
TYPE Mini Review

PUBLISHED 28 February 2025

DOI 10.3389/fcogn.2025.1565759

OPEN ACCESS

EDITED BY

Terry McMorris,

University of Chichester, United Kingdom

REVIEWED BY

Olga Mikhailovna Bazanova,

Federal Research Center of Fundamental and

Translational Medicine, Russia

Terry McMorris,

University of Chichester, United Kingdom

*CORRESPONDENCE

Nafiseh Shabani

nafiseh.shabani@unimib.it

RECEIVED 23 January 2025

ACCEPTED 12 February 2025

PUBLISHED 28 February 2025

CITATION

Shabani N and Proverbio AM (2025) Neonatal

hypoxia: impacts on the developing mind and

brain. Front. Cognit. 4:1565759.

doi: 10.3389/fcogn.2025.1565759

COPYRIGHT

© 2025 Shabani and Proverbio. This is an

open-access article distributed under the

terms of the Creative Commons Attribution

License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the

copyright owner(s) are credited and that the

original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

Neonatal hypoxia: impacts on the
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This review examines the cognitive, emotional, and neurofunctional e�ects of

neonatal hypoxia in both the short and long term. Neonatal hypoxic-ischemic

encephalopathy (NHIE) is a critical condition with profound and lasting

e�ects on brain development and function. This mini review examines the

structural, cognitive, behavioral, and psychopathological outcomes associated

with NHIE, highlighting its impact on neurodevelopment. NHIE is linked to

structural abnormalities such as reduced white matter integrity, ventricular

enlargement, and damage to key regions including the basal ganglia,

hippocampus, and corpus callosum. These changes correlate with long-term

impairments in cognition, memory, and motor skills, alongside elevated risks

of neurodevelopmental disorders such as autism spectrum disorder (ASD)

and attention deficit/hyperactivity disorder (ADHD). Behavioral and emotional

challenges, including anxiety, depression, and mood instability, are also

prevalent. This review underscores the significant and multifaceted impact

of NHIE on neurodevelopmental and behavioral health, emphasizing the

importance of developing methodologies to eliminate or minimize neonatal

hypoxic states as much as possible.
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Introduction

It has been widely demonstrated in adults that hypoxia significantly impacts
neurocognitive function, leading to alterations in behavior and brain activity. Evidence
from neuroimaging studies highlights structural and functional changes, shedding light
on the mechanisms underlying these deficits (Zani et al., 2024). On the other hand,
neonatal hypoxia, a lack of oxygen occurring to the brain before or shortly after birth,
is one of the most common complications during childbirth, particularly in cases of
complications such as umbilical cord compression or placental abruption. It remains
a significant threat to neonatal health, even in developed countries. This condition is
particularly critical, as timely and skilled medical intervention within minutes can prevent
death or life-long disability.

The severity of hypoxia plays a critical role in neonatal outcomes, as oxygen deprivation
can initiate a cascade of cellular dysfunction, including excitotoxicity, oxidative stress,
and mitochondrial impairments (Juul and Ferriero, 2014). Neonatal Hypoxic-Ischemic
Encephalopathy (NHIE), a severe manifestation of reduced blood and oxygen flow to the
brain during pregnancy or birth, often results in significant brain damage (Abusaleem
et al., 2024). This condition can lead to acute or subacute brain injury, highlighting
its critical impact on neonatal health. The global incidence of NHIE varies within and
between countries, in developed countries, the prevalence of HIE is estimated at 1–3
per, 1000 live births (Ristovska et al., 2022). While in developing country, the incidence
can be much higher, ranging from 5 to 40 per 1,000 births (Korf et al., 2023). Despite

Frontiers inCognition 01 frontiersin.org

https://www.frontiersin.org/journals/cognition
https://www.frontiersin.org/journals/cognition#editorial-board
https://www.frontiersin.org/journals/cognition#editorial-board
https://www.frontiersin.org/journals/cognition#editorial-board
https://www.frontiersin.org/journals/cognition#editorial-board
https://doi.org/10.3389/fcogn.2025.1565759
http://crossmark.crossref.org/dialog/?doi=10.3389/fcogn.2025.1565759&domain=pdf&date_stamp=2025-02-28
mailto:nafiseh.shabani@unimib.it
https://doi.org/10.3389/fcogn.2025.1565759
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcogn.2025.1565759/full
https://www.frontiersin.org/journals/cognition
https://www.frontiersin.org


Shabani and Proverbio 10.3389/fcogn.2025.1565759

advancements in neonatal care, NHIE remains a major medical
concern worldwide. The mortality rate of NHIE is high, as
it is one of the leading causes of newborn deaths. In severe
cases, around half of affected infants either do not survive or
develop severe neurological complications such as cerebral palsy,
and cognitive and learning impairment and emotional difficulties
(Namusoke et al., 2018; Korf et al., 2023). The consequences of
NHIE can be devastating, including lifelong impairments such as
autism, cerebral palsy (CP), visual deficits, and other neurological
disorders. It is associated with a high risk of brain injury and
long-term neurological and neurodevelopmental impairments,
including cognitive impairment, behavioral and sensory deficits
(Van Handel et al., 2007; Ouwehand et al., 2020; Schreglmann
et al., 2020). In addition to mortality, nearly 60% of NHIE cases
result in severe disability such as CP (Edoigiawerie et al., 2024).
Furthermore, the neonatal brain exhibits regional vulnerability,
with the basal ganglia, thalamus, and hippocampus, corpus
callosum being particularly prone to damage (Khwaja and Volpe,
2008; Lemmon et al., 2017; Spencer et al., 2023). Long-term
neurodevelopmental outcome depends on the severity of NHIE:
while severe NHIE significantly increases the risk of mortality
and neurodevelopmental issues, mild or moderate NHIE might
face a better prognosis and outcomes are more variable. Deficits
in the absence of CP or major disability may include intellectual
impairments, specific memory and verbal problems, and difficulties
in executive functions, behavior, and social competence (Perez
et al., 2013). Therapeutic hypothermia (TH) is the standard
treatment for moderate to severe NHIE, effectively reducing the
risk of death and severe brain damage in infants by 18–24
months and improving cognitive outcomes into school age. Despite
variability in outcomes, particularly for moderate NHIE, TH
remains a crucial intervention, enhancing survival and mitigating
severe disabilities in neonates (Abusaleem et al., 2024; Schreglmann
et al., 2020).

NHIE not only affects the infants but also places a heavy burden
on their families and society. Global research efforts are crucial
to reducing its occurrence and improving treatment outcomes.
The present review synthesizes current evidence regarding the
effects of NHIE on brain development and cognitive, behavioral
and psychopathological outcomes, drawing on recent findings to
elucidate underlying mechanisms and therapeutic approaches.

Methodology

Articles were collected from the following databases: PubMed,
SCOPUS, Web of Science, and Google Scholar to identify relevant
studies. The search strategy involved Pubmed Medical Subject
Heading (MeSH) terms and keywords including “Hypoxic-
ischemic encephalopathy,” “Neonatal,” “Cognitive function,”
“Hypoxia,” “Brain abnormalities,” “Neurodevelopmental,”
“Behavioral ability,” “Mood disorders,” “Autism spectrum disorder
(ASD),” and “Attention deficit/hyperactivity disorder (ADHD).”
Studies were included based on specific criteria. Eligible studies had
to investigate the relationship between neonatal HIE and cognitive
impairment, regardless of research design, including participants
with a confirmed NHIE diagnosis. Only full-text publications
in English that examined human trials were considered. To

ensure relevance and up-to-date findings, we mainly focused on
recent published papers describing hypoxia-related injuries in
different regions of the brain and their consequences and range of
severity in NHIE patients. The selected studies were analyzed, and
relevant data were extracted to create summary tables providing
a qualitative assessment of study components and outcomes. The
most suitable approach for synthesizing and interpreting the data
for this mini-review was determined after data collection.

Hypoxia-dependent structural
abnormalities in infancy

Table 1 presents the most common neurological damages and
structural abnormalities associated with neonatal hypoxia. As
noted by Im et al. (2024), cognitive and behavioral challenges
are frequently associated with structural anomalies, such as
reduced corpus callosum volume, decreased brainstem volume and
increased ventricular size, leading to delayed neurodevelopmental
outcomes (Im et al., 2024; Huntingford et al., 2024). Atypical
signal intensities in the basal ganglia and thalamus strongly predict
severe NHIE and adverse neurodevelopmental outcomes at 18–
24 months, with deep brain lesions in these regions being key
indicators of abnormal neurodevelopment. Furthermore, magnetic
resonance imaging (MRI) studies revealed significant changes,
including reduced white matter integrity and abnormalities in
axonal structures such as the corpus callosum (Bonkowsky and
Son, 2018). Perez et al. (2013) found that children with NHIE,
even without severe disabilities, faced higher risks of intellectual,
verbal, and motor deficits. Their MRI findings revealed that
watershed injuries (e.g., damage at the cortical junctions between
anterior and middle cerebral artery territories due to reduced
blood flow) were strongly associated with poorer verbal and
intellectual outcomes, while severe basal ganglia and thalamic
injuries correlated with worse prognoses in children with major
disabilities. The basal ganglia/thalamus pattern is linked to
severe motor and cognitive impairments, whereas the watershed-
predominant pattern is a predominant pattern more commonly
associated with cognitive deficits in the absence of functional
motor impairments (Barnett et al., 2002). Similarly, Dimitrova et al.
(2021) reported that increased ventricular volume predicted poorer
motor and language outcomes in preterm infants. Erdi-Krausz
et al. (2021) further examined school-aged children (ages 5–7) with
NHIE, revealing higher rates of minor neurological dysfunction,
suboptimal Movement Assessment Battery for Children-2 (MABC-
2) scores (Henderson et al., 1992), and elevated inattention,
which inversely correlated with motor performance. Neuromotor
challenges, particularly in manual dexterity and balance, were
prominent, aligning with parental concerns about motor skills in
daily activities.

Hypoxia-related neurodevelopmental and
cognitive disabilities

Edmonds et al. (2020) examined behavioral, cognitive, and
neurological outcomes in children without CP at age 2 following
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TABLE 1 Structural abnormalities in NHIE.

Brain area Damage/
abnormality

Primary
consequence

Additional notes References

Corpus callosum Reduced volume Cognitive and behavioral
challenges

Highlights structural anomalies as key
predictors

Im et al., 2024

Brainstem Reduced volume Delayed neurodevelopmental
outcomes

Neurodevelopmental delays often tied
to motor and cognitive skills

Im et al., 2024; Badawi et al.,
2006

Ventricles Increased size Poorer motor and language
outcomes

Increased ventricular size correlates
with neurodevelopmental delays in
preterm infants

Im et al. (2024)

Basal Ganglia Thalamus Atypical signal
intensities

Severe motor and cognitive
impairments

Strong predictors of adverse outcomes at
18–24 months, especially in NHIE cases

Ouwehand et al., 2020; Perez
et al., 2013; Hortigüela et al.,
2024

Watershed areas Watershed injuries Poor verbal and intellectual
outcomes

Typically associated with cognitive
impairments in the absence of motor
deficits

Perez et al., 2013

Frontal cortex, thalamus,
brainstem

Reduced serotonin levels Increased risk of psychiatric
disorders (e.g., schizophrenia,
depression)

Neuroinflammation and neuronal
degeneration significantly reduce
serotonin levels

Wixey et al., 2011; Nosarti
et al., 2014

Temporal Lobes
(Hippocampus,
Amygdala)

Temporal-prefrontal
connectivity damage

Disruption in memory,
emotional regulation, stress
responses

Implicated in psychotic symptoms and
early neurodegenerative changes like
Alzheimer’s

Cannon et al., 2002; Nalivaeva
et al., 2018

NHIE treated with TH, Children with minor neurological signs
demonstrated lower cognitive, language, and motor scores and
higher scores on Child Behavior Checklist (CBCL) (Achenbach
and Edelbrock, 1993). They also had increased parent-reported
sleep issues and elevated anxiety/depression subscale scores, with
trends toward significance in emotional reactivity and somatic
complaints. These findings highlight that minor neurological signs
are associated with broader developmental like slightly higher
autistic trait ratings inQuantitative Checklist for Autism in Toddlers

scores (Magiati et al., 2015; Edmonds et al., 2020). Furthermore,
Edmonds et al. (2021) later found how memory impairments are
also a prominent feature, with significant difficulties observed both
in objective measures, such as the Rivermead Behavioral Memory

Test (Wilson et al., 1991), and in real-life scenarios, where parents
and teachers report frequent issues, such as forgetting instructions
and losing track of tasks (Edmonds et al., 2021). In a cohort
study conducted by Hortigüela et al. (2024), neurodevelopmental
outcomes were evaluated at 3 years of age in children that
suffered from moderate to severe NHIE treated with TH. Their
findings indicated that a considerable proportion of survivors
experienced adverse outcomes, including sensory impairments,
epilepsy, cerebral palsy, and developmental delays. They identified
that 14.2% of patients exhibited minor motor impairments (MMI),
reflecting a shift from severe to milder motor impairments due to
the effectiveness of TH. Notably, half of the patients with MMI also
experienced broader neurodevelopmental delays, such as motor
and language challenges (Martinez et al., 2014). While less severe
than cerebral palsy, MMI affected daily activities, manifesting
as subtle coordination difficulties and delayed motor milestones.
Schreglmann et al. (2020) reviewed of follow-up focused on cohorts
aged 4 years and older found that many children with NHIEwho do
not develop cerebral palsy (CP) are at a heightened risk of cognitive
impairments. These challenges are most pronounced in domains
such as attention, language, and executive functions, with minimal
evidence available concerning associated behavioral issues.

Later in a longitudinal study indicated that children with an
average age of 6.25 years (range 5.5, 7.33) who experienced NHIE
are at increased risk for cognitive impairments, including deficits
in working memory, processing speed, problem-solving, and
attentional problems, with intelligence emerging as a distinguishing
factor between NHIE survivors and their peers (Cainelli et al.,
2021). Then Erdi-Krausz et al. (2021) further examined school-
aged children (ages 5–7) with NHIE, revealing higher rates of
minor neurological dysfunction, suboptimalMovement Assessment

Battery for Children-2 (MABC-2) scores, and elevated inattention,
which inversely correlated with motor performance. Neuromotor
challenges, particularly in manual dexterity and balance, were
prominent, aligning with parental concerns about motor skills in
daily activities.

In another study, children aged 6–8 years who underwent TH
for NHIE without developing CP were the focus of the study
by Lee-Kelland et al. (2020). They revealed cognitive deficits in
this group, with IQ scores averaging 14 points lower, particularly
in perceptual reasoning and processing speed, while verbal IQ
was less affected, thus emphasizing the need for peer-based
comparisons rather than relying solely on standardized test norms,
given the higher proportion of subnormal IQ scores. Based on
Movement Assessment Battery for Children-2 (MABC-2) scores,
Motor impairments were also notable, NHIE had significantly
lower total MABC-2 scores than controls, indicating overall poorer
motor performance and delayed independent walking.

Perez et al. (2013) examined a cohort of school and
teenage age children ranging from 8 to 15 years old (on
average 11 years) with a history of NHIE (not treated with
TH) who had survived without developing CP. Despite the
absence of major disabilities such as severe CP or intellectual
disability, children with NHIE were at increased risk for
intellectual deficits, with lower IQ scores, particularly affecting
verbal and performance IQ, and higher rates of learning
disabilities. Motor impairments were also more prevalent, with
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TABLE 2 Common NHIE-related psychiatric deficits.

Severity of NHIE Psychiatric disorder Reasons Reference

Moderate/severe Anxiety and depression and aggressive
behavior

Promotes inflammation, mitochondrial dysfunction,
and serotonin deficiency

Hortigüela et al., 2024; Burtscher
et al., 2022

Moderate/severe Higher rates of externalizing problems
and sleep difficulties

– Edmonds et al., 2020

Moderate/severe Increased risk of mood disorders,
particularly anxiety and depression

– Álvarez-García et al., 2022

Severe Attention-deficit/hyperactivity disorder
(ADHD)

– Getahun et al., 2013

Moderate/severe Autism spectrum disorder (ASD) Reduces serotonin (5-HT) levels in frontal cortex,
thalamus, and brainstem. Promotes neuroinflammation
and serotonergic neural degeneration

Getahun et al., 2017; Wixey et al.,
2011

Moderate Autism spectrum disorder (ASD) Reduced white matter integrity and abnormalities in
axonal structures such as the corpus callosum

Bonkowsky and Son, 2018

Severe Depression and schizophrenia Reduced gray matter. Increased cerebrospinal fluid in
the temporal lobes. Ventricular enlargement

Nosarti et al., 2014

Moderate/mild Disrupts memory, emotional regulation,
and stress responses

Damage to the hippocampus and amygdala Cannon et al., 2002

Moderate/severe Hyperactivity, anxiety, and depression – Lee-Kelland et al., 2020

Moderate/mild sleep-related issues – Ding et al., 2016

up to a threefold increase in poor performance (Perez et al.,
2013).

Psychiatric and psychopathological deficits
following NHIE

Among the most common psychiatric deficits (listed in Table 2)
are sleep and mood disorders, personality disorders, ADHD,
aggressiveness, anxiety, depression, autism and schizophrenia. For
example, Edmonds et al. (2020) examined behavioral, cognitive,
and neurological outcomes in a clinical cohort of children without
CP at age 2 years following NHIE. Their findings suggest that
while performance on the standardized assessment comprising
developmental measures was comparable to the general population,
children who suffered from neonatal hypoxia exhibited higher rates
of externalizing problems and sleep difficulties (Edmonds et al.,
2020). Ding et al. (2016) investigated the sleep qualities of 2-year-
old NHIE children with varying degrees of NHIE conditions and
identified distinct sleep-related issues associated with mild and
moderate hypoxia and found that children with moderate NHIE
were more prone to sleep initiation and maintenance difficulties,
as well as sleep-related breathing problems. Again, children with
mild hypoxia experienced challenges maintaining regular circadian
rhythms (Ding et al., 2016).

The study by Hortigüela et al. (2024) reported a higher
prevalence of behavioral and emotional challenges in 3 years of age
in children compared to their peers. Emotional difficulties, such
as anxiety and depression, were markedly more frequent among
children with NHIE. This aligns with earlier epidemiological
studies linking this to increased anxiety, depressive symptoms,
and mood instability. The interplay between hypoxia and mental
stress further contributes to anxiety and depressive disorders

by disrupting the hypoxia inducible factor pathway, promoting
inflammation,mitochondrial dysfunction, and serotonin deficiency
(Burtscher et al., 2022; Lestón Pinilla et al., 2021). Consistent
with these findings, Álvarez-García et al. (2022) underscored
the socio-emotional vulnerabilities observed in children aged
3–6 years who survived NHIE treated with TH. Their study
revealed an elevated risk of mood disorders, particularly anxiety
and depression, as assessed through the Child Behavior Checklist

(CBCL) and the Preschool Symptom Self-Report (Martini et al.,
1990). Survivors of NHIE exhibited a higher prevalence of
anxious/depressive symptoms and aggressive behaviors, with
NHIE-affected children demonstrating significantly higher scores
for these traits on the CBCL. The increased incidence of
mood disorders in NHIE survivors aligns with patterns observed
in adults who experience acute ischemic brain injury, where
the prevalence of mood disorders, particularly depression and
anxiety, is notably heightened (Álvarez-García et al., 2022).
To investigate the association between perinatal factors and
autism spectrum disorders (ASD), a retrospective cohort study by
Getahun et al. (2017) examined children aged 3–17 years. The
findings revealed that children with ASD were significantly more
likely to have experienced perinatal complications compared to
their neurotypical peers. In an earlier study by Getahun et al.
(2013), which focused on children aged 5–11 years, a correlation
was identified between NHIE conditions and an elevated risk
of attention deficit/hyperactivity disorder (ADHD), another
neurodevelopmental disorder. This study highlighted that NHIE,
particularly birth asphyxia and respiratory distress syndrome, is
independently associated with ADHD, with the association being
strongest in preterm births. Although ASD and ADHD exhibit
distinct characteristics, they share overlapping etiological factors,
neurological features, symptoms, and comorbidities (Getahun
et al., 2013, 2017).
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This aligns with findings reported by Lee-Kelland et al. (2020),
who investigated children aged 6–8 years treated with TH for NHIE
and who did not develop CP behavioral and emotional difficulties
emerged as significant concerns, with these children exhibiting
heightened emotional challenges and behavioral issues compared
to their peers. Parents reported elevated rates of hyperactivity,
anxiety, and depression, consistent with prior studies on non-
cooled children with moderate NHIE.

Dysregulated serotonergic systems, often implicated
in behavioral disorders such as depression, anxiety, and
developmental conditions like ASD and sudden infant death
syndrome, may play a significant role. NHIE has been shown to
markedly reduce serotonin (5-HT) levels in key brain regions,
including the frontal cortex, thalamus, and brainstem, primarily
due to neuroinflammation and serotonergic neuronal degeneration
(Wixey et al., 2011). Bonkowsky and Son (2018), in their review,
highlighted the profound impact of NHIE on neural connectivity,
emphasizing its role in behavioral changes and the heightened risk
of neurodevelopmental disorders, such as ASD. They presented
evidence of altered electroencephalogram patterns in individuals
living at high altitudes (see also Zani et al., 2024) and disruptions
in neural connectivity associated with NHIE.

Overall, NHIE is associated with a heightened risk of
psychiatric disorders, including depression and schizophrenia, later
in life (Hortigüela et al., 2024; Nosarti et al., 2014). Cannon et al.
(2002) strongly linked NHIE to structural brain changes, such as
reduced gray matter, increased cerebrospinal fluid in the temporal
lobes, and ventricular enlargement—a hallmark of schizophrenia.
He further reported that damage to the temporal lobes (housing
critical structures such as the hippocampus and amygdala), disrupts
memory, emotional regulation, and stress responses, contributing
to psychotic symptoms. NHIE induced impairment of temporal-
prefrontal connectivity exacerbates executive dysfunction and
auditory hallucinations (Cannon et al., 2002). Finally, Nalivaeva
et al. (2018) emphasize that prenatal hypoxia during critical
brain development stages disrupts cognitive function, reduces
plasticity, and increases the risk of neurodegenerative disorders
by impairing neuronal connections, particularly in the cortex and
hippocampus. These effects are compounded by dendritic spine
reductions, which impair synaptic connections and are linked to
early neurodegenerative changes, including those associated with
Alzheimer’s disease (Nalivaeva et al., 2018).

Conclusions

Neonatal hypoxic-ischemic encephalopathy (NHIE)
profoundly impacts neurodevelopment, causing extensive
structural and functional disruptions in the brain. Key structural
abnormalities, such as damage to the basal ganglia, hippocampus,
and corpus callosum, contribute to the cognitive and motor

deficits commonly observed in affected individuals. Children with
NHIE are at significantly increased risk for neurodevelopmental
disorders, including autism spectrum disorder and attention
deficit/hyperactivity disorder, alongside intellectual impairments,
memory deficits, and delayed motor development. Moreover,
behavioral and emotional challenges, such as anxiety, depression,
and mood instability, further compound the long-term prognosis.
These findings emphasize the pivotal role of NHIE in shaping
developmental trajectories and highlight the need for a deeper
understanding of its multifaceted impacts to better support
affected individuals.
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