:' frontiers Frontiers in Human Neuroscience

@ Check for updates

OPEN ACCESS

EDITED BY
Suleyman Kaplan,
Ondokuz Mayis University, Turkiye

REVIEWED BY

Mehmet Emin Onger,

Ondokuz Mayis University, Turkiye
Elfide Gizem,

Adiyaman University, Turkiye

*CORRESPONDENCE
Mohamed Hesham Khalil
mhmhk2@cam.ac.uk

RECEIVED 21 May 2024
ACCEPTED 07 August 2024
PUBLISHED 29 August 2024

CITATION

Khalil MH (2024) Neurosustainability.
Front. Hum. Neurosci. 18:1436179.
doi: 10.3389/fnhum.2024.1436179

COPYRIGHT

© 2024 Khalil. 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.

Frontiers in Human Neuroscience

TYPE Hypothesis and Theory
PUBLISHED 29 August 2024
pol 10.3389/fnhum.2024.1436179

Neurosustainability

Mohamed Hesham Khalil*

Department of Architecture, Faculty of Architecture and History of Art, School of Arts and Humanities,
University of Cambridge, Cambridge, United Kingdom

While the human brain has evolved extraordinary abilities to dominate nature,
modern living has paradoxically trapped it in a contemporary “cage” that stifles
neuroplasticity. Within this modern environment lurk unseen natural laws
with power to sustain the human brain’s adaptive capacities - if consciously
orchestrated into the environments we design. For too long our contemporary
environments have imposed an unyielding static state, while still neglecting the
brain's constant adaptive nature as it evolves to dominate the natural world
with increasing sophistication. The theory introduced in this article aims to go
back in nature without having to go back in time, introducing and expounding
Neurosustainability as a novel paradigm seeing beyond the contemporary
confines to architect environments and brains in parallel. Its integrated neuro-
evidenced framework proposes four enrichment scopes—spatial, natural,
aesthetic, and social—each holding multifaceted attributes promising to
sustain regions like the hippocampus, cortex and amygdala. Neurosustainability
aims to liberate the quintessential essence of nature to sustain and enhance
neuroplastic processes through a cycle that begins with design and extends
through epigenetic changes. This paradigm shift aims to foster cognitive health
and wellness by addressing issues like stress, depression, anxiety and cognitive
decline common in the contemporary era thereby offering a path toward a
more neurosustainable era aiming to nurture the evolution of the human brain
now and beyond.

KEYWORDS
neuroplasticity, environmental enrichment, nature, cortical thickness, adult

hippocampal neurogenesis, amygdala, mental health and modern lifestyles, human
brain health

1 Introduction

The human brain is ever-changing, and over time, our brains have been evolving to
dominate nature with more sophistication. Still, it is uncertain whether, in today’s
contemporary world, our brains are evolving in parallel with and through the environments
we create. Since early modernity and now in our contemporary era, a significant percentage
of people are leaning toward sedentary lifestyles, facing more daily stressors, losing contact
with nature, and suffering more from psychological problems such as anxiety and depression.
Ignoring the interrelationships between these variables and the human brain is impossible. It
is equally impossible to ignore the paradoxical effect of the contemporary built environment.
While it contributes to the de-evolution of the human brain, it can be enriched to architect the
neuroplastic brain. In that regard, this article introduces Neurosustainability as a paradigm
shift beyond the static state of contemporary and modern living that has multiple cul-de-sac
effects on the human brain’s ever-changing neuroplasticity. Sustaining the neuroplasticity
processes of the human brain is feasible through environmental enrichment, which has been
predominantly explored over the past sixty years on non-human subjects with recent interest
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in translation from rodents to humans. This article introduces and
establishes Neurosustainability as a novel and critically needed
paradigm shift, holding antidotes for the nature-alienating
contemporary environment. Subsequent sections address the current
problems in this modern environment before introducing and
expounding Neurosustainability.

1.1 The human brain in the ‘contemporary
cage’

Over time, nature has gradually changed from its pristine and
untamed form to a designed and controlled environment by the
human brain that evolved through it in the past. However, the
evolution of the human brain may not necessarily mean an equal
evolution of the environment it is creating when the human brain
is in a constant state of neuroplasticity and under the influence of
the limited variables it knows. In other words, the deviation from
the untamed form of nature to an entirely tamed world by humans
has transformed the interrelationship between nature and the
human brain’s plasticity from ambiguous top-down to a bottom-up
feedback loop with a limited vision. Increasing evidence suggests
that modern living environments and lifestyles may negatively
impact various aspects of human well-being. We argue that the
lost environmental enrichment in urban and built environments
holds the antidotes.

For instance, cognitive well-being is deeply influenced by
environmental complexity and lifestyle factors. Often characterized by
uniformity and predictability, contemporary living environments lack
the stimulation necessary for cognitive development and maintenance
(Kempermann, 2019). Sedentary lifestyles further contribute to
cognitive decline, as physical activity is crucial for maintaining brain
health (Macpherson et al., 2017; Di Liegro et al., 2019). Moreover,
environmental toxins, such as air pollution and chemicals in
household products, have been shown to affect cognitive functions
negatively (Clifford et al., 2016; Yuan et al., 2023).

Decreased use of pattern separation in contemporary lifestyles
may contribute to hippocampal atrophy (Birkel, 2017), while the rise
in mental health disorders, including anxiety, depression, and chronic
stress, is a significant concern in the modern world (Rojas-Carvajal
et al., 2022; Moitra et al., 2023). Work pressure, financial instability,
and personal and relationship conflicts contribute to this increase,
putting extra pressure on the environment.

Based on the previous discussion, if rodents are housed in cages
with four walls and humans live in an almost open-ended world, that
does not mean humans live in more enriched environments than
rodents. This is because certain environmental variables contribute to
sustaining the different neuroplasticity processes and subsequently
improving related functions such as learning, memory, pattern
separation ability, navigation, cognitive function, psychological health,
and restorativeness. The concept of a “contemporary cage” aptly
describes the restrictive and often detrimental impact of modern
urban and built environments on the human brain. These meticulously
designed settings impose uniformity that limits the brain’s plasticity
and adaptability, potentially contributing to chronic stress, cognitive
problems, anxiety, depression, sedentary lifestyles, and social isolation.
This article introduces the novel concept of Neurosustainability,
exploring how spatial, natural, aesthetic, and social enrichment can
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hold different variables with multi-faceted attributes for the negative
impact of the contemporary environment on neuroplasticity.

1.2 Neuroplasticity: cerebral cortex,
hippocampus, and amygdala

Neuroplasticity is the brain’s ability to reorganize itself by forming
new neural connections throughout life, enhancing learning, memory,
spatial navigation, emotional regulation, and adaptive responses in the
cortex, hippocampus, and amygdala (LeDoux, 2000; Kolb and Gibb,
2015; Squire et al., 2015), and other brain regions.

The cerebral cortex, the brain’s outermost layer, is a highly
organized and complex structure responsible for a wide range of
cognitive, sensory, and motor functions. It plays a crucial role in
perception, language, memory, attention, thought, consciousness, and
decision-making. The cortex exhibits remarkable plasticity, which
refers to its ability to undergo structural and functional changes in
response to experiences, learning, and environmental factors
throughout an individual’s lifespan (Kolb and Gibb, 2015). Structural
plasticity measures, such as cortical thickness, gray matter volume,
and white matter integrity, can be assessed using neuroimaging
techniques like magnetic resonance imaging (MRI) and diffusion
tensor imaging (DTT) (Tardif et al., 2016). Functional plasticity, on the
other hand, can be evaluated using functional MRI (fMRI),
electroencephalography (EEG), and transcranial magnetic stimulation
(TMS), which provide insights into the brain’s ability to reorganize its
neural networks and adapt its activity patterns in response to various
stimuli and experiences (Pascual-Leone et al., 2005).

The hippocampus plays a vital role in learning, memory
formation, and spatial navigation (Squire et al, 2015). The
hippocampus exhibits remarkable structural and functional plasticity,
enabling it to adapt and reorganize in response to various experiences
and environmental factors (Leuner and Gould, 2010). Structural
plasticity processes in the hippocampus include neurogenesis, the
formation of new neurons in the dentate gyrus throughout adulthood
(Kempermann et al., 2015), dendritic remodeling, changes in the
morphology and complexity of dendritic arbors influenced by
experience and learning, and synaptic plasticity, the strengthening or
weakening of synaptic connections between neurons, which is crucial
for information processing and storage. The hippocampus also
contains place cells, pyramidal neurons that fire selectively when the
subject is in a specific location within an environment (O'Keefe and
Dostrovsky, 1971). Place cell activity is influenced by various factors,
including sensory cues, goal locations, and past experiences (Poucet
and Hok, 2017).

The amygdala, located deep within the medial temporal lobe,
plays a crucial role in emotional processing, fear conditioning, and
memory formation (LeDoux, 2000). It has extensive connections with
various brain regions, including the prefrontal cortex, hippocampus,
and sensory areas (Janak and Tye, 2015). The amygdala is involved in
the acquisition, storage, and expression of fear memories, as well as in
the modulation of attention, perception, and decision-making
processes related to emotional stimuli (Phelps and LeDoux, 2005).
Structurally, the amygdala undergoes plasticity in response to
emotional experiences, with changes observed in dendritic
arborization, spine density, and neuronal morphology (Vyas et al.,
2002; Mitra et al., 2005). Stress has been shown to significantly impact
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the structure and function of the amygdala, with chronic stress leading
to dendritic hypertrophy and increased spine density in the basolateral
amygdala, which may contribute to heightened anxiety and fear
responses (Vyas et al., 2002; Roozendaal et al., 2009). Understanding
these effects is crucial for regulating neuroplasticity through
the environment.

After exploring the neuroplasticity nature of the cerebral cortex,
hippocampus, and amygdala, it is crucial to understand how
environmental factors influence these brain regions. The following
sections discuss epigenetics and environmental enrichment, initially
conducted on rodents, and its potential implications for human brain
plasticity in contemporary living environments where there might
be a lack of human-based neuro-evidences at specific points.

1.3 Epigenetics and BDNF: the process of
change

In addition to the challenges posed by modern living
environments on cognitive well-being and mental health, it is crucial
to consider the role of epigenetics in mediating environmental factors’
effects on brain health and neuroplasticity. A plethora of external
stimuli collectively referred to as ‘epigenetic factors’ strongly influence
the brain’s structural and functional reorganization, thereby acting as
a potential driver of neural plasticity (Nayak et al., 2022). Epigenetics
is the study of heritable changes in gene expression that occur without
alterations in the underlying DNA sequence (Champagne, 2010).
These changes are mediated by various epigenetic mechanisms, such
as DNA methylation and histone modifications, which can influence
the accessibility and transcription of genes.

Epigenetic mechanisms, with their dynamic nature, play a critical
role in brain development, plasticity, and function. Sweatt (2013)
demonstrated that epigenetic modifications are essential for long-term
memory formation, suggesting a critical link between epigenetic
regulation and neuroplasticity. The dynamic regulation of DNA
methylation patterns in the brain during development and in response
to environmental factors, such as stress, diet, and social interactions
(Champagne, 2010), underscores the ever-changing nature of the
brain. Histone modifications have been implicated in the regulation
of synaptic plasticity, learning, and memory (Fischer et al., 2007).

The environmental factors addressed in the Neurosustainability
framework may affect the brain partly through epigenetic
modifications. Exposure to enriched environments has been shown to
induce epigenetic changes in the brain, leading to altered gene
expression profiles and enhanced neuroplasticity (Mychasiuk et al.,
2012). For example, environmental enrichment has increased histone
acetylation levels in the hippocampus, promoting gene expression in
synaptic plasticity and cognitive function (Fischer et al., 2007). The
multifaceted variables of nature discussed in the Neurosustainability
framework may induce epigenetic changes in these brain regions,
promoting neuroplasticity and brain health.

Recent research suggests that the expression of Brain-Derived
Neurotrophic Factor (BDNF), a protein that plays a vital role in
neuronal growth, survival, and synaptic plasticity, can be modulated
by epigenetic mechanisms, such as DNA methylation and histone
modifications, which are influenced by environmental factors.
Environmental enrichment, which is to be discussed shortly, has been
shown to modulate BDNF expression in humans through epigenetic
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mechanisms, such as DNA methylation and histone modifications.
Recently, it was found that environmental enrichment, such as social
contact, exposure to novelty, tactile stimuli, and voluntary exercise,
increases BDNF transcripts in the prefrontal cortex, suggesting an
environmental enrichment-induced epigenetic control of BDNF
expression (Costa et al., 2023). This appears to be highly relevant to
the discourse in this article as patients diagnosed with psychiatric
disorders show decreased neural BDNF levels, often associated with
increased DNA methylation at specific BDNF promoters (Ikegame
etal, 2013). Additionally, hippocampal epigenetic modification at the
BDNF gene is induced by environmental enrichment (Kuzumaki
2011). DNA methylation and DNA
methyltransferases regulate neurogenesis through epigenetic control

et al, Furthermore,
of gene expression, while neurogenesis is associated with psychiatric
disorders and BDNF levels (Yao et al., 2016).

These findings suggest that epigenetics and the epigenetic
modulation of BDNF expression may play a crucial role in mediating
the beneficial effects of environmental enrichment on brain plasticity
and cognitive function, with potential implications for the
development of novel therapeutic strategies for neurological and
psychiatric disorders. Given the growing evidence for the role of
epigenetics in brain health and neuroplasticity, it is essential to delve
deeper into the understanding of how the variables and attributes of
the Neurosustainability framework may induce epigenetic changes
that contribute to the maintenance of brain function in the face of
complex environmental factors. By gaining a comprehensive
understanding of the epigenetic mechanisms underlying the benefits
of enriched environments on the brain, we can develop targeted
interventions to promote lifelong brain health and resilience.

1.4 Environmental enrichment from
rodents to humans

Research on environmental enrichment on humans is limited due
to methodological limitations and assumptions that human
environments are inherently complex and stimulating. As
contemporary humans, we may have never come to criticize our
creature, the contemporary built environment, for how ineffective it
is for sustaining our brains. However, recent studies comparing the
living environments of rodents and humans suggest that the
complexity of human environments may be overestimated, warranting
a closer examination of the translational potential of rodent research
findings. This section reviews the existing body of knowledge on
environmental enrichment interventions that positively affect rodent
brains and discusses translation from rodents to humans to use to
build Neurosustainability whenever a shortage is found regarding
human-based studies for any variable.

One of the earliest studies revealing this interrelationship
between environmental complexity and neuroplasticity was by
Krech et al. (1960), who found in their study that the ratio of
cortical to subcortical cholinesterase activity was subject to
environmental complexity, which means that the brain adapts
differently to complex environments, with the cortex potentially
undergoing more significant alterations in response to increased
cognitive demands. Another crucial early study was published by
Diamond et al. (1964), who found that the cerebral cortex of rats

subjected to training showed not only an increase in
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acetylcholinesterase, and enzyme that breaks down the
neurotransmitter acetylcholine, which is essential for learning,
memory, and muscle function, but also an increase in volume.
These studies show that environmental enrichment not only
changes functional plasticity but also changes the brain structure.

Another vital brain structure is the hippocampus, which is
associated with learning and memory, spatial navigation, pattern
separation ability, place cell formation, and remapping, among other
essential functions (Bird and Burgess, 2008; Sahay et al., 2011; Fenton,
2024). Some of the earliest studies where different strains of mice were
housed in laboratory cages have revealed that more neurons were
found in the dentate gyrus of the hippocampus after exposure to the
environment (Kempermann et al., 1997, 1998a). This process is a
structural form of plasticity in the hippocampus represented by the
birth of new neurons. Neurogenesis usually decreases with aging, but
Kempermann et al. (1998b) have found that exposure to
environmental enrichment had positive results. Another study later
confirmed that environmental cues can enhance neurogenesis in the
adult hippocampal region (Nilsson et al., 1999). As more studies came
out, it became evident that environmental enrichment is dependent
on multifaceted complexity responsible for increasing neurogenesis
and synaptic plasticity (Segovia et al., 2006; Hattori et al., 2007; Leal-
Galicia et al., 2008; Leger et al., 2015; Hiittenrauch et al., 2016). This
area of research has matured, with over forty years of research present
(Fuchs and Fligge, 2014).

One study on rodents revealed that artificial enrichment may
affect the brain differently than natural stimuli, which were associated
with enhanced environmental interactions (Lambert et al., 2016). The
study revealed less activation of the c-fos gene in the amygdala
following a water escape task, suggesting that environmental
enrichment (natural and artificial) may have reduced the stress
response or fear-related activity in this brain region. However,
increased c-fos activation was observed in the nucleus accumbens,
specifically in the natural-enriched animals, indicating that exposure
to a more natural environment may have enhanced reward processing
or motivation. Hence, environmental complexity per se is multifaceted,
and its interrelationships with neuroplasticity are multidimensional
yet missing in our contemporary world, where we have evolved to
transform the untamed nature into sophisticated cities and crafted
micro cages within cities.

Here, the rodent-reliant discourse can help escape the cul-de-sac
of contemporaneity. On the one hand, Clemenson et al. (2015) have
reviewed the potential impact of environmental enrichment without
running wheels on neurogenesis, drawing comparisons between
evidence from mice and findings from studies on humans, suggesting
that neurogenesis, pattern separation ability and other hippocampal
plasticity outcomes are more similar than different between mice and
humans. On the other hand, a couple of articles compared both living
environments of rodents and humans, highlighting limitations and
potential translation (Kempermann, 2019; Rojas-Carvajal et al., 2022).
Most recently, a systematic review aimed to understand the nuanced
differences of spatial environmental enrichment interventions on
rodents, finding that the degree, diversity, and change of complexity
along with space size, navigational novelty, and physical activity levels
are all factors contributing to improving hippocampus plasticity and
neurogenesis (Khalil, 2024). That review provides a translational
model for humans by highlighting that it might be the contemporary
environment of humans that is impoverished compared to rodents.
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By untangling nature and expounding the multifaceted nature
of its variables, environmental enrichment of built environments
can benefit from the quintessential essence of nature to sustain the
neuroplasticity processes of the human brain. The following
sections deconstruct environmental enrichment and expound
Neurosustainability through four types of enrichment, as well as
variables and multifaceted attributes that affect the cortex,
hippocampus, and amygdala neuroplasticity processes uniquely.

2 Neurosustainability

This article introduces Neurosustainability, as shown in Figure 1,
as a novel theory, which encompasses an ongoing cycle beginning
with the design of built, urban, architectural, and interior
environments and their role towards a sustainable neuroplasticity
through long-term epigenetic changes. This theory posits that
sustainable practices should consciously consider the different
variables in nature that possess distinct attributes, and how these
enrichment variables, whether spatial, natural, aesthetic, or social,
affect neuroplasticity in various brain regions in humans, including
the hippocampus, cortex and amygdala. Furthermore, this article
argues that this process takes place through epigenetics, and that long-
term epigenetic changes in humans not only can facilitate the
neuroplastic changes but also influence how humans can inherit
improved brain blueprints and perceive and design their environments
in the future for an ongoing sustainable neuroplasticity, ultimately
capitalizing on the essence of our natural environments beyond
contemporary living.

Afterward, this article expounds on Neurosustainability through
the breakdown of enrichment into spatial, natural, aesthetic, and
social. Afterward, this article discusses the variables for each group of
enrichment, as shown in Figure 2, before the paper continuous with
showing the multifaceted attributes of each variable on the cortex,
hippocampus, and amygdala and how the knowledge about those
factors can provide a paradigm shift with more intersection of
variables and less divergence in disciplines to facilitate long-
term Neurosustainability.

2.1 Neurosustainability through spatial
enrichment

Spatial enrichment is a growing concern at both the urban and
architectural levels. At the urban level, it is defined as the quantified
geospatial properties (road network and landmark elements) (Shin
et al., 2024), while at the architectural level, it is defined as the
building’s layout complexity (Coburn et al., 2020). Both concepts were
compared to cage models by Khalil (2024), such as the Marlau cage
and the Hamlet Complex Maze, which emphasizes that spatial
enrichment is similar than different between rodents and humans who
share similar neurogenesis characteristics as reported by Clemenson
et al. (2015). This article argues that the impact of increased spatial
enrichment is multifold. However, the definition of spatial enrichment
per se is multidimensional: Increased navigation and space
exploration, increased layout complexity, increased through-space
physical activity, increased change and novelty, and increased diversity
of activities. This section explores the attributes of those multifaceted
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Neurosustainability.
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variables and each variable’s effect on the cortex, hippocampus, and
amygdala. This should help future research to control and quantify
variables accordingly and to maximize the prospective impact of
spatial enrichment beyond a sole brain region or structure. Figure 3
illustrates the summary of Neurosustainability through spatial
enrichment before expounding it in detail.

2.1.1 Navigation

Navigation is one of the most explored spatial enrichment-related
variables on human subjects. Regarding the cerebral cortex, Wenger
et al. (2012) have investigated the age difference in cortical thickness
changes, a marker of structural plasticity, evoked by spatial navigation
training in a complex environment where spatial navigation training
resulted in cortical thickening in the left precuneus and paracentral
lobule in young navigators only. The precuneus is a brain region
located in the medial parietal lobe, which is involved in various
cognitive processes, including visuospatial processing, episodic
memory, and self-referential processing (Cavanna and Trimble, 2006),
while the paracentral lobule is a brain region located at the medial
surface of the cerebral hemispheres, which is involved in motor and
sensory functions, particularly those related to the lower limbs (Frigeri
etal., 2015). This is the only study found on human subjects regarding
cortical plasticity in response to spatial complexity and navigation.

However, while there is a need for more research on the impact of
spatial complexity-dependent navigation on cortical plasticity, there is
a plethora of research already on the hippocampus. The earliest studies
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were done on London taxi drivers who were found to have structural
changes in their hippocampus due to navigation-related variability. The
earliest study has revealed that the hippocampus is involved in
processing spatial layouts established over long-time courses,
highlighting that the right hippocampus is recruited in large-scale
spatial environments (Maguire et al., 1997). Afterward, another study
revealed that the hippocampi of taxi drivers were significantly larger
relative to subjects who did not drive taxis, highlighting structural
hippocampal plasticity in response to environmental demands
(Maguire et al., 2000). A few years later, it was revealed that London
taxi drivers’ extensive navigation experience is associated with greater
gray matter volume in the mid-posterior hippocampus and less volume
in the anterior hippocampus compared to bus drivers, suggesting that
spatial knowledge, rather than stress or driving, is linked to
hippocampal structural differences and may come at a cost to acquiring
new spatial memories (Maguire et al., 2006). Since then, there has been
an increasing interest in the topic till now (Griesbauer et al., 2022).
While those studies prove the translation of spatial enrichment
paradigms from rodents to humans, whether pedestrians can benefit
from the exact attributes remains to be seen. Two studies have
explored the impact of cognitively demanding spatial navigation
tasks on the hippocampus for adults as well as elders, finding that
changes in demands on spatial navigation can alter hippocampal
N-acetyl aspartate (NAA) concentrations, a crucial neuronal marker
that plays a role in neural metabolism, with the BDNF genotype
acting as a moderator for these plastic changes (Lovdén et al., 2011),
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The neurosustainability framework.

and that the hippocampal barrier density increased in density
followed by a return to baseline in the right hippocampus, which
we previously evidenced to be active with London taxi drivers
navigating large scale complex environments (Maguire et al., 1997),
but declined in the control group and the left hippocampus,
suggesting that cognitively demanding spatial navigation is beneficial
for both adults and elders (Lovdén et al., 2012). Those studies took
place for four months, which challenges the effectiveness of spatial
navigation on the hippocampus in short-term interventions.
However, a study by Keller and Just (2016) examined whether
neuroplasticity results from learning spatial routes for 45min,
revealing decreased diffusivity in the posterior-dorsal dentate gyrus
of the left hippocampus in the route learning group, accompanied by
fMRI-measured blood-oxygen-level-dependent (BOLD) signals
between this region and cortical areas. Decreased diffusivity in the
dentate gyrus of the hippocampus suggests that there may
be increased cellular density, myelination, or synaptic complexity in
this region. This change is often interpreted as a sign of structural
plasticity and adaptation in response to learning. Since it is known
that pattern separation ability is a function of the hippocampus
positively correlated with neurogenesis, Kolarik et al. (2020) have
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revealed that spatial exploration improves hippocampal-dependent
memory in older adults who scored better on the lure discrimination
index (LDI). Last but not least, Shin et al. (2024) found that greater
geospatial environmental complexity was associated with larger
allocentric (but not egocentric) navigation-related brain volumes
across the Alzheimer’s disease spectrum. Allocentric regions include
the hippocampus, the parahippocampal gyrus, and the entorhinal
cortex. The latter projects to and receives significant connections
from the hippocampus. Navigation is also an important variable that
affects the hippocampal synaptic plasticity. Priestley et al. (2022)
found that behavioral-timescale synaptic plasticity (BTSP) was better
during novel context exploration and decayed with experience,
stabilizing within minutes of the first exposure to a new environment.
It is essential to highlight that hippocampal plasticity requires an
additional post-exposure phase, which is sleep. For instance,
Deantoni et al. (2021) have investigated sleep-related changes after
navigation learning and relearning, finding that memory traces were
less efficiently consolidated after post-training sleep deprivation,
unlike participants who had a regular sleep, which is also confirmed
by Villemonteix et al. (2023) who found that navigational training
sleep-related changes were found at day 4 in hippocampus structures.
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Neurosustainability through spatial enrichment: variables and attributes.

The limitation on that variable, however, remains in the lack of
exploring the impact of navigational complexity in built
environments on both the hippocampus and the cortex, especially
in living spaces such as houses where people tend to be more
sedentary, and spaces are juxtaposed with minimal transitional
spaces, corridors, and sometimes are in an open plan. Another
limitation here lies in the unexplored impact of navigation on the
amygdala at both the urban and built environment scales to test
whether it induces stress or not. It is hard to rely on rodent studies
here because stress and behavior can vary between rodents
and humans.

2.1.2 Layout

We distinguish between navigation and layout complexity in the
built environment as the former is represented by the complexity of
corridors, staircases, and pathways, while the latter is represented by
the presence of multiple rooms and multiple floors. Though very little
is known about whether increasing the layout complexity of the built
environment can improve neuroplasticity the same way as navigation
on the urban scale does, we provide initial support for this hypothesis
through rodent-based studies that were found to have better effects on
hippocampal neurogenesis by increasing the layout complexity, which
was argued by Khalil (2024) to be translatable for human housing
conditions such as multi-story and courtyard houses.

Frontiers in Human Neuroscience

2.1.3 Physical activity

It is already established that physical exercise is proven to have
positive effects on the human hippocampus (Firth et al., 2018).
We argue that the sole reliance on physical exercise as an antidote for
the sedentary behaviors induced by the built environment
overshadows the shortcomings of the modern and contemporary built
environment. One study has reported that weekend/holiday sedentary
behavior and the lack of physical activity, as we hypothesize here, were
associated with fractional anisotropy but not with gray matter volume
(Pineda et al., 2021). In this section, physical activity is introduced as
an independent variable yet can be influenced by the increase of
navigation or layout complexity.

Research done on humans proves that the more significant
amount, duration, and frequency of total daily walking activity are
all associated with larger hippocampal volume, but among women,
not men (Varma et al., 2015), while physical activity in general, in
the form of gardening activity, was found by Park et al. (2019) to have
positive effects on the BDNF and PDGF levels among elders.
Through rodent studies, this article supports that the combined effect
of physical activity and spatial complexity on neurogenesis to
expound that both variables have an additive effect. As the Marlau
cage’s complexity was proven to affect AHN due to navigation and
navigational novelty (Fares et al., 2013), Santoso et al. (2020) have
revealed that combined physical activity with the Marlau cage had
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the highest levels of hippocampal BDNF and NGF levels, indicators
of neurogenesis as well. Hence, we argue that walking and daily step
count can be influenced by increased layout complexity and
navigation, and consequently, it needs to be quantified accordingly.
This can apply not only to the built environment but also to urban
environments. Existing research that objectively quantified physical
activity and sedentary behaviors in children and associated the
variability with hippocampal gray matter volume (Migueles et al.,
2020) and used a wearable device to associate physical activity with
gray matter volume (Domingos et al., 2021a), can be considered
for guidance.

Regarding the amygdala, little is known about variables that affect
its plasticity. However, it is argued whether walking itself or walking
in the forest is what helps reduce cortisol levels, as evidenced by
psychological indicators and salivary cortisol biomarkers (Kobayashi
etal,,2017,2019,2021). From a neurological perspective, it was found
that running elicited stronger amygdala reactivity to implicit happiness
than fear, but it was found that walking did the opposite (Chen et al.,
2019). Additionally, higher levels of cardiorespiratory fitness were
associated with the expansion of the right amygdala (Cadenas-
Sanchez et al., 2023). The results suggest that habitual physical activity
could mediate acute exercise-induced anxiolytic effects concerning
amygdala reactivity. The scarcity of results still does not disqualify
walking as a positive influencer on the amygdala, and more research
is needed.

Regarding the cortex, a recent systematic review has highlighted
that higher activity levels have been linked to larger volumes of brain
gray matter in areas such as the hippocampus and prefrontal cortex,
as well as to maintained white matter integrity, fewer severe white
matter lesions, and enhancements in white matter microstructure
(Domingos et al., 2021b). Another study supports that individuals
who reported more leisure time physical activity had larger brain
volume and cortical thickness than those who reported less leisure
time physical activity (Gu et al., 2020). Falck et al. (2020) and Sun et al.
(2024) have found in their studies that there is a positive relationship
between physical activity, as a lifestyle-related variable, and
cortical thickness.

Built environments should be designed to encourage physical
activity with or without spatial complexity to promote brain health.
Future research should investigate the impact of navigational
complexity on the amygdala and cortex and explore the potential
benefits  of
complex environments.

combining physical activity with spatially

2.1.4 Novelty

Change and novelty, while they can be considered as facets of
navigation, can also add more depth to the definition when they are
related to interior complexity inside the space. This area of research is
still immature, but a very recent review by Khalil (2024) identified
how changing navigation or changing in-space complexity has an
additive effect on adult hippocampal neurogenesis (AHN)
independently from the effect of physical activity and navigation. The
difference between interior complexity for rodents and humans makes
it hard to expect how novelty in interior spaces can be quantified.
Nevertheless, the distinctiveness of the variable per se must
be considered. As reported by Khalil (2024), the majority of studies
focus on changing in-space complexity by interchanging or replacing
elements with unique characteristics, even in short-term studies, and
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it was proven to be successful in inducing neurogenesis even with the
exclusion of running wheels yet resulted in longer durations of
exposure. However, no hippocampal neurogenesis was observed with
a single structural element of enrichment (a red acrylic tunnel)
without running wheels or complex environmental enrichment. The
diversity of interior complexity, the presence of cognitively demanding
objects, and the frequency of change may be further explored. There
is evidence that homebodies who spend more time in an unchanging
environment, unlike others who venture into the city, have poorer
cognitive functions (McCormick et al., 2022). Spatial experiences
requiring exploration have encompassed novelty that was also proven
to be effective for the hippocampus and cortical plasticity as evidenced
by Wenger et al. (2012).

2.1.5 Diversity

Diversity, which we can expound as a high frequency of different
activities experienced within a fixed duration, appears as another
critical variable for increasing hippocampal volume and that can
be considered at both the urban and built environment levels through
the presence of multiple commercial/public space uses and diverse
space uses, respectively.

The problem of lacking diversity was reported by Folville et al.
(2023), who revealed that during lockdown, there were changes in
experiential diversity that negatively affected well-being. On the
contrary, Urban-Wojcik et al. (2022) have tested whether greater
activity diversity, defined as the range of common daily activities
engaged in and the proportion of time spent in each, is associated with
larger hippocampal volume, finding a positive correlation across the
left and right hemispheres. This study provides neurological evidence
to an earlier study by Lee et al. (2021), who found that greater activity
diversity was associated with overall cognitive functioning, higher
executive functioning, and episodic memory. Another study confirms
that greater diversity in daily activities was related to higher cognitive
functioning after adjusting for physical activity (Brown et al., 2023).

Interestingly, one possible explanation is that engaging in various
activities may provide attention and challenging experiences, which
can stimulate the formation of new neural connections and promote
the survival of newly generated neurons in the hippocampus.
Additionally, diverse experiences enhance the complexity and richness
of the neural representations in the hippocampus, which could
support better memory formation and retrieval.

2.2 Neurosustainability through natural
enrichment

The lack of greenness is one of the most explicit and common
criticisms of urban and built environments, which has led to the
increasing interest in residential greenness for neighborhoods and
urban environments to promote well-being (Son et al., 2021) and in
biophilia for architecture and interiors as a promoter for health, well-
being, and sustainability (Huntsman and Bulaj, 2022; Zhong et al.,
2022). In this article, we argue that Neurosustainability is a complex
process that can affect the human brain at multiple levels and through
different multifaceted variables: Tree cover density and greenness, sky
views, lighting, temperature, air, and materials. Figure 4 illustrates a
summary of Neurosustainability through natural enrichment before
each variable is expounded subsequently.
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2.2.1 Greenness

A plethora of studies support a strong and significant
relationship between cortical plasticity and residential greenness
that is defined by tree cover density. Firstly, Kithn et al. (2023a)
have investigated the association between tree cover density (500 m
buffer around the home) and brain structure, observing a positive
association between tree cover density and gray matter volume in
the right orbitofrontal cortex. Secondly, Min et al. (2021) have
assessed the association between residential greenness as well
(750 m buffer) and cortical thickness among late adulthood and
elderly, also finding that it is positively correlated with the cortical
thickness of global, parietal, and occipital regions. Interestingly, the
association was in urban populations, not rural populations.
Thirdly, Kithn et al. (2021) have also investigated the structural and
functional neural basis of urbanicity and green space (1 km buffer
around the home), finding a negative association between the
urban fabric and gray matter volume in contrast with a positive
association in urban green and gray matter volume in the
pregenual/subgenual anterior cingulate cortex, a part of the
prefrontal cortex located in the medial wall of the cerebral
hemispheres. Fourthly, this relationship among elders was further
supported by a third study by Besser et al. (2021), who investigated
the associations between neighborhood greenspace and MRI
measures, findings that there is a possible association between the
abundance of green space and less ventricular enlargement,
suggesting a minor deviation from the normal ventricular size
compared to what is typically expected. In other words, more green
space is associated with less global brain atrophy. Deprivation from
green spaces is found to be a risk factor for worsening white matter
grade as well (Besser et al., 2023).

Little is known about the impact of greenness or tree cover density
on the hippocampus except through a recent study that revealed that
a walk in the forest was found to have a significant impact on
increasing the subiculum volume, a hippocampal subfield involved in
stress response inhibition, while no change was observed after the
urban walk (Sudimac and Kiihn, 2024). We can relate this to the
amygdala since the dependent variable is related to stress responses.
Regarding amygdala plasticity, Kithn et al. (2017) have tested the
effects of forest, urban green, and various variables within the buffer
radius around the home on brain structures, finding a significant
positive association between the coverage of forest, not urban green,
and amygdala integrity. Two additional studies have explored the
changes in stress-related brain regions as an effect of walking in
natural versus urban environments (Sudimac et al., 2022; Sudimac and
Kiihn, 2022), finding that the amygdala activity decreased after the
walk in nature, but only in women, suggesting that women may
benefit more from salutogenic effects of nature. The findings of these
studies provide valuable insights into the impact of environmental
experiences on amygdala plasticity. They suggest that exposure to
natural environments, particularly forests, may positively influence
amygdala structure and function, potentially promoting resilience to
stress and emotional well-being. The observed gender differences in
the short-term effects of nature exposure on amygdala activity
highlight the need for further research to understand the underlying
mechanisms and potential implications for mental health
interventions. It is important to note that these studies provide
sufficient evidence to challenge how urban and built environments are
deviated from the innate essence of nature.
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2.2.2 Sky views

Interestingly, and while still part of the overarching theme of
residential greenness, one study distinguishes between residential
greenness as green space (trees) versus open green space (associated
with visibility of the sky) where Kiithn et al. (2023b) have observed a
positive association between gray matter volume in various prefrontal
clusters and green spaces (200 m buffer around home) associated with
visibility of the sky, but a negative relationship with prefrontal clusters
for tree cover density alone among children. The sky’s visibility was
the most critical predictor of gray matter volume in the medial
prefrontal cortex. The added value of this study contrasts an earlier
study on children that did not separate trees from the visibility of the
sky that found that exposure to greenness was positively associated
with gray matter volume in both the left and right prefrontal cortex
and in the left premotor cortex and with white matter volume in the
right prefrontal region, in the left premotor region, and both cerebellar
hemispheres (Dadvand et al., 2018).

Another factor in the sky that might be related to the hippocampal
place cells firing is the presence of fog. Shin et al. (2022) investigated
how environmental changes affect memory formation and
modification in the hippocampus. By recording place cells in CA1 and
CA3 regions of the hippocampus in a virtual reality environment, they
found that CA3 place cells are more resistant to individual landmark
changes but undergo significant changes to encode distinctly different
environments. In contrast, when visual noise (virtual fog) is
introduced to a visually rich environment, CA1 place cells split into
two groups: one maintaining their field locations while adjusting firing
rates to reflect sensory changes, and the other exhibiting global
remapping in response to contextual changes. CA3 place cells,
however, mainly exhibit rate remapping under the same conditions.
These findings suggest that CA1 can simultaneously represent multiple
maps of the same environment when subtle visual noise induces
sensory and contextual changes.

2.2.3 Lighting

Lighting is a complex and multidimensional natural variable that
the built environment needs to apprehend carefully not only as a
variable that can save energy (Olajiga et al., 2024) but because daylight
per se is a source of well-being (Baker and Steemers, 2019), and it does
so in a complex way. Light has more variables to consider besides the
source, such as the duration of exposure and the cycle of change
related to circadian rhythm. Those three variables have different
effects on different parts of the human brain through the unique
neuroplasticity processes corresponding to the function of each
brain structure.

Firstly, Bumgarner et al. (2023) have demonstrated that exposure
to artificial light at night, not as a source of artificial light but as a
disruptor of the circadian rhythm, has resulted in an altered
hippocampal vascular structure and connectivity in mice. This is not
the only study reporting that disruption to the natural lighting cycle
has adverse effects on the hippocampus plasticity, neurogenesis, and
its associated functions such as depression and cognitive performance
(Fujioka et al., 2011; Walker et al., 2020; Schroder et al., 2023).
However, there is no research on that matter on human subjects who
experience more exposure to artificial light of diverse types.

Secondly, regarding the cortex, Kithn et al. (2022) have reported that
time spent outdoors among adults is positively associated with gray
matter volume in the right dorsolateral prefrontal cortex, noting that the
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number of hours was a significant predictor, as well as sunshine duration.
However, it was found in another study that prolonged exposure to
natural sunlight is negatively associated with the volumes of total brain,
white matter, gray matter, and white matter hyperintensities (Li et al.,
2024). The association between sunlight exposure and brain structure
was different for individuals with less than 2 h of daily sunlight exposure
compared to those with more than 2h of exposure. However, it might
be a limitation that the group that had exposure to more than 2h
consisted mainly of older people, more likely consisting of males,
engaged in higher levels of physical activities and appropriate sleep
duration. Furthermore, the authors have highlighted multiple limitations
of the recruited participants, which should be considered.

While exposure duration matters most for cortical plasticity,
unlike the lighting cycle that matters most for hippocampal plasticity,
light quality is also another factor that was reported to be associated
with cortical plasticity. For instance, poor lighting was found to
be associated with a thinner prefrontal cortex (Uy et al., 2019).

Frontiers in Human Neuroscience

Thirdly, regarding the amygdala, Li et al. (2024) have also
reported that sunlight exposure duration was negatively associated
with amygdala volume. For the amygdala, another quality of light
exposure matters, which is the intensity of light where Campbell
et al. (2024) found that as light intensity increased, the activity in
several subregions of the amygdala decreased linearly during
emotional processing. This suggests that light can modulate the
responsiveness of the amygdala to emotional stimuli. Light quality
also matters for the amygdala, as evident in exceptional cases. For
instance, morning light may improve traumatic stress by reducing
reactivity in the amygdala (Cenkner et al., 2022), suggesting that
exposure to brighter light conditions can lead to decreased amygdala
reactivity compared to dim light settings as well as that exposure to
warm light with a higher proportion of long-wavelength energy,
specifically at a color temperature of 2,800 Kelvin, seemed to have a
suppressive effect on the activity of the amygdala (McGlashan
etal., 2021).
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However, limited research has been conducted to examine the
effects of light therapy on amygdala activity over time. In one notable
study, 30 healthy male subjects underwent a 3-week morning white
light treatment, with daily 30-min sessions at intensities ranging from
100 to 11,000 lux. The results showed that higher light intensities were
associated with more significant reductions in amygdala reactivity
from pre- to post-treatment, as measured by an emotional-faces fMRI
task (Fisher et al., 2014). These findings provide preliminary evidence
to support the notion that morning light therapy may have the potential
to alleviate traumatic stress by reducing amygdala reactivity. To further
support this hypothesis, Killgore et al. (2022) have found that daily
morning blue light treatment (BLT) in post-traumatic stress disorder
(PTSD) patients was linked to better objective sleep duration and
increased left amygdala volume compared to amber placebo light.
Changes in amygdala volume were associated with subjective sleep
improvements. These results indicate that morning BLT could be a
valuable non-pharmacological addition to PTSD treatment, aiding in
sleep and neurobehavioral recovery. In general, individuals with PTSD
tend to have smaller amygdala volumes compared to healthy controls.
This reduction in amygdala volume has been associated with the
chronic stress and hyperarousal experienced in PTSD. Therefore,
increasing amygdala volume following blue light therapy could
be interpreted as a normalization or recovery of the amygdala rather
than a detrimental change.

The research by Majrashi et al. (2022) is a significant contribution
to our understanding of the relationship between seasonal changes in
photoperiod and amygdala volume. Their study, conducted with
10,033 participants from the UK Biobank cohort, demonstrates the
significant effects of photoperiod on amygdala subregion volumes
across both hemispheres. Although the study found no direct link
between photoperiod-induced amygdala volume changes and mood
variations, it provides novel evidence supporting the role of
photoperiod in brain structural plasticity, particularly in the amygdala,
which is crucial for emotion and cognition. This research proves that
light duration is also associated with amygdala plasticity.

2.2.4 Temperature

Temperature is found to be significantly related to both the cortex
and hippocampus. Based on the study by Pavlov et al. (2016), lower
air temperatures are better for cortical activity, as an increase in air
temperature results in a decrease in the activity rate of the right
occipital lobe, which suggests that higher air temperatures are not
better for cortical activity. Therefore, lower air temperatures would
be better for maintaining higher cortical activity. We support this with
another study by Lang et al. (2022), who conducted a climate chamber
simulation experiment (neutral temperature was set at 26°C and the
high indoor temperature at 39°C), finding that the high temperature
may damage cognitive performance from the physiology viewpoint.

Seasonal variation, precisely the number of sunshine hours,
positively correlates with serum BDNF correlations (Molendijk et al.,
2012). Here, BDNF and prospective neurogenesis are modulated by
passive environment heat exposure. It was reported by Kojima et al.
(2018) that BDNF levels increased by 66% following a 20-min
immersion of healthy men in 42°C water compared to another group
immersed in 35°C water. Another study by Koyama et al. (2018) found
that short-term heat exposure promoted hippocampal neurogenesis
when rats were exposed daily to a 1-h heat treatment of 36°C during
a 7-day experimental period. Whether physical activity, sun exposure,
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or hot water exposure, there is a positive correlation between whole-
body energy status, adult hippocampal neurogenesis, and neuron
survival (Landry and Huang, 2021).

Regarding the amygdala, no evidence exists; however, Kanai et al.
(2022) showed in their study that hot and cold environments (8°C and
38°C, respectively) activate the paraventricular thalamic nucleus
neurons projecting to brain regions, including the central nucleus of
the amygdala, suggesting an involvement in avoidance behaviors or
behavioral thermoregulation. Clewett et al. (2013) scanned healthy
men’s brains after completing either a stressful cold pressor task
(immersing their hands in cold water) or a control task. They
discovered that the cold pressor task caused a decrease in how well the
amygdala connected with areas of the brain responsible for emotional
regulation, such as the orbitofrontal cortex and ventromedial
prefrontal cortex. Moreover, the study found that the left amygdala
showed more substantial connections with another brain region called
the dorsal anterior cingulate cortex after the cold pressor task. This
region is known to help reduce the amygdala’s response to stress.
However, we suggest that amygdala reactivity to temperature varies
depending on emotional states. The effect of short-term, long-term,
and intermittent exposure is still unclear.

2.2.5 Air

Recent studies have investigated the potential effects of air
pollution on brain structure, particularly in the prefrontal cortex. Gale
etal. (2020) conducted a cross-sectional study using data from the UK
Biobank to assess the associations between air pollution and gray
matter volume in the prefrontal cortex. The study found inverse
associations between exposure to particulate matter (PM2.5 and
PM10) and nitrogen oxides (NOx) and prefrontal volume after
adjusting for potential confounders such as age, sex, education,
socioeconomic status, and lifestyle factors. Interestingly, education
appeared to have a protective effect against the impact of air pollution
on prefrontal volume. These findings suggest that even relatively low
levels of air pollution may be associated with reduced prefrontal
cortical volume in adults. Ko et al. (2024) investigated the effects of
long-term exposure to air pollution on cortical thickness and
subcortical volume in a longitudinal neuroimaging study. The study
followed a prospective cohort of 361 adults residing in four cities in
South Korea over three years. The authors found that a 10-pg/m3
increase in PM10 was associated with reduced whole-brain mean
cortical thickness and decreased thickness in the frontal and temporal
regions. Similarly, a 10-ppb increase in NO2 was associated with a
decline in whole-brain mean cortical thickness and reduced thickness
in the frontal, parietal, and temporal regions. The study also found
associations between air pollutants and subcortical structures, such as
the thalamus volume. The findings from Walker et al. (2020)
complement the results of the studies by Gale et al. (2020) and Ko et al.
(2024), which focused on the prefrontal cortex. The authors found that
a 2-pg/m3 increase in PM2.5 was associated with a 0.32% smaller total
cerebral brain volume and 1.46 higher odds of covert brain infarcts.
However, there was no clear pattern of association between PM2.5 and
hippocampal volume, white matter hyperintensity volume, or
extensive white matter hyperintensity volume. Furthermore, a study
by Smith et al. (2024) provides valuable insights into the effects of
everyday home radon exposure on structural brain morphology in
youths. The findings suggest that radon exposure may alter sensitive
brain development, impacting gray and white matter trajectories.
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The study by Pavlov et al. (2016) also investigated the relationship
between wind speed and cerebral cortex activity in women. The
researchers found that a decrease in wind speed was associated with a
decrease in the activity rate of the right occipital lobe, which is part of
the cerebral cortex.

This article hypothesizes that dynamism can be an effective
variable for the hippocampus because place cells fire and remap in
through
multisensory stimuli inducing attentiveness or stimulation and breaks

response to environmental variability fascilitated
habituation. The stability of place cell firing patterns is influenced by
the attention paid to the environment (Kentros et al., 2004).

The abundance of air, facilitated through controlled breathing
exercises, can significantly contribute to the amygdalas role in
emotional regulation and neuroplasticity. According to Yuliana
(2021), breathing exercises during the COVID-19 pandemic have
shown the potential to alter brain structures, including the amygdala,
by promoting mindfulness and reducing stress. Additionally, research
on meditation-induced neuroplastic changes indicates that such
practices can modulate amygdala activity during negative affective
processing, further supporting the restorative and plastic potential of
the amygdala (Leung et al., 2018). These combined insights underscore
the beneficial impact of breathing exercises on the amygdala,
enhancing emotional stability and cognitive function through
improved neuroplasticity. This potential of breathing exercises offers
hope and optimism for the future of brain health.

Hence, we see air as a multifaceted antidote for the enclosed
nature of built environments where the air quality, change, and
abundance have effects on the cortex, hippocampus, and amygdala,
respectively, but that does not disprove that pollution, for instance,
may have adverse effects on the latter two brain structures. This
section culminates in challenges for the built environment to redefine
the presence of air in the indoor space.

2.2.6 Materials

Concrete-dominated environments are often associated with
urban settings, which have been linked to increased stress and mental
health issues. Lederbogen et al. (2011) found that urban living was
associated with more significant amygdala activity in response to
stress. While this study does not isolate concrete as a variable, it
suggests that the overall urban environment, which heavily utilizes
concrete, can affect brain function. A recent study has further
explained this. Harris et al. (2023) revealed that gray space was
associated with enhanced connectivity between the left amygdala and
the default mode network (DMN), which are circuits involved in
affective processing, emotion regulation, and psychopathology.
Consequently, gray space might be linked to connectivity alterations
that could increase the risk of emotion dysregulation. Those studies
suggest that gray space, a common feature of built environments,
negatively affects the amygdala, unlike natural or green spaces.

Therefore, we strongly advocate for future research to delve into
the effects of natural building materials on amygdala activity and long-
term neuroplasticity. While the specific influence of gray materials or
the absence of nature on the amygdala is yet to be fully understood,
we do have evidence that materials like wood have restorative
properties (Fell, 2010). This suggests a crucial need for further
exploration. More research is needed to fully understand the impact
of different material types on the cortex, hippocampus, and amygdala,
underscoring the urgency and importance of this topic.
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2.3 Neurosustainability through aesthetic
enrichment

Our environment’s aesthetic qualities, encompassing objective
and subjective attributes, play a significant role in shaping our
cognitive and emotional experiences. As we delve deeper into the
relationship between aesthetics and the brain, it becomes
increasingly clear that the impact of these sensory variables on
neuroplasticity is a topic of great importance and novelty. The
aesthetic triad model, as introduced by Chatterjee and Vartanian
(2014), highlights the subjective nature of aesthetic experiences and
how they relate to an individual’s sense of self and cultural identity.
By incorporating this notion into the study of neuroplasticity,
we can begin to unravel the complex interplay between subjective
aesthetic experiences and the brain’s adaptive responses. Moreover,
the novelty of this article lies in its exploration of how aesthetic
variables, such as visual, olfactory, and auditory cues, can influence
neuroplasticity in the cortex, hippocampus, and amygdala - three
brain regions closely associated with perception, memory, and
emotion. This topic becomes of equal importance to spatial and
natural enrichment because aesthetic enrichment is present in
higher variability as we see, for instance, different interior styles,
each consisting of various color schemes, complexity of items, and
difference in scale. Therefore, while very little research has been
conducted on the impact of aesthetics on neuroplasticity, we cannot
ignore the prospective impact of those variables on neuroplasticity.
Figure 5 illustrates a summary of Neurosustainability through
aesthetic enrichment before each variable and attribute
is expounded.

2.3.1 Visuals

Visual aesthetics are complex, consisting of various elements such
as color, scale, proximity, and so forth. Each of those variables is even
more variable within each scene. This section elaborates on how visual
aspects of aesthetic experiences can impact neuroplasticity processes.

Purely aesthetic experiences of natural landscapes and interior
environments, regardless of the visual element, impacted cortical
plasticity. For instance, higher subjective neighborhood beauty was
associated with larger bilateral medial orbitofrontal cortex and insula
volumes and, interestingly, was not associated with objective measures
such as green space, blue space, or plant diversity (Tani et al., 2022).
Furthermore, subjective home environment qualities, such as
crowdedness or perceived hazard, are associated with thinner
prefrontal cortices regardless of socioeconomic status or psychosocial
factors (Uy et al., 2019).

Regarding the hippocampus, McCormick et al. (2021)
discovered that the hippocampus responded more to scene stimuli,
with color detection engaging the posterior hippocampus and layout
detection engaging the anterior hippocampus, while scene
complexity did not influence hippocampal activity. The
hippocampus exhibits selectivity for specific sensory feature
combinations, even during novel experiences (Priestley et al., 2022).
More research is needed on that part, with prospective rodent-
related literature providing the baseline for that part of the research.
For instance, the hippocampus processes visual cues as stable
landmarks for orientation or navigation or as non-stationary objects
or features in the environment used for associative learning (Scaplen
etal., 2014).
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Little research is available about the amygdala, but one study
supports that it might be sensitive to natural aesthetics. Viewing a
typical flower image led to decreased activation in the right amygdala-
hippocampus region, unlike viewing a mosaic flower (Mochizuki-
Kawai et al., 2020).

2.3.2 Odors

Olfaction plays various roles in the cortex, hippocampus, and
amygdala. Firstly, olfaction was reported by Kokubun et al. (2024) as
effective, where they found that continuous inhalation of essential oil
increases gray matter volume. Secondly, in contrast with the visual
cue, olfactory cues, using flower scents, helped participants in the
stress condition to have reduced brain activation in the right amygdala
in the short term (Ai et al., 2023). However, the amygdala did not
change after one month in another study (Kokubun et al., 2024).
Thirdly, for the hippocampus, Kulvicius et al. (2008) emphasize the
additive effect of olfactory cues with navigation, supporting place cell
firing in the hippocampus but in rodents. More research is needed on
humans. Besides, Zhang and Manahan-Vaughan (2015) suggested that
place cells in the hippocampus also occur when olfactory and auditory
cues are effective. Olfaction, therefore, is multifaceted and can have
additive effects on the aesthetic experience.

2.3.3 Soundscapes

Most research suggests that the quality of soundscapes matters
most for the cortex, hippocampus, and amygdala. For instance,
excessive noise was found to be associated with thinner prefrontal
cortices by Uy et al. (2019), which is confirmed by another study by

10.3389/fnhum.2024.1436179

Simon et al. (2022), who tested whether high everyday noise exposure
among children affected the cortex, finding that excessive levels of
noise reduced cortical thickness in the left inferior frontal gyrus,
associated with differences in language processing differences. On the
other hand, while there is no direct evidence on auditory aesthetics
and hippocampus or amygdala plasticity, we have indirect evidence
that the latter may be improved by natural soundscapes than urban or
artificial sound or noise (Gould van Praag et al., 2017; Aletta et al.,
2018; Hahad et al., 2019). Stobbe et al. (2023) investigated the effects
of listening to natural and urban soundscapes on cognitive
performance, mood, stress reactivity, and brain activity during a
cognitive task. The authors found that exposure to natural
soundscapes, compared to urban soundscapes, decreased negative
affect and higher aesthetic preference ratings. Although the effect did
not reach statistical significance, listening to natural soundscapes also
led to better cognitive performance.

Regarding brain activity, the study found an exploratory result
suggesting that listening to urban soundscapes was associated with
increased activity in the superior temporal gyrus (STG) during a
subsequent cognitive task (dual n-back). The STG is involved in
auditory processing and language comprehension. The authors
speculate that this increased STG activity could indicate less efficient
information processing in early primary sensory areas due to exposure
to urban soundscapes. However, it is essential to note that this result
was not statistically corrected and should be interpreted cautiously.
Last, Zhang et al. (2021) demonstrated that moderate noise levels
(~65dB SPL), which do not significantly affect stress levels or
peripheral ~ hearing, can  still

substantially ~ impair
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hippocampus-dependent learning and memory by altering synaptic
plasticity in a rodent model. The authors suggest that the negative
impacts of chronic exposure to moderate noise may be underestimated
and emphasize the need for further research to better understand the
potential hazards of noise pollution in modern human environments.

2.4 Neurosustainability through social
enrichment

Social enrichment, including neighborhood deprivation and
loneliness, significantly impacts brain morphology and function.
these promoting
Neurosustainability. However, the focus of this article on social

Understanding influences is crucial for
enrichment aims to prevent the negative impacts associated with
housing, for instance, in the case of sole living. In this part, we present
co-living as a neighborhood-level social enrichment, while loneliness is
a house-level form of social deprivation. On the one hand, living in
deprived neighborhoods (small area-level social disadvantage)
throughout the life course has been associated with adverse brain
morphologies. Specifically, these environments correlate with reduced
total brain and gray matter volume, thinner cortex, and lower general
fractional anisotropy (Baranyi et al., 2023a,b). Fractional anisotropy is
a valuable measure of the microstructural integrity and organization of
white matter in the brain. It provides insights into both normal
development and various neurological and psychiatric disorders,
highlighting the profound impact of social disadvantage on brain health.

On the other hand, social isolation has also been linked to
significant changes in brain structure. Lammer et al. (2023) found that
social isolation is associated with reduced cortical thickness and
hippocampal volume clusters. Last but not least, it was reported that
acute social isolation and regrouping cause short—and long-term
molecular changes in the medial amygdala of rat subjects, which
supports that the COVID-19 pandemic lockdown has had adverse
effects that may be pathological (Lavenda-Grosberg et al., 2022).

These findings underscore the critical role of social interactions in
maintaining brain health. They also suggest that social isolation can
lead to structural brain changes, potentially predisposing individuals
to cognitive decline and mental health disorders. This highlights the
urgent need to address social isolation, as it can have significant
negative effects on brain health.

3 Neurosustainability: Changes,
challenges, chances

3.1 Changes

Change represents a shift in perspective across disciplines that
walk in parallel, encouraging each of them to expand their perspective
in order to reduce the gaps that lead to the deterioration of the
neuroplastic human brain.

3.1.1 Neurosustainability and neuroarchitecture:
architecture for the brain and architecture of the
brain

First and foremost, we aim to expound on the distinction between
Neurosustainability and Neuroarchitecture, why the latter receives
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criticisms, and why the former may be a better literal fit.
Neuroarchitecture combines two primary fields: neuroscience,
specifically, which studies the nervous system, and architecture, which
focuses on the design and construction of buildings. Neuroarchitecture
suggests an intersection where the built environment influences and
is influenced by human neural activity. However, the interpretation of
this term can vary significantly across disciplines; hence, it
receives criticism.

In architecture, Neuroarchitecture is often viewed through the lens
of how architectural design can impact human well-being, cognitive
function, and emotional state. Its key concepts mainly focus on spatial
cognition but expand beyond this scope. Neuroscientists may interpret
Neuroarchitecture as a study of how the brain processes and responds
to architectural spaces, and sometimes worse for architects,
neuroscientists interpret Neuroarchitecture as merely the architecture
of the brain itself, such as structure, neurons (Helfrich-Forster, 2003;
WolfF et al., 2015). While Neuroarchitecture is indeed literally translated
as the architecture of the brain, Neurosustainability refers to the process
of sustainability of the human brain’s neuroplasticity processes, which
is something that needs to take place through sustainability practices
that are already renowned for focusing on building and the
environment. Furthermore, the environment is the brain’s architect,
and that has been for thousands of years.

Neurosustainability can be a better representative for
interdisciplinary research between neuroscience and architecture to
continuously improve the architecture of the brain since it is an
ongoing process and does not happen once. However, both
Neuroarchitecture and Neurosustainability can keep walking parallel
roads and often meet at certain points.

3.1.2 Neurosustainability and sustainability:
plasticity before and through the planet

As introduced earlier in the previous section, sustainability
practices aim to save the planet, the environment, and energy
consumption. However, despite the interest in improving health and
well-being at specific points, neuroplasticity and the ongoing effect on
the human brain require sustainable research and practice attention.
Neurosustainability, a novel field that examines the intersection of
neuroplasticity and sustainability, underscores the importance of
incorporating human cognitive and neural processes into
sustainability efforts.

Sustainability practices in the built environment primarily
focus on reducing environmental impact through various
strategies. These strategies include implementing energy-efficient
systems and technologies to reduce energy consumption and
greenhouse gas emissions (Wu et al., 2016; Gassar and Cha, 2020;
Pham et al.,, 2020; Skillington et al., 2022), using sustainable
materials and promoting recycling and the reuse of resources to
minimize waste (He et al., 2020; Soni et al., 2022), designing
systems that reduce water usage and promote water recycling, and
adopting certifications such as LEED (Leadership in Energy and
Environmental Design) to ensure buildings meet specific
environmental criteria (Awadh, 2017; Ferreira et al.,, 2023;
Wijesooriya et al., 2023). Additionally, there is an emphasis on
enhancing indoor air quality, natural lighting, and thermal comfort
to improve the health and well-being of occupants (Elnaklah et al.,
2021; Mannan and Al-Ghamdi, 2021). While these practices are
crucial for mitigating environmental impact and promoting the
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health of occupants, they do not consider the built environment’s
profound effects on the human brain, particularly in terms of
neuroplasticity’.

In order to design sustainable environments, it is essential to
consider how the built environment impacts the brain’s plasticity and
sustains neurons over time. This integration can lead to more holistic
and effective sustainability practices, which are argued to be an
integral part of the architectural decision-making process (Feria and
Amado, 2019). Artificial intelligence can also aid this process (Nishant
etal., 2020; Singh et al., 2020; Merabet et al., 2021; Bibri et al., 2024).

3.1.3 Neurosustainability and neuroaesthetics:
what the brain wants and what the brain needs
The distinction between Neuroaesthetics and Neurosustainability
is as simple as the difference between what the brain wants (Derke
et al., 2023) and what it needs. Neuroaesthetics, a field that studies the
neural basis of aesthetic experiences, explores how the brain processes
beauty and art. It focuses on what the brain finds pleasurable and
satisfying, delving into the sensory and emotional responses elicited
(Chatterjee 2014).
Neurosustainability, however novel, complements rather than

by aesthetic stimuli and Vartanian,
positions itself as an opposite terminology.

Neuroesthetics investigates how different forms of art,
architecture, and natural beauty stimulate the brain (Pearce et al.,
2016; Coburn et al., 2017; Chatterjee et al., 2021). It examines how
visual, auditory, and tactile experiences evoke pleasure, calmness, or
excitement. For instance, seeing a well-designed building, a beautiful
painting, or a harmonious landscape can trigger positive emotional
responses and activate reward pathways in the brain. These aesthetic
experiences are essential because they enhance mood, reduce stress,
and promote well-being. However, while these “wants” of the brain are
crucial for immediate satisfaction and happiness, they do not
necessarily address the deeper “needs” required for sustainable
neuroplasticity processes.

1 This paper has introduced a novel theory titled “Neurosustainability,” which
explores the role of the physical environment—both natural and built—in
sustaining neuroplasticity through environmental enrichment strategies. Even
though we raise awareness among researchers in sustainability, the word
sustainability used in this article refers to the quintessential meaning of the
word “sustainability” beyond its applied definition. It has come to the author’s
attention that the term Neurosustainability was previously utilized in a different
context by Ozer (2021). This prior usage was not identified during this article’s
ideation phase or literature review process, as the primary database searches
conducted do not include the source containing Ozer's work. Ozer's paper
refers to a different meaning of the term Neurosustainability, however, which
does not convey the same meaning introduced in this article and does not
infringe its originality. However, as this article raised awareness for researchers
in sustainability to be Neurosustainabilityconscious, we acknowledge Ozer's
work as relevant to the awareness raised. This situation underscores the
multidisciplinary interest in and relevance of Neurosustainability and sets a
foundation for future scholarly discourse to refine and differentiate terminology
usage within varied research contexts. Future research may cite only one of
the two articles depending on the discipline; therefore, future research may

no longer need to cite both articles unless needed.
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Neurosustainability goes beyond immediate gratification to focus
on the essential needs of the brain for long-term brain health and
resilience through a dynamic relationship with the environment.
Aesthetic enrichment is part of this novel Neurosustainability theory
and framework, which guides how to orchestrate the human brain
through spatial, natural, aesthetic, and social enrichment that often
takes place simultaneously.

3.1.4 Neurosustainability and epigenetics:
bridging the gap between science and design

While epigenetics offers valuable insights into how environmental
factors influence brain health and plasticity, translating this knowledge
into practical design strategies for built environments presents
significant challenges. One of the main obstacles is the complex and
multifaceted nature of epigenetic mechanisms, which can
be challenging to interpret and consider during architectural design.

Another challenge lies in the long-term and transgenerational
effects of epigenetic modifications. While the Neurosustainability
framework emphasizes the importance of creating environments that
support brain health over the lifespan, the epigenetic impact of
environmental exposures may take time to become apparent.
Designers ought to consider the potential long-term consequences of
their design choices and develop strategies to mitigate the risk of
adverse epigenetic effects over time.

It is essential to foster interdisciplinary collaboration between
neuroscientists, epigeneticists, and design professionals. By working
together, these experts can develop a shared understanding of the
complex relationship between the environment, epigenetics, and brain
health. This collaborative approach can help bridge the gap between
scientific knowledge and practical design applications, enabling the
creation of environments that effectively promote brain health and
sustainable plasticity.

3.2 Challenges

Urban spaces face many challenges in fully integrating the
variables and attributes that promote neuroplasticity. One major
challenge is increasing navigational complexity, which is crucial
given the cognitive benefits of navigational demands, such as those
of taxi drivers. While urban design traditionally focuses on
vehicular routes, creating more interconnected pedestrian and
cycling paths would require reimagining infrastructure with
walking and cycling, for instance, in mind. With strategic
placement of landmarks, including public art and green spaces,
navigating complex urban realms could become cognitively
stimulating while encouraging physical activity.

Contemporary architectural design may pose real challenges
to Neurosustainability. High-rise buildings present one of the
most significant challenges to maximizing sky views in urban
spaces. As density increases vertically to accommodate growing
populations, tall towers inevitably block out the natural sky
when in close proximity. This is problematic because research
has shown sky visibility to be the most impactful predictor of
prefrontal cortical plasticity in children compared to just tree
cover alone. One way to help overcome the obstruction of sky
views in high-density areas is through strategic step-backs in
building design.
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High-rise buildings pose unique challenges to maintaining
natural wind movement patterns within dense urban contexts. The
towering vertical typology common to many city skylines disrupts
ambient airflow dynamics at the pedestrian level when structures
are placed too closely together. Unbroken concrete and glass walls
inhibit cross breezes that traditionally circulated through
low-height buildings. Without sufficient spacing between towers,
updrafts and downdrafts that carry warm and cool air masses lose
their fluid exchange, resulting in static pockets of stagnant air at
street level.

Residential greenness faces challenges in overcoming urban
canyon effects and the prevalence of gray infrastructure; however,
strategic planting provides opportunities. While green walls and
roofs expand canopy coverage, research indicates natural trees
uniquely impact the amygdala versus artificial structures alone.
Trees offer sensory complexity through sights, scents, and textures
that engineered systems cannot replicate. Their living biomaterial
sequesters carbon in a closed-loop process versus resource-
intensive technical solutions. Other seemingly innovative solutions,
such as digital or liquid trees, however, miss out on an integral part
of the presence of trees, and future innovative solutions should aim
at bringing natural trees into urban spaces again rather than
providing a replica, which again transforms the relationship
between nature and humans from top-down to bottom-up and thus
negatively affecting the human brain.

Cities with high spatial complexity from extensive street
networks, diverse layouts, and abundant commercial spaces
provide an enriched environment beneficial for hippocampal
neuroplasticity. The extensive navigational cues and opportunities
for exploration effectively activate mechanisms like adult
neurogenesis through hippocampal mapping. However, such
vibrant urban centers often remain lively late into the night. While
the prolonged activity stimulates cognitive mapping abilities by
extending the period of environmental engagement, it also exposes
residents to nighttime light that is disruptive to circadian rhythms
and critical for hippocampal regeneration. Without sufficient dark
periods aligned with natural sleeping cycles, overstimulation risks
compromising the plasticity it aims to improve.

In contrast, cities with more straightforward navigational
structures, uniform layouts, and sparse commercial options offer
fewer spatial stimuli during peak activity hours. This deprives the
hippocampus of diverse cues needed to optimize cognitive
representations. Also, earlier closures minimize circadian conflicts
by restoring circadian alignment in sleep. As densities increase and
commercial hours dwindle earlier, dwellers face confined quarters
posing analogous deprivation to impoverished cities. Without
environmental modification embracing navigational puzzles
stimulating mapping circuits from within, indoor realms represent
a more deprived miniature of the urban environment.

Built environments commonly consist of straightforward
layouts with minimal interior navigation like direct corridors.
Straightforward interior navigation undermine hippocampal
neurogenesis ability and cortical thickening. Building designs can
experiment spatial puzzles by including more corridors, staircases,
complex layouts, and multi-floor circulation routes. This increases
navigational demands within living spaces, layout complexity, and
more. By embedding complexity that necessitates more walking
indoor territories, built

intercourse between diversified
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environment layouts can effectively promote higher levels of
physical activity achieved effortlessly as a natural consequence of
inhabiting neuroplasticity-enriched living spaces.

Incorporating more natural elements indoors poses immense
potential to enrich neuroplasticity. Prioritizing clerestories and
skylights over conventional windows could better introduce sky
exposures, which have been shown to impact regions like the
prefrontal cortex uniquely compared to mere tree views. However,
it will challenge the architectural design where multi-story
buildings are divided into apartments for different owners.
Furthermore, density targets for indoor greenery must also
be established, as biophilic stimuli hold additive effects when
experienced residentially versus solely outdoors. Thoughtful plant
placements providing sensations across fractal visual, olfactory,
and tactile domains may stimulate structures like the amygdala.
Introducing biophilic soundscapes could further spatially activate
functions such as emotional processing. Optimized ventilation
circulation and emissions filtration through foliage could aid
indoor air purification, which has been proven critical to the
cerebral cortex. Considering lighting intricacies like natural
circadian alignment, lighting quality, intensity, and duration
variations impacting the amygdala, as well as thermal implications
on neurogenesis versus the cortex, will be indispensable for
architectural Neurosustainability. Tackling these complex natural
complexity challenges can help spatially nourish cognitive
longevity through dwellings better attuned to the brain’s intrinsic
connectivity with nature.

Integrating dynamic aesthetic complexity into indoor
holds
neuroplasticity. Interior styles intrinsically offer temporally

environments immense potential for enriching
fluctuating amalgamations of diverse sensory stimuli by
incorporating adjustable visual components. Varying schemes
across color palettes, geometric compositions, scaled motifs, and
material textures may introduce intricate combinatorial sensory
node networks primed to stimulate hippocampal mapping circuits
through their recombination across evolving layouts. Regular
rearrangement of interior variables may hold the potential for
stimulating hippocampal neurogenesis. However, it is yet to
be known which interior variables are most effective and the

frequency of change.

3.3 Chances

3.3.1 Future research

The paper introduces the novel concept of Neurosustainability
and offers a framework for interdisciplinary research bridging
neuroplasticity, design, and sustainability. Firstly, there is an
opportunity to conduct comparative studies of urban neighborhoods
and building designs that vary specifically in their degree of spatial
complexity. Metrics like the number of intersections, dead-ends,
and floor plan variations could be quantified. This research could
inform evidence-based spatial guidelines for optimizing layouts of
residential buildings, workspaces and other building types.
Secondly, interdisciplinary research combining longitudinal cohort
studies or experiments could investigate variations in cortical,
hippocampal, and amygdalar responses to natural complexities
indoors from childhood through aging. This may provide insights
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into optimizing environmental interventions tailored to critical
neurodevelopmental periods or neurodegenerative prevention.
Thirdly, interdisciplinary research could involve randomized
controlled trials varying apartment aesthetics on a set schedule,
where the interior elements changed are not merely decorative but
include items intended to provide cognitive stimulation. Lastly, an
opportunity lies in cross-cultural studies exploring how different
cultural constructs of social relationships, individualism/
collectivism, influence neuroplasticity and mental health outcomes.
This interdisciplinary work may help optimize housing/

neighborhood designs respecting diverse social complexity needs.

3.3.2 Interrelated variables

While several variables are identified within each enrichment
type, the framework does not imply that these variables or attributes
cannot also relate or interact with one another. This provides a
significant opportunity for interdisciplinary research to study
Neurosustainability more holistically as an integrative concept, with
the flexibility to formulate hypotheses exploring combinations and
synergies between variables across domains. For example, navigation
under spatial complexity could be investigated jointly with physical
activity attributes or sky views in natural complexity combined with
various visual elements in aesthetic enrichment. Lighting as a natural
enrichment factor may also correlate with perceptual responses to
visuals. Interactions between temperature and physical activity
through architectural design can be two facets of whole-body energy
and metabolism. This interdisciplinary approach embraces the
interactive nature through which real-world environments influence
the brain, avoiding the examination of variables in isolation. It also
helps establish Neurosustainability optimally nourished through
coordinated multi-factorial lifestyle and design interventions.

3.3.3 Methodologies
While like
neurogenesis require invasive neurological methods challenging to

directly assessing neuroplasticity —processes

apply in human studies, the paper discusses potential indicators like,
BDNF/NGF levels, and neuroimaging metrics that provide
opportunities for non-invasive research. Measures of cortical
thickness, white/gray matter integrity from MRI, and hippocampal
volume changes can help evaluate plasticity responses to
environmental interventions. Amygdala plasticity could also be traced
using MRI or EEG to detect changes from short or long-term
exposures. Psychological metrics are also discussed, like assessments
of anxiety, depression, stress, and cognition, which may relate to
plasticity in regions governing those functions. Subjective measures
of stress or restorativeness could also provide indicators for amygdala
responses. This presents an opportunity for future interdisciplinary
Neurosustainability research that is not limited to solely invasive
means. Large-scale cohort studies combining various methodologies
discussed would help establish relationships between lifestyle/design
factors and neural resilience markers.

3.3.4 Individual differences

Interdisciplinary Neurosustainability research should account for
potential influences of gender and age that may impact study
outcomes. As noted throughout the paper, several studies report
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women exhibiting more significant relationships between
environmental exposures and neural responses compared to men. Age
is another factor, as specific neuroplasticity processes like neurogenesis
have generally been found to decline with older age. Careful study
design controlling for these potential covariates will be necessary.
Strategically focusing recruitment to compare gender-matched or
age-defined groups could help isolate differentiated effects. Accounting
for individual variability will strengthen the understanding of how
lifestyle and design interventions may differently influence
neuroplasticity across populations over the lifespan. This will better
support cognitive and

longevity through gender-sensitive

age-appropriate Neurosustainability practices.

4 Conclusion

This article introduced the novel theory and framework of
Neurosustainability to foster crucial conversations between disciplines
regarding the built environment’s profound influence on the human
brain’s continuous neuroplasticity. By reviewing spatial, natural,
aesthetic and social enrichment means through a neuroplasticity lens,
we illuminated how nature’s multifaceted richness has sculpted the
ever-evolving human brain across millennia. Yet modern constraints
increasingly divorce our environments from nature’s quintessential
essence, with drastic consequences for neuroplasticity.

As sedentary living, isolation and high stress compromise
neuroplasticity, issues like depression, dementia and declining well-
being are downstream effects of poor neuroplasticity support. This
status quo cannot persist if we seek to architect environments
supporting lifelong sustainable neuroplasticity. Neurosustainability
challenges us to transcend contemporary thinking by architecting
environments that in turn become good architects for our brains,
optimizing neuroplasticity across generations to come.

Achieving this will require urgent interdisciplinary action.
Designers, researchers and policymakers should prioritize
neuroplastic sustainability through deliberate coordination of
enriched variables attuned to sculpting key brain regions. Only by
restoring nature’s complexity into daily living can we stem avoidable
neural decline and safeguard the sustainability and evolution of
our brains.

The concept emphasizes the importance of environmental
enrichment through spatial, natural, aesthetic, and social
complexities. These complexities, deeply embedded in nature, are
crucial for sustaining and enhancing the brain’s neuroplastic
processes. Incorporating elements of nature and complexity into
modern living spaces can mitigate the adverse effects of contemporary
lifestyles, such as cognitive decline, mental health disorders, and
social isolation.

Ultimately, Neurosustainability calls for a reconceptualization of
our interaction with the environment. It encourages a move beyond
the static, limited, predictable, and often detrimental aspects of
contemporary living toward a dynamic and enriching coexistence
with nature. Through this innovative approach, we can harness the
quintessential essence of nature to promote cognitive health and
psychological well-being, ensuring that the human brain continues to
thrive in an ever-changing world.
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