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Abstract

The concept of the exposome, encompassing lifelong environmental exposures, provides a comprehensive
framework for understanding individual differences in brain development and cognitive performance during adolescence.
This critical period is marked by dynamic neurodevelopmental changes, including the refinement of functional brain
networks that underpin cognitive functions. Here, we propose the existence of a universal exposome factor—a
composite measure integrating various environmental influences—that contributes to disparities in functional brain
network geography and cognitive performance across adolescents. Socioeconomic status, exposure to environmental
toxins, and psychosocial stressors are key components of this factor, each exerting distinct impacts on brain network
organization and cognitive abilities. Advanced neuroimaging techniques have enabled unprecedented insights into the
intricate relationships between exposome factors, brain network architecture, and cognitive outcomes. Longitudinal
studies are essential for elucidating how cumulative exposures across the exposome influence neurodevelopmental
trajectories. Understanding these relationships has significant implications for public health interventions and policies
aimed at promoting optimal cognitive development and reducing disparities among youth. This abstract highlights the
importance of interdisciplinary approaches in advancing knowledge of the exposome's role in shaping adolescent brain
health and cognition, thereby informing strategies to support neurodevelopmental resilience and equity across diverse

populations.
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Introduction

Adolescence is a critical phase of neurodevelopment characterized
by profound changes in brain structure and function, essential for the
emergence of cognitive abilities and behaviors that shape adult life.
During this period, the brain undergoes intricate modifications in its
functional organization, particularly within the framework of functional
brain networks [1]. These networks, comprising interconnected neural
regions that collaborate to support various cognitive functions such
as attention, memory, and executive control, play a pivotal role in
shaping individual differences in cognitive performance [2]. While
genetic factors contribute significantly to brain development, emerging
research highlights the equally crucial influence of environmental
exposures captured by the exposome [3]. The exposome encompasses
the totality of environmental factors an individual encounters
throughout life, including pollutants, diet, stressors, socioeconomic
status, and psychosocial factors. These exposures interact dynamically
with genetic predispositions to influence brain structure and
function, thereby contributing to variability in cognitive abilities and
vulnerabilities to neurodevelopmental disorders [4,5]. Central to this
framework is the concept of a universal exposome factor—a composite
measure that integrates diverse environmental influences to elucidate
individual disparities in functional brain network geography and
cognitive performance during adolescence [6]. This factor encapsulates
the cumulative impact of environmental exposures on brain
development, highlighting how socioeconomic disparities, exposure
to environmental toxins, and psychosocial stressors collectively shape
neurodevelopmental trajectories. Advanced neuroimaging techniques,
such as functional magnetic resonance imaging (fMRI) and diffusion
tensor imaging (DTI), have revolutionized our ability to investigate
the intricate relationships between exposome factors, brain network
architecture, and cognitive outcomes with unprecedented detail [7,8].

Longitudinal studies tracking adolescents from diverse demographic
backgrounds are essential for unraveling the complex interplay
between cumulative exposome exposures and neurodevelopmental
outcomes. Understanding the role of the universal exposome factor in
shaping individual differences in functional brain network geography
and cognitive performance holds profound implications for public
health interventions and policies aimed at promoting optimal
cognitive development and reducing disparities among youth [9].
By elucidating these relationships, researchers can inform targeted
interventions to support neurodevelopmental resilience and equity
across diverse populations, ultimately fostering healthier cognitive
outcomes in adolescence and beyond. In recent years, advancements in
neuroscience have increasingly focused on understanding the intricate
interplay between environmental factors and brain development
during adolescence. This critical period is marked by extensive
neurodevelopmental changes, including the refinement of functional
brain networks that underpin various cognitive processes [10]. Central
to this exploration is the concept of the exposome—a comprehensive
measure of environmental exposures throughout an individual's life
that includes factors such as diet, stress, pollutants, and socioeconomic
status.
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The concept of the exposome

The exposome encompasses the totality of environmental exposures
from conception onwards, complementing the genome in shaping
health outcomes and phenotypic variation. Unlike the static nature of
genetic information, the exposome is dynamic, capturing the influence
of external factors on biological systems over time. Understanding how
the exposome influences brain development and cognitive function
during adolescence represents a significant frontier in neuroscientific
research.

Functional brain networks and cognitive performance

Functional brain networks refer to interconnected neural regions
that collaborate to perform specific cognitive functions, such as
attention, memory, and executive control. These networks undergo
refinement and specialization during adolescence, influenced by both
genetic predispositions and environmental exposures. Cognitive
performance, encompassing abilities such as reasoning, learning, and
problem-solving, relies heavily on the efficiency and organization of
these networks.

The role of a universal exposome factor

Recent studies propose the existence of a universal exposome
factor—a composite measure that integrates various environmental
influences—to explain individual disparities in functional brain
network geographyand cognitive performance during adolescence. This
factor encompasses diverse exposures, ranging from socioeconomic
conditions and educational opportunities to environmental toxins and
psychosocial stressors.

Socioeconomic influences

Socioeconomic status (SES) exerts profound effects on brain
development and cognitive outcomes. Children from lower SES
backgrounds often experience increased stress levels, reduced access to
enriching educational experiences, and limited healthcare resources—
all of which can impact brain structure and function. Studies have shown
that disparities in cognitive performance between socioeconomically
advantaged and disadvantaged youth can be partially attributed to
differences in brain network organization influenced by environmental
exposures linked to SES.

Environmental toxins and pollutants

Exposure to environmental toxins and pollutants, such as lead,
mercury, and air pollutants, has been associated with altered brain
structure and function in adolescents. These substances can disrupt
neural connectivity and impair cognitive abilities, contributing to
variability in cognitive performance across individuals exposed to
different levels of environmental contaminants.

Psychosocial stressors

Psychosocial stressors, including familial instability, traumatic
experiences, and chronic stress, can profoundly influence brain
development and cognitive function during adolescence. Prolonged
exposure to stress hormones, such as cortisol, can disrupt neural
circuits involved in emotion regulation and cognitive control,
potentially affecting academic achievement and behavioral outcomes.

Methodological advances and future directions

Advancements in neuroimaging techniques, such as functional

magnetic resonance imaging (fMRI) and diffusion tensor imaging
(DTI), have enabled researchers to investigate the intricate relationships
between environmental exposures, brain network architecture, and
cognitive performance with unprecedented detail. Longitudinal
studies tracking individuals from diverse demographic backgrounds
are crucial for elucidating how cumulative exposome exposures shape
neurodevelopmental trajectories and contribute to cognitive variability.

Implications for public health and policy

Understanding the role of the exposome in shaping brain
development and cognitive function has significant implications for
public health interventions and policy decisions aimed at promoting
optimal neurodevelopmental outcomes in youth. Strategies focused on
reducing environmental toxins, mitigating socioeconomic disparities,
and enhancing access to supportive environments could potentially
mitigate adverse effects on brain health and cognitive performance.

Conclusion

The concept of a universal exposome factor offers a comprehensive
framework for understanding individual disparities in functional brain
network geography and cognitive performance during adolescence.
By integrating insights from neuroscience, epidemiology, and
environmental health sciences, researchers can unravel the complex
interplay between environmental exposures and brain development,
paving the way for targeted interventions to support healthy cognitive
development in youth. This article underscores the importance of
interdisciplinary collaboration and innovative research methodologies
in advancing our understanding of how environmental factors shape
brain function and cognition, ultimately informing strategies to
promote neurodevelopmental resilience and equity across diverse
populations of adolescents.
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