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Abstract
Global disparities in brain and mental health are not solely a consequence of genetic or neurobiological factors. Instead, they reflect the cumulative effects of metabolic dysfunction, chronic psychosocial stress, environmental exposures, and systemic inequities that disproportionately affect underrepresented populations. This theoretical paper introduces the Neuro-Metabolic Disparity Model (NMDM), an integrative framework that situates cognitive decline at the intersection of biological and social adversity. Drawing from syndemic theory, population neuroscience, and the exposome framework, the NMDM emphasizes the synergistic effects of metabolic disorders and structural disadvantage on brain aging. The model outlines four core components, embodied biological factors, embedded social determinants, neurocognitive vulnerability pathways, and population-level context—and proposes neuroinflammation, oxidative stress, and blood-brain barrier disruption as key mediators. Cultural resilience and social support are considered potential buffers. This framework provides a foundation for more inclusive and equity-focused neuroscience research, with implications for global brain health policy and practice.
Keywords: brain health, mental health, disparity, cognitive decline, population neuroscience, syndemics, exposome, metabolic dysfunction
1. Introduction
Neurocognitive disorders such as Alzheimer’s disease, vascular dementia, and depression represent a growing global health burden. Yet, the burden is not distributed equally. Underrepresented populations, particularly those in low- and middle-income countries (LMICs), bear a disproportionate share of brain and mental health challenges, while remaining significantly underrepresented in neuroscience research. Most brain health models are derived from homogeneous, high-income populations, limiting their generalizability and reinforcing existing disparities (Harris et al., 2020).
Although advances in neurobiology and imaging have shed light on molecular mechanisms of cognitive decline, prevailing models often prioritize internal biological factors while overlooking the complex interplay of social, environmental, and metabolic forces. As a result, many current approaches remain reductionist and insufficiently equipped to explain cognitive aging in diverse global contexts.
To address this gap, we propose the Neuro-Metabolic Disparity Model (NMDM), a novel theoretical framework that conceptualizes cognitive decline as the product of interacting biological and sociocultural risk domains. Rather than treating disparity as a confounder, the NMDM positions social and metabolic inequities as central mechanisms in brain aging.
Drawing from syndemic theory, population neuroscience, and the exposome framework, the NMDM integrates embodied biological processes (e.g., insulin resistance, systemic inflammation) with embedded social determinants (e.g., structural violence, socioeconomic stress, environmental exposures). In doing so, it encourages a shift from disease-centered to disparity-centered models of brain health. The following section outlines the theoretical foundations that shape the NMDM.
2. Theoretical Foundations of the NMDM
Understanding cognitive decline in underrepresented populations requires a framework that accounts for multiple, interacting domains of influence. The NMDM is grounded in three intersecting theories that together provide a foundation for this integrated perspective: syndemic theory, population neuroscience, and the exposome framework.
2.1 Syndemic Theory
Syndemic theory, introduced by Merrill Singer, emphasizes that health outcomes are shaped by the interaction of co-occurring conditions within contexts of social disadvantage. Unlike additive models, syndemic theory posits that these interactions are synergistic, that is, the whole is worse than the sum of its parts (Singer et al., 2017). In the case of cognitive decline, metabolic disorders (e.g., diabetes, obesity) and psychosocial stress (e.g., poverty, discrimination) interact biologically to accelerate neurodegeneration. This perspective repositions chronic disease and social inequality as mutually reinforcing epidemics, particularly relevant in under-resourced populations.
2.2 Population Neuroscience
Population neuroscience aims to connect individual-level brain mechanisms with population-level exposures and structural determinants. It integrates neuroimaging and biomarker data with epidemiological variables such as socioeconomic status, education, and neighborhood disadvantage (Paus, 2010). By situating the brain within its broader social ecology, this approach provides a scalable platform for examining how lived experience gets "under the skin" to influence neural aging. The NMDM builds on this perspective by emphasizing the value of diverse datasets and culturally embedded risk factors that traditional neuroscience often omits.
2.3 Exposome Framework
The exposome encompasses the totality of environmental exposures an individual faces throughout life, beginning in utero and continuing into late adulthood (Wild, 2012). This includes chemical, physical, social, nutritional, and behavioral exposures, many of which disproportionately affect marginalized communities. Importantly, the exposome highlights the cumulative and dynamic nature of risk, helping to bridge early-life adversity with later-life cognitive impairment. The NMDM adopts this life-course lens to better capture the timing, intensity, and interaction of exposures across biological and social domains.
2.4 Toward an Integrated Framework
Individually, each of these frameworks offers critical insights. Syndemic theory highlights interaction and inequality. Population neuroscience emphasizes scale and inclusion. The exposome provides a mechanism for life-course accumulation. The NMDM integrates these strands into a unified model of brain health disparities. Rather than treating biological and social variables as separate categories, it examines how they converge, physiologically, socially, and structurally, to shape brain aging across populations.
3. Mechanistic Pathways in the NMDM
The NMDM proposes that cognitive decline in underrepresented populations arises from the convergence of metabolic dysregulation, chronic psychosocial stress, environmental exposures, and structural inequities. These domains are not merely additive, they interact biologically to initiate and accelerate neurodegenerative processes. Below, we outline the key mechanistic pathways through which this syndemic burden translates into brain vulnerability.
3.1 Neuroinflammation and Oxidative Stress
Metabolic disorders such as diabetes, obesity, and hypertension are characterized by chronic low-grade inflammation. Elevated pro-inflammatory cytokines (e.g., IL-6, TNF-α) cross the blood-brain barrier (BBB) and disrupt neuronal signaling and synaptic plasticity. Simultaneously, oxidative stress, resulting from an imbalance between free radicals and antioxidant defenses, damages neuronal membranes, DNA, and mitochondrial function, especially in memory-critical regions like the hippocampus (De Felice & Ferreira, 2014).
3.2 HPA Axis Dysregulation and Cortisol Toxicity
Chronic psychosocial stress—shaped by poverty, discrimination, trauma, and caregiver burden, activates the hypothalamic-pituitary-adrenal (HPA) axis. Prolonged cortisol elevation contributes to hippocampal atrophy, impairs neurogenesis, and weakens executive function mediated by the prefrontal cortex (McEwen & Morrison, 2013). In underrepresented populations, exposure to persistent stressors over the life course may produce a cumulative allostatic load that directly impairs brain health.
3.3 Blood–Brain Barrier Breakdown
The BBB plays a critical role in maintaining neural homeostasis by regulating the transport of molecules into the central nervous system. Both metabolic dysfunction and chronic inflammation compromise BBB integrity, allowing peripheral toxins and immune cells to enter brain tissue (Zlokovic, 2008). This can initiate a cascade of neuroinflammatory responses that further accelerate neuronal damage and cognitive decline.
3.4 Vascular and Glucose Dysregulation
Impaired glucose metabolism in diabetes affects energy supply to the brain, particularly in regions with high metabolic demand. Vascular dysfunction—manifested through microvascular damage and reduced cerebral perfusion, further contributes to white matter lesions and ischemic injury. These vascular and metabolic insults disproportionately impact older adults in LMICs and contribute to earlier and more severe forms of cognitive impairment (Biessels & Whitmer, 2020).
3.5 Interaction of Biological and Social Pathways
The NMDM emphasizes that these biological processes are not isolated from social determinants, they are directly shaped by them. For example, nutritional insecurity may worsen insulin resistance; exposure to air pollution may compound inflammatory pathways; and sociopolitical marginalization may amplify stress-mediated neurotoxicity. These interactive effects form the basis of the model’s syndemic logic, reinforcing the need for an integrated, disparity-centered understanding of brain health.
4. Model Components of the NMDM
The Neuro-Metabolic Disparity Model (NMDM) comprises four interdependent domains that collectively drive disparities in cognitive aging: embodied biological factors, embedded sociocultural determinants, neurocognitive vulnerability pathways, and population-level context. These components do not operate in isolation; rather, they interact dynamically across the lifespan, shaping the onset, progression, and severity of neurocognitive decline.
4.1 Embodied Biological Factors
These factors represent the physiological consequences of chronic exposure to metabolic and psychosocial stressors. In the NMDM, the primary embodied domains include:
Metabolic Dysregulation: Conditions such as type 2 diabetes, obesity, and hypertension—prevalent in underserved populations, trigger systemic inflammation, impair glucose metabolism, and increase oxidative stress. These changes compromise neuronal energy supply and heighten susceptibility to neurodegeneration (Biessels & Whitmer, 2020).
Chronic Stress and HPA Axis Activation: Persistent stress exposure from socioeconomic hardship, caregiving, displacement, or discrimination results in HPA axis dysregulation. Elevated cortisol levels damage hippocampal neurons, reduce synaptic plasticity, and alter prefrontal cortex function, core processes involved in memory and executive functioning (McEwen & Morrison, 2013).
Together, these metabolic and stress-related insults initiate neuroinflammatory pathways, reduce brain resilience, and accelerate aging at the cellular and systems levels.
4.2 Embedded Sociocultural Determinants
These are the social and environmental conditions that shape exposure, vulnerability, and access to protective resources across the life course. The NMDM recognizes embedded factors as active drivers, not passive correlates, of brain health disparities.
I. Structural Inequities: Racial and gender discrimination, geographic exclusion, and lack of access to diagnostic services, early intervention, or mental health support all contribute to delayed diagnosis and accelerated decline (Farmer et al., 2010).
II. Environmental Exposures: Exposure to air pollution, heavy metals, poor housing quality, and infectious diseases, particularly during critical neurodevelopmental periods, compounds risk for neural damage and long-term cognitive impairment (Grandjean & Landrigan, 2014).
III. Socioeconomic Stressors: Chronic poverty and low educational opportunity are associated with higher allostatic load, increased health-risk behaviors, and fewer opportunities for cognitive enrichment, especially in early life. 
These embedded determinants intersect with biological vulnerabilities, shaping when, how, and to what extent cognitive decline manifests.
4.3 Neurocognitive Pathways
This component focuses on the brain regions and systems most affected by the embodied-embedded interaction. The NMDM highlights:
I. Hippocampal Atrophy: Both metabolic and psychosocial stressors impair hippocampal structure and function, affecting learning and memory consolidation.
II. Prefrontal Cortex Dysfunction: Chronic stress and vascular insults reduce prefrontal cortex plasticity, weakening executive control, emotional regulation, and decision-making.
III. White Matter Integrity: Microvascular damage and oxidative stress contribute to white matter lesions, disrupting communication between brain networks.
The biological and social stressors outlined above converge through shared mechanistic pathways, namely neuroinflammation, oxidative stress, and blood-brain barrier compromise, ultimately leading to structural degeneration and functional decline (Zlokovic, 2008; Erickson et al., 2012).
4.4 Modifiers and Buffers
While the NMDM emphasizes risk, it also accounts for resilience factors that may moderate outcomes. Cultural resilience, social cohesion, spiritual practice, and family support may buffer the effects of adversity and promote cognitive resilience, especially when interventions are community-driven and contextually appropriate (Kohrt et al., 2014).
These modifiers underscore the importance of avoiding deterministic assumptions and embracing a strengths-based perspective within disparity-centered neuroscience.
4.5 Population-Level Integration
To make the NMDM actionable, researchers must adopt population neuroscience tools that leverage diverse, open-access datasets. The model encourages:
I. Cross-Cultural Validation using resources like UK Biobank, Human Connectome Project, and H3Africa.
II. Longitudinal Study Design that tracks life-course exposure to metabolic and psychosocial stressors.
III. Disaggregated Data Analysis to uncover intersectional patterns by race, gender, geography, and socioeconomic status.
These strategies will enable the model to scale across populations and promote global equity in brain health research.
5. Discussion
The Neuro-Metabolic Disparity Model (NMDM) offers an integrated framework for understanding cognitive decline through the interplay of metabolic dysfunction, social adversity, and structural inequities. It reframes neurocognitive aging not merely as a biological process but as the cumulative outcome of interacting biological and social forces that disproportionately burden underrepresented populations.
One of the model’s key contributions is its syndemic lens, recognizing that multiple, co-occurring risk factors do not act in isolation but converge and amplify one another. This is particularly evident in populations exposed to simultaneous metabolic stress (e.g., diabetes, hypertension) and social adversity (e.g., poverty, discrimination). The NMDM integrates this complexity by situating brain health within both the body and the context, acknowledging that cognitive decline unfolds across molecular, systemic, and societal levels.
By aligning with population neuroscience and exposome science, the NMDM also encourages interdisciplinary methods and data structures. It highlights the urgent need for representative, culturally nuanced, and longitudinal data to uncover how chronic inequality “gets under the skin” and into the brain. For example, researchers can use disaggregated datasets like H3Africa or the Human Connectome Project to test hypotheses grounded in this model, while also identifying culturally specific resilience factors.
Additionally, the NMDM moves beyond individual-level explanations by incorporating structural violence and environmental injustice as active contributors to brain vulnerability. This expands the focus of neuroscience from neurons and networks to neighborhoods and nations, offering new pathways for both research and policy.
Finally, the model carries ethical implications. It challenges neuroscience to de-center Western assumptions, reframe disparity as a foundational construct rather than a background variable, and ensure that scientific inquiry advances justice as well as knowledge.
6. Limitations and Future Directions
While the NMDM offers a comprehensive framework, several limitations must be acknowledged:
Empirical Testing: As a theoretical model, the NMDM requires rigorous empirical validation. Most existing datasets are still skewed toward high-income populations, limiting the ability to test model assumptions in diverse contexts.
Operational Complexity: The model’s strength, its multidimensionality, also poses challenges for operationalization. Integrating metabolic, environmental, and social data requires cross-disciplinary expertise and sophisticated analytic methods.
Resilience Mechanisms: While the model accounts for modifiers such as cultural resilience and social cohesion, these concepts require clearer definitions, culturally sensitive measurement tools, and empirical exploration across contexts.
Applicability Across Lifespan: Although the NMDM incorporates life-course perspectives, more attention is needed to early-life and mid-life interventions that may disrupt or delay the syndemic progression of cognitive decline.
Future research should focus on:
Designing multilevel longitudinal studies in low-resource settings
Developing computational simulations of NMDM pathways
Expanding biomarkers that capture both biological and social exposures
Co-developing interventions with communities most affected by the modeled disparities
7. Conclusion
The Neuro-Metabolic Disparity Model (NMDM) advances a critical shift in neuroscience by foregrounding disparity, not just disease, a
s a driver of cognitive aging. It synthesizes metabolic, environmental, and social determinants into a dynamic, life-course model of brain vulnerability, rooted in real-world inequities.
By challenging the dominance of reductionist and decontextualized frameworks, NMDM promotes a more inclusive and ethical neuroscience—one that accounts for how chronic stress, systemic exclusion, and metabolic disorders jointly shape neurocognitive outcomes. As global mental health disparities continue to widen, models like NMDM will be indispensable for building equitable, representative, and context-sensitive approaches to brain health science.
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