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From hypoxic pockets to daily
routines: linking brain
oxygenation and cognitive
resilience
Dian Jiao *
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The discovery of hypoxic pockets within the cortical regions has transformed

the understanding of cerebral oxygen dynamics, revealing their dual role

as both contributors to neuronal adaptation and potential precursors to

dysfunction. These transient oxygen-deprived microenvironments play a pivotal

role in neurovascular coupling, synaptic plasticity, and angiogenesis, processes

crucial for maintaining cognitive resilience and neuronal health. Investigating

hypoxic pockets within cortical regions is particularly relevant in aging

populations and individuals with neurodegenerative conditions. Concurrently,

research underscores the ability of physical, social, and cognitive activities

to modulate brain oxygenation, offering natural, accessible interventions to

optimize oxygen delivery and utilization. This study synthesizes findings from

neuroimaging, behavioral science, and longitudinal studies, illustrating how daily

routines can mitigate hypoxia-induced cognitive decline and promote resilience.

By integrating insights from centenarians, hypoxia-adapted species, and

multimodal intervention studies, this framework highlights the transformative

potential of lifestyle-based strategies in addressing cerebral oxygen deficits.

The findings advocate for an interdisciplinary approach to develop targeted

interventions for public health, rehabilitation, and personalized cognitive care.

KEYWORDS
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Introduction

Cerebral oxygenation is the cornerstone of neuronal function and underpins
cognitive health and resilience. The brain’s high-energy demands rely heavily on aerobic
metabolism, which depends on a consistent and efficient supply of oxygen. Historically,
the brain has been thought to receive oxygen uniformly through its dense vascular
network, maintaining stable oxygenation across its regions. However, studies on vascular
cognitive impairment and dementia (VCID) have highlighted the complex interplay
between vascular health, metabolic processes, and cognitive function, demonstrating how
disruptions in cerebral blood flow (CBF) and associated metabolic deficits contribute to
cognitive decline (Popa-Wagner et al., 2014; Popa-Wagner et al., 2015). These foundational
insights underscore the importance of neurovascular mechanisms in shaping oxygen
dynamics across brain regions. Nevertheless, recent advancements in imaging technologies
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have disrupted this simplistic view, revealing the existence
of localized hypoxic pockets — transient areas of oxygen
depletion within cortical regions (Beinlich et al., 2024). These
pockets, characterized by disruptions in capillary perfusion
and oxygen delivery, create dynamic microenvironments where
metabolic demand temporarily exceeds oxygen supply. For
instance, microvascular occlusions can lead to hypoperfusion
downstream, forming hypoxic regions distant from the primary
blockage (Xue et al., 2022; Qiao et al., 2002), further underscoring
that these deficits can arise even away from the initial site of
vascular compromise. More importantly, these microenvironments
play a dual role, being essential for physiological processes
like neurovascular coupling, synaptic plasticity, and angiogenesis,
while also increasing susceptibility to neuronal dysfunction when
unresolved (Zhou et al., 2024; Zhang et al., 2024). These findings
emphasize the importance of strategies aimed at mitigating the
adverse effects of unresolved hypoxic states while leveraging their
potential adaptive benefits.

Simultaneously, emerging evidence has highlighted the
capacity of routine physical, social, and cognitive activities to
modulate brain oxygenation, support neural health and cognitive
outcomes (Adjetey et al., 2023; Hayes et al., 2014; Liu et al.,
2023; Hakun et al., 2024). Those findings suggest the intriguing
possibility that daily behaviors may serve as natural interventions
targeting hypoxic regions and optimizing oxygen delivery to
critical brain areas.

This paper explores the intersection of these discoveries,
proposing that diverse, everyday activities not only improve
regional brain oxygenation but also offer a practical and
accessible strategy for maintaining cognitive health across the
lifespan. By integrating insights from neurovascular physiology and
behavioral science, this framework underscores the transformative
potential of lifestyle interventions to address localized oxygen
deficits, particularly in aging and neurodegenerative populations.
To deepen this understanding, the discussion now turns to
the mechanisms driving these effects, their implications for
clinical practice, and future directions that could propel this
promising field forward.

Current understanding of brain
oxygenation

The discovery of hypoxic pockets within the cerebral cortex
has revolutionized our understanding of brain oxygen dynamics,
challenging the long-held belief that the brain’s dense vascular
network uniformly supplies sufficient oxygen to meet metabolic
demands. In light of this discovery, advanced imaging techniques
have uncovered transient, localized areas of oxygen deprivation,
measuring 20–200 µm in diameter and lasting mere milliseconds
to seconds (Beinlich et al., 2024; Bon et al., 2023). These pockets
emerge when oxygen delivery falls short of metabolic needs,
particularly during intense neural activity or when capillary
perfusion is disrupted.

In healthy brains, these events occur sporadically and often
activate adaptive responses such as angiogenesis or neurovascular
remodeling, which enhance oxygen supply over time (Acker
and Acker, 2004; Zhou et al., 2024). Yet, in pathological states,

such as cortical spreading depression (CSD), traumatic brain
injury, or neurodegenerative disorders, these mechanisms are often
overwhelmed. Repeated or prolonged hypoxia in these contexts can
impose a significant burden on brain tissue, driven by impaired
neurovascular coupling and diminished vascular responsiveness
(Takano et al., 2007; Veenith et al., 2016). While angiogenesis can
partially counterbalance these effects, the severity and duration
of hypoxia are shaped by the interplay between local metabolic
demands and systemic influences (Acker and Acker, 2004).

Given their critical impact on brain function, hypoxic pockets
have drawn significant attention in regions with high metabolic
demand, such as the prefrontal cortex, which supports executive
functioning, and the hippocampus, essential for memory formation
(Murayama et al., 2017). Their spatial clustering and persistence
highlight their pivotal role in influencing cognitive resilience and
neural health. Emerging evidence from high-resolution imaging
reveals that these hypoxic episodes often align with task-driven
neural activity or arise in regions compromised by vascular
dysfunction (Hoffmann et al., 2016; Stoica et al., 2022). Although
each episode is brief, their cumulative effects—particularly under
sustained stress—can persist for minutes to hours and progressively
impair neural function if left unresolved (Friedrich et al., 2013;
Takano et al., 2007). However, determining the precise frequency
and overall burden of these episodes remains a pressing research
challenge.

Adding to this complexity is the variability in oxygenation
patterns across brain regions. For instance, the prefrontal cortex
experiences notable oxygen fluctuations during cognitive tasks,
whereas the occipital cortex—typically less susceptible—may
become vulnerable under external stressors, such as hypobaric
environments at high altitudes (Murayama et al., 2017; Hohenauer
et al., 2022). These findings underscore the intricate balance
between oxygen supply and demand, shaped not only by localized
activity but also by external environmental conditions.

Despite significant advances in neuroimaging technologies,
such as functional near-infrared spectroscopy (fNIRS) and high-
resolution MRI, our ability to capture the fleeting nature of
hypoxic events in real time remains limited (Herold et al., 2018;
Salzman et al., 2022). The need for developing portable, high-
resolution imaging technologies to directly link oxygen deficits to
specific cognitive outcomes is imminent. Bridging these gaps in
knowledge could pave the way for targeted interventions to reduce
the occurrence of hypoxic pockets and protect cognitive health,
particularly among older adults and those at heightened risk for
neurodegenerative diseases.

The activity-oxygenation connection

Daily activities exert profound effects on brain oxygenation
through interconnected pathways, which enhance neuronal health
and cognitive resilience. These activities, such as physical
exercise, social engagement, and cognitive stimulation, play a
critical role in modulating oxygen delivery and utilization. By
targeting hypoxic pockets, they promote neurovascular adaptation,
synaptic plasticity, and metabolic efficiency. Additionally, they
facilitate angiogenesis, which helps resolve localized oxygen
deficits, ensuring better oxygen distribution and utilization
throughout the brain.
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Physical activity effect
Physical exercise is a powerful modulator of cerebral

oxygenation, inducing both immediate and long-term
neurovascular benefits. Aerobic activities such as walking or
running acutely increase cardiac output and cerebral blood
flow (CBF) to meet heightened metabolic demands, effectively
resolving transient oxygen deficits in hypoxic pockets by enhancing
neurovascular coupling (Willie et al., 2011; Mulser and Moreau,
2023; Beinlich et al., 2024). Exercise-induced increases in nitric
oxide production improve vasodilation and capillary perfusion,
contributing to better oxygen delivery in under-oxygenated
brain regions such as the hippocampus and prefrontal cortex
(Arefirad et al., 2022; Beinlich et al., 2024). Advanced imaging
techniques further reveal regional specificity in these effects:
motor tasks requiring balance and coordination primarily
activate the cerebellum and motor cortices, whereas aerobic
exercises enhance functional connectivity in prefrontal and
temporal areas vulnerable to cognitive decline (Benarroch, 2022;
Li et al., 2016; Hayes et al., 2014).

The intensity of physical activity also plays a crucial role in
oxygen delivery. High-intensity interval training (HIIT) induces
greater spikes in CBF compared to moderate exercise, driven
by increased metabolic stress and vascular demands (Sabag
et al., 2021; Sudo et al., 2022; Jung et al., 2024). These effects
not only enhance vascular responsiveness but also mitigate the
recurrence of hypoxic pockets in critical brain areas, such as those
observed during cortical spreading depression (Lu et al., 2021).
Consistent aerobic exercise over time promotes angiogenesis,
increases capillary density, and ensures sustained oxygen delivery,
ultimately reducing the cumulative burden of hypoxia and
supporting neuroplasticity (Sun et al., 2024). These mechanisms
collectively decrease the risk of neurodegenerative conditions
(Gorski and De Bock, 2019; Lamanna, 2018; Renke et al., 2022;
Kantawala et al., 2023).

Social engagement impact
Social events engage neural circuits related to language,

emotion, and executive function and increase regional blood
flow and oxygenation. These interactions play a critical role
in addressing hypoxic pockets by enhancing neurovascular
coupling and directing oxygen delivery to under-perfused regions.
Conversation, cooperation, and group activities require the
stimulation of several different regions of the brain, especially the
prefrontal and temporal cortices, where cognitive processing and
emotional bonding occur (Rilling et al., 2008). Such interactions
stimulate neuroplasticity and synaptogenesis, both of which
contribute to cognitive resilience and adaptive responses to oxygen
depletion. This increased activation in oxygen-demanding regions
helps resolve transient oxygen deficits and reduces the recurrence
of hypoxic episodes.

Additionally, social engagement provides protection
against cognitive decline. Through enhanced neurovascular
coupling, social engagement improves the delivery of oxygen
to regions prone to hypoxia, such as the prefrontal cortex,
thereby reducing the frequency of transient hypoxic episodes.
Longitudinal studies have demonstrated that individuals
with robust social networks experience slower cognitive
deterioration and better recovery following neurological

injury (Cammisuli et al., 2022; Xie et al., 2024; Levinger
et al., 2023). Activities that combine social interactions with
physical movements, such as group sports or dance, offer
synergistic benefits by simultaneously enhancing neural and
vascular health. These combined interventions are particularly
effective in reducing localized oxygen deficits, resolving
hypoxic pockets, and supporting long-term cognitive resilience
(Levinger et al., 2023).

Cognitive stimulation
Cognitive challenges drive localized oxygen demand,

prompting adaptive increases in blood flow to active brain
regions. This heightened metabolic activity plays a critical role
in resolving hypoxic pockets by directing oxygen delivery to
areas of increased demand. Tasks involving learning, memory,
and problem-solving increase metabolic demand, leading to
increased neurovascular coupling and oxygen delivery (Robert
et al., 2021; Zhu et al., 2022; Nishiguchi et al., 2015). For example,
problem-solving tasks predominantly activate the prefrontal
cortex, a region particularly susceptible to hypoxia, enhancing
oxygenation to support executive functions and decision-making
(Funahashi, 2022).

Engaging in sustained cognitive stimulation promotes both
structural and functional changes in the brain, strengthened
vascular networks, angiogenesis, and enhanced oxygen utilization
efficiency, which reduce the persistence of hypoxic pockets in
metabolically active regions like the hippocampus and prefrontal
cortex (Beinlich et al., 2024; Wheeler et al., 2019). These
mechanisms not only resolve transient hypoxia but also provide
long-term protection against recurrent oxygen deficits. For
instance, cognitive training exercises have been shown to increase
capillary density and improve vascular responsiveness, ensuring
that transient hypoxia is effectively managed during periods of
high metabolic demand (Renke et al., 2022). These changes play
crucial roles in helping the brain handle metabolic challenges and
maintain mental sharpness as we age. Moreover, Wang et al. (2023)
conducted a meta-analysis demonstrating that moderate-intensity
exercise interventions positively impact executive functioning
in children, indicating that the cognitive benefits of physical
activity extend across different age groups. This synergy between
cognitive stimulation and physical activity highlights the potential
for multimodal interventions to address hypoxic pockets while
simultaneously enhancing cognitive function.

Clinical implications

Understanding how daily activities influence brain oxygenation
offers important insights into both clinical practice and public
health. The resolution of hypoxic pockets emerges as a promising
target for interventions aimed at enhancing cognitive resilience and
mitigating neurodegenerative decline. By utilizing physical, social,
and cognitive activities as natural ways to regulate cerebral oxygen
dynamics, interventions that foster cognitive resilience, slow
neurodegenerative decline, and improve rehabilitation outcomes
can be developed. This section focuses on three key areas:
prevention, rehabilitation, and personalized intervention.

Frontiers in Aging Neuroscience 03 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1534198
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1534198 January 24, 2025 Time: 18:9 # 4

Jiao 10.3389/fnagi.2025.1534198

Prevention strategies

Prevention strategies should focus on incorporating structured
activities into public health initiatives to support cognitive health.
Regular aerobic exercise, meaningful social interactions, and
mental engagement activities have been shown to increase regional
brain oxygenation and reduce the risk of cognitive decline
and neurodegenerative diseases (Adjetey et al., 2023; Moriarty
et al., 2019; Hayes et al., 2014; Liu et al., 2023). Specifically,
these activities target hypoxic pockets by improving vascular
responsiveness and neurovascular coupling, reducing both the
frequency and severity of transient oxygen deficits. For example,
walking groups or low-intensity sports tailored to older adults
may directly improve capillary perfusion in vulnerable regions
like the hippocampus and prefrontal cortex. These approaches
are especially impactful when introduced early, particularly for
individuals at greater risk of developing mild cognitive impairment
(MCI).

In addition to structured activities, diversifying one’s daily
routine—through pursuits like dancing, gardening, playing strategy
games, or learning new skills—can further amplify neurovascular
adaptations by engaging multiple brain regions (Joyce and Shaffer,
2016; Phillips, 2017). By promoting more robust neurovascular
coupling and helping to resolve localized hypoxic pockets, such
varied daily practices reinforce the protective effects of formal
interventions on long-term cognitive resilience.

Accessible and cost-effective interventions such as community
walking groups, educational workshops, and social clubs offer
practical solutions for broad implementation. Additionally, public
health campaigns emphasizing the connection between lifestyle
behaviors and brain health can encourage the widespread adoption
of preventative measures such as health campaigns can emphasize
the connection between lifestyle choices and the mitigation of
hypoxic pockets, encouraging individuals to adopt daily habits that
support cerebral oxygenation.

Rehabilitation applications
Rehabilitation programs for cognitive impairment or

neurological injuries can benefit from interventions that improve
oxygen delivery to specific brain regions. For example, aerobic
exercise has been shown to increase neurovascular coupling and
stimulate angiogenesis in areas affected by stroke or traumatic
brain injury (TBI), supporting recovery and enhancing cognitive
outcomes (Cuccurullo et al., 2024; Toots et al., 2017; Yu et al., 2021).
Pairing physical activity with cognitive training, such as practicing
memory tasks while walking, can further amplify neuroplasticity
and functional recovery. This combined approach addresses the
intricate relationship between brain oxygenation, neural repair,
and cognitive function, which leads to better long-term outcomes.
Novel interventions such as partial-body cryostimulation have
also been explored, showing potential benefits in terms of
cognitive performance and cerebral oxygenation (Theurot et al.,
2021). Pairing physical activity with cognitive training—such
as practicing memory tasks while walking—can further amplify
neuroplasticity and functional recovery. This combined approach
addresses the intricate relationships among brain oxygenation,
neural repair, and cognitive function, leading to better long-term
outcomes.

Personalized approaches
The variability in brain oxygenation patterns highlights the

need for personalized interventions that cater to individual
differences. Advances in wearable sensors and imaging
technologies, such as functional near-infrared spectroscopy
(fNIRS), have enabled real-time monitoring of cerebral
oxygenation. This capability allows clinicians to tailor activity
programs by using objective biomarkers to ensure targeted and
effective strategies (Herold et al., 2018; Bagyaraj et al., 2014). These
tools can identify areas of chronic hypoxia and guide interventions
to increase oxygen delivery and usage.

Personalized activity plans should also consider factors such
as age, genetic background, and baseline cognitive abilities. For
example, moderate exercise combined with social engagement may
be more effective for older adults, whereas younger individuals
might benefit from high-intensity cognitive tasks (Jackson et al.,
2016; Lim et al., 2023; Nishiguchi et al., 2015). Using precision
medicine principles to customize interventions not only maximizes
their impact but also encourages long-term adherence to these
beneficial activities.

Future research directions

Despite accumulating evidence linking daily activities to
enhanced brain perfusion and cognitive health, important
knowledge gaps exist in terms of mechanistic pathways, optimal
interventions, and long-term effects. Addressing these gaps
requires further research that focuses on three key areas: mapping
activity-specific effects, exploring individual variations, and
advancing the development of targeted interventions.

Mapping activity-specific effects
Future studies would benefit greatly from employing advanced

neuroimaging techniques to better understand how physical
activities alter regional brain oxygenation and exert systemic effects
on cognition. Portable near-infrared spectroscopy (fNIRS) offers
valuable insights into how physical, social, and cognitive activities
affect oxygen levels in specific areas of the human brain (Bagyaraj
et al., 2014; Santos et al., 2019; Herold et al., 2018). Investigating the
timing of these changes, whether they occur immediately or after a
delay, is essential for identifying the most impactful life stages or
events to target cognitive benefits.

Additionally, longitudinal studies are critical for evaluating
how sustained engagement in these activities shapes brain
structures and functions over time (Mulser and Moreau, 2023;
Liu et al., 2023). These findings will inform the development
of effective, enduring strategies for preserving cognitive health,
guided by processes such as targeted neuronal growth, enhanced
metabolic efficiency, and neuroplastic adaptations facilitated
through consistent activity.

Individual variation studies
Research on individual responses to hypoxia provides valuable

insights into adaptive mechanisms that enhance cognitive
resilience. For instance, centenarians often demonstrate preserved
cognitive abilities despite age-related physiological stressors,
likely due to enhanced neurovascular remodeling and metabolic
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regulation (David et al., 2024). Similarly, studies of hypoxia-
hypercapnia-tolerant mice reveal their ability to maintain normal
activity levels under chronic low-oxygen conditions, offering
models for understanding resilience to oxygen challenges (Tolstun
et al., 2020).

Further, exploring the immediate and cumulative effects
of physical and cognitive activities is crucial for refining
intervention strategies. For example, does a single bout of
exercise provide measurable oxygen delivery benefits, or are
sustained adaptations required to achieve meaningful cognitive
improvements? Understanding these temporal dynamics will help
design interventions that balance short-term gains with long-term
impacts (Sudo et al., 2022; Hayes et al., 2014).

Moreover, integrating nutritional interventions, such as
those studied by Bloomfield et al. (2023), with physical and
cognitive activities provides a holistic framework for resolving
hypoxic pockets and optimizing brain oxygenation. Combining
these strategies can enhance cognitive resilience, particularly in
vulnerable populations like older adults.

Intervention development
Multimodal interventions that address the physical, cognitive,

and social domains simultaneously show great potential for
enhancing both brain oxygenation and cognitive health. However,
these programs must be tailored to reflect the best available
evidence of activity-specific effects and individual differences.
For example, in a similar study, combining aerobic exercise
with memory training affected a significantly broader range of
molecular targets than did memory training alone, suggesting
that aerobic exercise may synergize through processes such as
improved neurovascular coupling and increased synaptic plasticity
(Nishiguchi et al., 2015; Chen et al., 2024).

Implementation studies that address clinically embedded
barriers to the uptake of these interventions include access,
resource allocation, and participant engagement. Thus, the current
utilization of wearable devices and mobile applications are
prospective technologies that can support the long-term feedback
of physiological indices underlying exercise performance (e.g.,
oxygenation) and adherence (Herold et al., 2018; Levinger et al.,
2023). Moreover, these interventions should be implemented
in conjunction with community-based organizations to allow
scalability and sustainability for various population groups.

Conclusion

Recent research underscores the profound impact of everyday
activities on regulating brain oxygenation, revealing a practical and
accessible pathway to address localized oxygen deficits. Physical
exercise, social engagement, and cognitive stimulation emerge as
powerful tools to offset these deficits over time, enhancing cognitive

resilience and supporting overall brain function. These findings
highlight the transformative potential of simple, modifiable
behaviors in optimizing oxygen delivery to the brain, preventing
cognitive decline, and aiding recovery from neurological injuries.
By bridging lifestyle habits with region-specific brain oxygenation,
this perspective offers a compelling framework for promoting
cognitive health across diverse populations. However, critical
questions remain about the biological mechanisms that underpin
these effects and how they can be harnessed most effectively.
Addressing these gaps will not only refine our understanding of
brain oxygen dynamics but also enable the development of targeted,
evidence-based interventions. These strategies have the potential
to transform public health, rehabilitation, and personalized care,
ultimately improving quality of life and fostering resilience
across the lifespan.
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