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ABSTRACT:

Neonatal hypoxic-ischemic encephalopathy (HIE) is a major cause of neonatal mortality and long-term
neurodevelopmental disability worldwide, particularly in low- and middle-income countries. It results from
impaired cerebral perfusion and oxygen delivery during the perinatal period, initiating a complex and
evolving cascade of metabolic failure, excitotoxicity, oxidative stress, inflammation, and cell death. The
pathophysiology of HIE is now understood as a dynamic process comprising primary energy failure, a latent
phase, secondary injury, and a prolonged tertiary phase characterized by chronic neuroinflammation and
impaired brain repair. This evolving understanding has led to the identification of critical therapeutic
windows for intervention.

Therapeutic hypothermia remains the cornerstone of treatment and has significantly reduced mortality and
neurodevelopmental impairment in infants with moderate to severe HIE. However, its neuroprotective
effects are incomplete, and a substantial proportion of survivors continue to experience adverse outcomes,
including cerebral palsy, epilepsy, cognitive deficits, and behavioral disorders. Consequently, there is
growing interest in adjunctive neuroprotective strategies targeting multiple pathways of injury. Emerging
therapies such as erythropoietin, melatonin, allopurinol, and stem cell-based interventions have
demonstrated promising neuroprotective potential in preclinical and early clinical studies.

Advances in neuroimaging, electrophysiological monitoring, and biomarker discovery are improving early
diagnosis, risk stratification, and prognostication. Despite these developments, significant challenges
remain, particularly in resource-limited settings where access to timely and effective interventions is
constrained. A comprehensive approach integrating early identification, multimodal neuroprotection, and
long-term neurodevelopmental follow-up is essential. Continued research focusing on precision medicine,
combination therapies, and equitable healthcare delivery will be critical to improving outcomes for infants
affected by HIE.
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INTRODUCTION: recognized, further contributing to long-term

Neonatal hypoxic-ischemic encephalopathy (HIE) is
a serious and often devastating neurological
condition resulting from impaired cerebral perfusion
and oxygen delivery during the perinatal period. It
represents one of the leading causes of neonatal
mortality and long-term neurodevelopmental
disability worldwide, particularly in low- and
middle-income countries where access to timely
obstetric and neonatal care remains limited (1)(3).
Clinically, HIE is characterized by a constellation of
neurological abnormalities, including altered
consciousness, hypotonia or hypertonia, seizures,
and impaired reflexes, typically manifesting within
the first hours to days of life (1).

The global burden of HIE remains substantial, with
an estimated incidence of 1-3 per 1,000 live births
in high-income settings, rising to 10-20 per 1,000
live births in resource-limited regions (2)(3). These
disparities reflect differences in perinatal care,
including delays in recognizing fetal distress, limited
access to emergency obstetric interventions, and
inadequate  neonatal  resuscitation facilities.
Importantly, even in well-resourced healthcare
systems, HIE continues to contribute significantly to
neonatal intensive care admissions and long-term
morbidity.

The pathogenesis of HIE is complex and
multifactorial, involving a sequence of events that
begins with an acute hypoxic-ischemic insult and
evolves over time into a cascade of secondary and
tertiary injury processes. Historically, HIE was
viewed as a single, acute event; however, advances
in experimental and clinical research have redefined
it as a dynamic and evolving condition with multiple
therapeutic windows (4)(7). The initial phase of
energy failure is followed by a latent period and
subsequent secondary deterioration, characterized
by excitotoxicity, oxidative stress, mitochondrial
dysfunction, and inflammation. More recently, a
tertiary phase involving chronic neuroinflammation
and impaired brain repair mechanisms has been

neurological sequelae (7).

Over the past two decades, the introduction of
therapeutic hypothermia has marked a major
milestone in the management of HIE. By targeting
key pathways in the secondary phase of injury,
hypothermia has been shown to reduce mortality and
improve neurodevelopmental outcomes in infants
with moderate to severe encephalopathy (10).
Nevertheless, its protective effects are incomplete,
with a significant proportion of treated infants still
developing adverse outcomes, including cerebral
palsy, epilepsy, and cognitive impairment (12). This
underscores the need for adjunctive therapies and a
deeper understanding of the underlying mechanisms
of injury.

In parallel, there has been growing interest in the role
of inflammation, oxidative stress, and immune
dysregulation in amplifying neuronal injury. These
insights have paved the way for novel
neuroprotective strategies, including pharmacologic
agents such as erythropoietin and melatonin, as well
as regenerative approaches like stem cell therapy
(6)(9). At the same time, advances in neuroimaging,
electrophysiological monitoring, and biomarker
discovery are enhancing our ability to diagnose HIE
early, assess injury severity, and predict long-term
outcomes.

Given the evolving understanding of HIE as a
multifaceted, time-dependent process, a
comprehensive, integrative approach to its
management is essential. This includes not only
acute  neuroprotection but also long-term
surveillance and rehabilitation to address the broad
spectrum of neurodevelopmental impairments
associated with the condition.

This narrative review aims to provide an updated

overview of  neonatal hypoxic-ischemic
encephalopathy, focusing on its underlying
pathophysiological mechanisms, current and

emerging neuroprotective strategies, and long-term
neurodevelopmental outcomes. By synthesizing
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recent evidence, this review seeks to highlight key
advances, identify existing gaps, and outline future
directions to improve outcomes for affected infants.

Pathophysiology of Hypoxic-Ischemic
Encephalopathy:
Primary Energy Failure

The initial insult in HIE involves reduced cerebral
blood flow and oxygen deprivation, leading to
impaired oxidative phosphorylation and rapid
depletion of adenosine triphosphate (ATP) (4). This
energy failure disrupts ion gradients, resulting in
cellular depolarization, calcium influx, cytotoxic
edema, and neuronal necrosis (5).

Secondary Energy Failure

Following a transient recovery phase, a delayed
secondary phase of injury occurs within hours to
days. This phase is characterized by:

Excessive glutamate release (excitotoxicity)
Intracellular calcium overload

Generation of reactive oxygen species (ROS)
Mitochondrial dysfunction

Activation of apoptotic pathways (4)(6)

This phase represents a critical therapeutic window
for neuroprotective interventions.

Tertiary Phase (Chronic Injury)

Recent evidence highlights a prolonged tertiary
phase involving persistent inflammation, gliosis, and
impaired neurogenesis, contributing to long-term
brain injury and neurodevelopmental deficits (7).
Chronic microglial activation and epigenetic
changes further exacerbate neuronal loss.

Role of Inflammation and Oxidative Stress
Inflammatory cytokines and oxidative stress play

central roles in amplifying neuronal injury.
Reperfusion injury following restoration of blood

flow further worsens cellular damage through
oxidative mechanisms (8)(9).

Neuroprotective Strategies
Therapeutic Hypothermia (Standard of Care)

Therapeutic hypothermia (TH) remains the only
evidence-based standard therapy for moderate to
severe neonatal hypoxic-ischemic encephalopathy.
Current protocols involve whole-body or selective
head cooling to 33-34°C initiated within 6 hours of
birth and maintained for 72 hours, followed by
controlled rewarming. The neuroprotective effect of
TH is primarily mediated through attenuation of
secondary energy failure, reduction of cerebral
metabolic demand, suppression of excitotoxic
neurotransmitter release, stabilization of
mitochondrial  function, and inhibition of
inflammation and apoptosis.

The efficacy of TH was established through several
landmark randomized controlled trials. The CoolCap
trial demonstrated a reduction in death or severe
disability = among infants with  moderate
encephalopathy treated with selective head cooling
(13). Similarly, the NICHD Neonatal Research
Network trial showed that whole-body hypothermia
significantly reduced the combined endpoint of
death or moderate-to-severe disability at 18 months
(14). The TOBY trial further confirmed improved
survival without neurological disability in cooled
infants compared with standard care (15).
Subsequent Cochrane meta-analyses demonstrated
that TH  reduces mortality and major
neurodevelopmental  disability in  survivors,
establishing TH as the global standard of care for
eligible term and near-term neonates with HIE (16).

Despite these advances, TH provides incomplete
neuroprotection. Long-term follow-up studies
indicate that approximately 30-50% of treated
infants continue to experience adverse outcomes,
including cerebral palsy, epilepsy, cognitive
impairment, and behavioral dysfunction (12)(15).
Moreover, the efficacy of TH in low- and middle-
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income countries has been inconsistent, possibly due
to delayed initiation, coexisting infection,
malnutrition, and differences in neonatal intensive
care infrastructure. The HELIX trial notably
reported no benefit and potential harm associated
with hypothermia in some low-resource settings,
highlighting the importance of context-specific
implementation strategies (17).

Although TH remains the cornerstone of
management, these limitations have accelerated
interest in adjunctive neuroprotective therapies
targeting complementary injury pathways.

Emerging Neuroprotective Therapies
Erythropoietin (EPO)

Erythropoietin (EPO) has attracted significant
interest because of its anti-apoptotic, anti-
inflammatory, antioxidant, and neuroregenerative
properties. Experimental studies demonstrated that
EPO may reduce neuronal death, enhance
oligodendrocyte survival, and promote neurogenesis
after hypoxic-ischemic injury. Early phase clinical
studies also suggested improved neurological
outcomes when EPO was combined with therapeutic
hypothermia.

However, more recent high-quality evidence has
tempered initial enthusiasm. The HEAL trial, a large
multicenter randomized controlled trial involving
501 infants with HIE treated with hypothermia,
found that high-dose EPO did not significantly
reduce death or neurodevelopmental impairment at
22-36 months compared with placebo (18).
Additionally, concerns regarding increased serious
adverse events were raised. Consequently, although
EPO remains biologically promising, current
evidence does not support its routine clinical use
outside research settings. Ongoing studies are
evaluating alternative dosing strategies, timing of
administration, and combination approaches.

Melatonin

Melatonin acts as a potent antioxidant and anti-
inflammatory agent, reducing oxidative stress-
mediated neuronal injury (6).

Allopurinol

Allopurinol acts by inhibiting xanthine oxidase,
thereby reducing the generation of reactive oxygen
species during reperfusion injury. Preclinical studies
suggested that allopurinol may attenuate oxidative
stress-mediated neuronal injury when administered
shortly after hypoxic exposure.

Nevertheless, clinical evidence remains
inconclusive. The ALBINO trial, a large multicenter
phase III randomized controlled trial evaluating
early allopurinol administration in neonates with
suspected perinatal asphyxia, failed to demonstrate a
significant reduction in death or severe
neurodevelopmental impairment (19). Although
subgroup analyses and mechanistic studies continue
to explore its potential role, current evidence does
not support the routine use of allopurinol as standard
neuroprotective therapy in HIE.

Stem Cell Therapy

Umbilical cord blood and mesenchymal stem cells
are being explored for their regenerative potential
and ability to modulate inflammation (9).

Caffeine and Other Agents

Caffeine citrate and other neuroactive agents are
under investigation for their potential to improve
cerebral perfusion and reduce injury (6).

Combination Therapies

Given the multifactorial pathophysiology of HIE,
combination therapies that simultaneously target
multiple injury pathways are increasingly viewed as
a necessary strategy to achieve more complete
neuroprotection. Therapeutic hypothermia alone
primarily attenuates secondary energy failure but
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does not fully suppress inflammation, oxidative
stress, or tertiary-phase injury processes.

Several combination approaches are currently under
investigation. Melatonin combined with
hypothermia has shown synergistic antioxidant and
anti-inflammatory effects in experimental models,
and an ongoing phase III trial (NCT02621944) is
evaluating its clinical efficacy. Xenon combined
with  hypothermia has also demonstrated
neuroprotective potential through NMDA receptor
antagonism, although clinical studies have produced
mixed results regarding long-term benefit.
Regenerative approaches such as the COMET trial
are exploring the use of umbilical cord blood-
derived cell therapy alongside hypothermia to
enhance repair and neuroregeneration.

The  growing emphasis on  multimodal
neuroprotection reflects the recognition that HIE
evolves through overlapping injury mechanisms
extending beyond the immediate post-asphyxia
period. Future therapeutic paradigms will likely
involve individualized combinations of
hypothermia,  pharmacologic = neuroprotection,
immunomodulation, and regenerative therapies.

Long-Term Neurodevelopmental Outcomes
Cognitive and Motor Impairment

Long-term neurodevelopmental impairment remains
common among survivors of neonatal HIE despite
advances in neonatal intensive care and therapeutic
hypothermia. Cerebral palsy represents one of the
most severe motor sequelae, particularly among
infants with basal ganglia and thalamic injury
patterns on MRI. Follow-up studies from the TOBY
and NICHD cohorts demonstrated that moderate-to-
severe HIE is strongly associated with impaired
motor function, reduced IQ scores, executive
dysfunction, and learning difficulties during
childhood (15)(20).

The severity of neurodevelopmental impairment
correlates closely with both the extent and

anatomical distribution of brain injury. Watershed-
predominant injury patterns are more frequently
associated with cognitive and behavioral deficits,
whereas deep nuclear injury is strongly associated
with motor disability and cerebral palsy.
Importantly, even children without overt motor
impairment may later demonstrate subtle deficits in
attention, processing speed, memory, and academic
performance, emphasizing the need for long-term
developmental surveillance.

Epilepsy

HIE is a major cause of neonatal seizures and
increases the risk of chronic epilepsy due to cortical
injury and abnormal neuronal circuitry (1).

Behavioral and Psychiatric Outcomes

Increasing evidence suggests that survivors of
neonatal HIE are at elevated risk for long-term
behavioral and psychiatric disorders extending
beyond traditional motor deficits. Longitudinal
follow-up studies have identified increased rates of
attention-deficit/hyperactivity disorder (ADHD),
autism spectrum disorder traits, anxiety, emotional
dysregulation, and social communication difficulties
among school-aged children with prior HIE
exposure (20)(21).

Notably, these impairments may emerge even in
children who demonstrate relatively preserved early
motor development, suggesting that subtle cortical
and network-level injuries may contribute to later
neuropsychiatric dysfunction. Van Handel et al.
reported that survivors of neonatal encephalopathy
frequently exhibit impairments in attention,
executive functioning, and behavioral regulation
during adolescence, while follow-up analyses from
hypothermia trials have demonstrated persistent
cognitive and psychosocial vulnerabilities despite
improved survival outcomes (21)(22).

These findings highlight the importance of long-
term multidisciplinary follow-up that includes
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neuropsychological and behavioral assessment in
addition to conventional neurological evaluation.

Prognostic Tools

Accurate early prognostication remains essential in
HIE to guide therapeutic decision-making, counsel
families, and identify infants requiring long-term
follow-up. Magnetic resonance imaging (MRI),
particularly diffusion-weighted imaging performed
during the first week of life, remains one of the most
reliable predictors of neurodevelopmental outcome.
MRI injury patterns involving the basal ganglia,
thalami, posterior limb of the internal capsule, and
watershed cortex strongly correlate with later motor
and cognitive impairment (23).

Amplitude-integrated electroencephalography
(aEEG) is widely used for bedside neurological
monitoring and early seizure detection. Systematic
reviews have demonstrated that severely abnormal
background patterns and delayed normalization of
aEEG are associated with increased risk of death and
neurodevelopmental disability (23). However, the
predictive accuracy of aEEG may be modified by
therapeutic hypothermia and sedative exposure.

Biomarker research is also rapidly evolving. Serum
neuron-specific enolase (NSE), S100B protein, glial
fibrillary acidic protein (GFAP), inflammatory
cytokines, and circulating microRNAs have
demonstrated potential utility for early risk
stratification and prognostication. Although none are
currently established as standalone clinical tools,
integration of  biochemical markers with
neuroimaging and electrophysiological monitoring
may improve precision-based prognostic assessment
in the future.

FUTURE DIRECTIONS:

Future progress in hypoxic-ischemic
encephalopathy (HIE) management will depend on
earlier diagnosis, precision medicine, and
multimodal neuroprotection. Emerging biomarkers
such as neuron-specific enolase, S100B, GFAP, and

microRNAs may improve early detection and
prognostication before irreversible injury occurs.
Optimizing therapeutic hypothermia in low- and
middle-income  countries through affordable
technologies and context-specific protocols remains
another major priority.

Combination therapies integrating hypothermia with
agents such as erythropoietin, melatonin, xenon, and
stem cell-based treatments may provide synergistic
neuroprotection by targeting multiple injury
pathways simultaneously. Regenerative medicine,
particularly mesenchymal stem cells and umbilical
cord blood-derived cells, also shows promise in
promoting neurorepair and neurogenesis.

Advances in neuroimaging, EEG analysis, and
artificial intelligence may further enhance early
outcome prediction and individualized treatment
planning. In addition, recognition of the tertiary
phase of brain injury highlights the importance of
long-term neurodevelopmental surveillance and
interventions targeting chronic neuroinflammation
and impaired synaptic plasticity.  Finally,
multidisciplinary and family-centered care models
will be essential to improve long-term functional and
psychosocial outcomes for affected children and
their families.

CONCLUSION:

Neonatal hypoxic-ischemic encephalopathy remains
a major cause of neonatal mortality and long-term
neurological disability, driven by a complex cascade
of metabolic, inflammatory, and apoptotic injury.
Although therapeutic hypothermia has significantly
improved outcomes, its benefits are incomplete, and
many infants continue to experience adverse
neurodevelopmental sequelae (10)(12).

Advances in understanding the evolving phases of
brain injury have highlighted new therapeutic
windows and opportunities for intervention.
Emerging  strategies, including  adjunctive
pharmacologic agents and regenerative therapies,
alongside improvements in early diagnosis and
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prognostication, offer promising avenues to enhance
neuroprotection.

A comprehensive approach that integrates early
identification, multimodal treatment, and long-term
neurodevelopmental  follow-up is  essential.
Continued research and equitable implementation of
effective therapies will be critical to improving
outcomes, particularly in resource-limited settings
where the burden of HIE remains highest
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