are small non-coding RNA of 19–24 nucleo
tides, which have key gene regulatory activity in cell maintenance and 
homeostasis and rapid physiological and behavioral responses. Micro- 
RNAs have been studied in NE in cord blood and correlated with 
neonatal outcomes[78]. miR-223 downregulates NLRP3 to inhibit 
inflammation through caspase-1 and IL-1β, reduce brain edema and 
improve neurological functions[79]. The inflammasome pathway and 

miRNAs have been implicated in neonatal complications, such as BPD 
and cerebral injury, and therefore are potential targets for drug devel
opment. In a piglet model, mRNA and miRNA could differentiate be
tween a hypoxic or inflammation-sensitized hypoxic etiology. IL-10 
mRNA in particular was highest in inflammation and hypoxia and lowest 
in hypoxia alone. Several miRNAs were significantly increased within 6 
h in hypoxia [80]. Maternal blood hypoxia-regulated miRs can highlight 
at-risk pregnancies associated with fetal hypoxia, which may allow 
earlier intervention [81]. 

Further research should address the degree to which systemic in
flammatory responses can serve as biomarkers to predict outcome. In a 
preclinical model of HIE, there was evidence or persistent immune 
dysregulation and hyperactivity. Persistent cognitive defects were seen 
in a preclinical model. A more in-depth knowledge of dysregulated 
immune function will be required for the development of specific 
treatments. 

5.3. Epigenetics markers 

Epigenetic changes are heritable, functionally relevant changes to 
the genome that do not involve alteration of the DNA sequence. Epige
netic modifications, notably DNA methylation and demethylation, his
tone modifications, and miRNA, form stable gene expression patterns 
that, among others, enable cellular differentiation[57]. Epigenetics are 
susceptible to environmental influences: adverse stimuli, such as hyp
oxia, infection, and hemorrhage, may lead to epigenetic modifications 
during fetal brain development and increase the risk of perinatal 
neurological complications[82]. 

A complex epigenetic system regulates cellular response to hypoxia, 
with HIF-1ɑ as a major controlling factor. HIF-1ɑ signaling modifies the 
expression of a set of miRNAs, whereas HIF-1ɑ itself is controlled by 
various miRNAs. Furthermore, different miRNAs have been found to 
regulate numerous other processes present in hypoxia ischemia, ranging 
from inflammation to apoptosis to circadian rhythm disturbances 
following HIE[83].Transcriptomics is an analysis of the transcriptome or 
the complete set of RNA transcripts, both coding and non-coding. It 
provides an insight into the biological responses elicited by internal or 
external stimuli. Growing evidence suggests notable differences in 
transcriptomic signatures in neonates with NE, compared to healthy 
controls [84,85]. 

5.4. Transcriptomics 

Next-generation sequencing performed on whole blood RNA from 12 
infants with NE and healthy controls identified 950 genes that were 
expressed significantly differentially between the two groups. Pro
nounced differential expression was identified in several key regulators 
of the hypoxic response[85].The majority (71%) of these genes were 
under-expressed in NE, while 29% were over-expressed. None of the 950 
genes are known to be cold-inducible, making it unlikely that thera
peutic hypothermia caused these modifications. Analysis of tran
scriptomic profiles in 45 infants after NE identified 855 genes that were 
expressed significantly differently between favorable and poor clinical 
outcome groups. The genes with the most prominent expression differ
ences were Regulator of G-protein signaling 1 (RGS1), involved in 
immunomodulatory response to inflammation in the brain, and Struc
tural Maintenance Of Chromosomes 4 (SMC4), known to regulate 
chromosome organization[84]. 

5.5. Metabolomics 

Metabolic changes are the earliest response to hypoxic injury in NE. 
A disruption of glucose and oxygen supply launches a series of detri
mental biochemical events. Oxygen deprivation disturbs the normal 
functioning of the electron transport chain and tricarboxylic acid cycle, 
thus forcing a switch to anaerobic metabolism. ATP stores get depleted 
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quickly, causing the ion pumps to fail. Blockage of ionic transport leads 
to depolarization of a cellular membrane and accumulation of Ca2+, 
extracellular glutamate, and free radicals in the cell. All these events can 
culminate in cell death [86]. A recent study used untargeted metab
olomics to examine early metabolomic alterations in infants with peri
natal asphyxia who were resuscitated at birth and recovered quickly (PA 
n = 41), those who developed HIE (n = 30) and healthy controls (n =
71). [87]. Metabolomic pathway analysis of cord blood from revealed 29 
putatively annotated metabolic features that were significantly different 
in the perinatal asphyxia group, with eight of these also significant in the 
HIE group, compared to healthy controls. Pathway analysis in HIE group 
revealed alterations in 50% of the detected tryptophan pathway me
tabolites and 75% of the detected pyrimidine pathway metabolites 
versus healthy controls[87]. 

6. Research 

Most studies of risk factors for NE have focused chiefly or exclusively 
on factors present or absent during delivery or the immediate newborn 
period. Most such studies originate in specialty hospital units rather than 
in representative populations. Most do not indicate how much effort was 
made to identify characteristics such as family history of neurologic 
disease, maternal health history, pregnancy course or socioeconomic 
factors, all of which have been associated with NE risk in the only wide- 
ranging population-based study available to date, that from Western 
Australia, completed a quarter-century ago. [34]. There is serious need 
for such research, updated to include genetic investigation. 

Precision medicine and individualized therapies based on etiology, 
placental abnormalities, and genetics will be crucial to optimize 
adjunctive therapies. Future studies, including randomized trials of 
hypothermia plus adjunct therapies, need to collect common data ele
ments including placental descriptors. Longitudinal studies are greatly 
needed, incorporating genetic and genomic investigations. Large 
population-based registries should be utilized and – because several 
phenotypically differing forms of developmental disabilities are often 
present in the same sibship – investigations should combine registries for 
birth defects, CP, intellectual deficit, autism, psychiatric disorders, with 
one another and with genetic analysis. 

New research is also required to focus on biomechanisms and genes 
unique to the placenta, as recent studies indicate potentially powerful 
interactions between placenta and fetal/neonatal (and maternal) brain. 

7. Concluding remarks 

NE is an important clinical entity for which optimal diagnostic and 
therapeutic methods are still actively evolving. There are new diagnostic 
capabilities, some of which are not yet widely employed in perinatal 
medicine. Identification of useful biomarkers may be enhanced by 
advanced methodology, as rapid multiplexed micro-assays become 
feasible that require only tiny amounts of blood or other biologic ma
terials. CP is the outcome of one in four infants who survive NE, and 
strong genetic components are now recognized in the etiology. Genetic 
and genomic studies, in cooperation with teratology and developmental 
neurobiology, are likely to solve many mysteries in NE, and cast new 
light on recurring medicolegal issues. Studies employing appropriate 
research methodology indicate that in relatively high resource settings, 
the contribution of birth asphyxia to NE has been over-estimated, 
aberrant development manifested by birth defects including congen
ital microcephaly, abnormal fetal growth and/or genetic abnormalities 
is under-estimated and its mechanisms under-explored, information 
from the placenta markedly under-utilized, and genetic analysis of 
endophenotypes scarcely begun. We still have a lot to learn about what 
causes NE and what can be done about it. Is it time for an international 
and multidisciplinary Baby Brain Initiative? 

Practice points  

• Review family history of neurological disorders and consanguinity, 
previous babies with perinatal/neonatal death, neonatal encepha
lopathy and neurodevelopmental conditions including cerebral palsy 
and autism  

• For term and near-term neonates requiring NICU admission, submit 
placentas for examination. Follow up results, request expert 
consultation if in question.  

• Review maternal antenatal and perinatal records including maternal 
medical conditions such as thyroid disease, prenatal genetic testing, 
fetal biometry, delivery records and placental pathology which can 
provide insight into potential etiologies of NE 

• Consider evaluation for congenital infections based on the presen
tation of NE, imaging findings, laboratory assessment, and prior 
maternal testing.  

• Consider genome studies for etiology in babies with NE, if considered 
informative test parents as well 

Research directions  

• Seek a consensus on recommended workup for etiology of NE with 
focus on root causes, proposing both a minimal workup and a 
preferred more extensive workup.  

• In representative populations, studies of NE that are prospective or in 
registries, examining etiologic information and clinical features of 
NE, co-morbidities in the newborn period (especially birth defects 
and aberrant fetal growth) and at outcome, placental features, and 
genetics/genomics. 
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