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Abstract

:

The societal burden of Alzheimer’s Disease (AD) and other major forms of dementia continues to grow, and multiple pharmacological agents directed towards modifying the pathological “hallmarks” of AD have yielded disappointing results. Though efforts continue towards broadening and deepening our knowledge and understanding of the mechanistic and neuropathological underpinnings of AD, our previous failures motivate a re-examination of how we conceptualize AD pathology and progression. In addition to not yielding effective treatments, the phenotypically heterogeneous biological processes that have been the primary area of focus to date have not been adequately shown to be necessary or sufficient to explain the risk and progression of AD. On the other hand, a growing body of evidence indicates that lifestyle and environment represent the ultimate level of causation for AD and age-related cognitive decline. Specifically, the decline in cognitive demands over the lifespan plays a central role in driving the structural and functional deteriorations of the brain. In the absence of adequate cognitive stimulus, physiological demand–function coupling leads to downregulation of growth, repair, and homeostatic processes, resulting in deteriorating brain tissue health, function, and capacity. In this setting, the heterogeneity of associated neuropathological tissue hallmarks then occurs as a consequence of an individual’s genetic and environmental background and are best considered downstream markers of the disease process rather than specific targets for direct intervention. In this manuscript we outline the evidence for a demand-driven model of age-related cognitive decline and dementia and why it mandates a holistic approach to dementia treatment and prevention that incorporates the primary upstream role of cognitive demand.
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1. Introduction—Framing the Approach


Despite an extraordinary investment of resources over the past several decades, the societal burden of Alzheimer’s Disease (AD) and the other major forms of dementia continues to grow [1]. Multiple pharmacological agents directed towards modifying the pathological alterations of AD have yielded disappointing results, and no meaningful progress in therapeutics has been made since the approval of the first cholinesterase inhibitor in 1993. Furthermore, existing pharmaceuticals at best offer modest symptomatic benefits but do not alter the course of the disease. Multiple agents that target the pathological signatures of AD, particularly the aggregation of amyloid plaques, have failed to yield meaningful clinical outcomes [2,3].



Similarly, in addition to failing to produce effective targets for therapeutic intervention, significant advances in the detail of our pathological descriptions at the cellular and molecular levels have not meaningfully enhanced our understanding of the pathogenesis of these entities. Presently, we have an overwhelming collection of facts about these conditions but lack a coherent explanatory framework for understanding their specific role in the disease process [4,5]. As such, over the years the field has pulled back from the idea that the amyloid cascade is the primary driver of late-onset AD, and either focused on alternative mechanistic pathways including tau, microglia, and additional genetic factors (such as apolipoprotein E, ApoE), or proposed alternative “dual pathway” or “probabilistic” models that focus less on pathological protein aggregation and more on common upstream drivers of disease [4,5,6,7,8].



While future planned treatment modalities may still hold promise [9], as efforts continue towards broadening and deepening our knowledge and understanding of the mechanistic and neuropathological underpinnings of AD, we believe it is imperative to re-examine the level of organization at which we consider the biological underpinnings of AD. In addition to not yielding effective treatments, none of the various biological processes that have been the primary area of focus of our investigational and explanatory efforts have been adequately shown to be either necessary or sufficient to fully explain the risk and progression of AD [5,6]. On the other hand, a growing body of evidence indicates that lifestyle and environment represent the ultimate level of causation for AD and age-related cognitive decline (ARCD) and that, specifically, the decline in cognitive demands over the lifespan plays a central role in driving the structural and functional deteriorations of these entities [10,11,12,13,14,15].



In an attempt to provide a comprehensive theoretical model at the appropriate level of biological organization, we propose the demand-driven model of age-related cognitive decline and dementia. In the absence of adequate cognitive demand, physiological demand–function coupling leads to the downregulation of growth, repair, and homeostatic processes, ultimately resulting in deteriorating brain tissue health, function, and capacity. In this setting, the heterogeneity of associated neuropathological tissue hallmarks then occurs because of an individual’s genetic and environmental background and are therefore best considered downstream markers of the disease process rather than specific targets for direct intervention. In the following text, we initially examine the current inadequacies of the current model of AD pathogenesis and the compelling need to re-focus our investigational and explanatory efforts on the driving role of lifestyle [10,16]. We then describe the human and preclinical data that support the demand model, including the physiological processes that occur in the absence of adequate demand that result in decreased capacity and function. We describe the intrinsic and extrinsic forces for dementia risk as well as the broad clinical observations explained by this model. Finally, we address some potential methods for intervention and critical future directions for the field considering the proposed model.




2. Inadequacy of Current Model of Alzheimer’s Disease


It has become increasingly clear that there is considerable heterogeneity in the clinical entities that comprise AD as it is currently conceived. The differences in the clinical course, neuropathological, neuropsychological, and neuroimaging features between early and late onset forms of AD are so substantial that it is now commonplace to treat them as distinct clinical entities [17]. Since a critical component of defining a disease process is ensuring the application of accurate and appropriate terminology, we propose a distinct differentiation between classical early-onset or familial AD and “late-onset” AD.



We define late-onset AD as age-related dementia (ARD) and the period of cognitive decline that invariably precedes it as age-related cognitive decline (ARCD). When initially described, AD was a progressive dementing process that was clinically detectable when the individual was in their 3rd–5th decades of life. Indeed, the first case described by Alois Alzheimer, Auguste Deter, was supposedly found to have a mutation in the presenilin (PSEN) 1 gene [18], though this has also been disputed [19]. Classical familial/monogenic AD has since been determined to be caused mainly by single genetic mutations in three genes—PSEN1, PSEN2, and amyloid precursor protein (APP). Although the pathological “hallmarks” of classical AD and ARD share significant overlap—including aggregation of amyloid plaques and hyperphosphorylated Tau tangles—this does not necessarily mean that the upstream processes are similar enough for these diseases to fall under the same terminological umbrella (Table 1). Similarly, once they reach their late stages, early- and late-onset AD share multiple phenotypic commonalties, presumably due to a final convergence of cerebral atrophy and loss of functional capacity that results in similar effects on higher cognitive functions.



In the setting of ARD but not monogenic early-onset AD, we and others have previously argued that accumulation of amyloid plaques and other neuropathological “hallmarks” perhaps represent an epiphenomenon of neuronal stress rather than the critical etiological processes that are suitable as targets for direct intervention [3,20]. This suggestion is underscored by the fact that plaque burden is poorly associated with “late-onset” AD severity and progression, in both humans and animal models [21]. Though a thorough examination of the amyloid cascade hypothesis is beyond the scope of this review, it must be noted that multiple alternative models are emerging to attempt to explain the wide variety of plaque burden seen relative to an individual’s trajectory of cognitive function [5,6,22].
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Table 1. Comparison of classical AD and ARCD based on clinical course and risk factors. When examining the background and clinical course of classical AD and ARD, it becomes clear that they describe entirely different disease processes that should be considered separately. PSEN—presenilin. APP—Amyloid precursor protein.
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	Early-Onset (Classical)

Alzheimer’s Disease
	Age-Related Dementia





	Age of onset
	30–60 years
	>60 years



	Genetics
	Monogenic/familial:

PSEN1, PSEN2, APP.

~40–50% of mutations are

sporadic.
	Polygenic. Most significant risk gene (ApoE) contributes ~5% of total risk and is variably

penetrant based on context and environment.



	Clinical course
	Homogeneous
	Heterogeneous



	Effect of environment
	Minimal, or poorly described.
	Substantial. Education, diet,

exercise, cardiovascular and metabolic health, history of trauma, sleep, stress, pollutants, smoking, and alcohol all have a documented role.



	Prevalence
	~1% of all AD cases and

decreasing (previously

estimated to represent 5%

of all AD) [23].
	~10% of individuals >65 and

increasing (projected to double by 2050) [24]. ~99% of all AD cases [23].








Rather than continue to focus on phenotyping AD according to protein aggregates [25], an alternative approach is to acknowledge that genetic and other factors may contribute to the heterogeneity of pathological findings and instead focus on common upstream factors that coalesce around an increased risk for ARD. Abundant evidence indicates that the late-onset form of AD results from a complex mix of gene–environment interactions, with no single gene, environmental factor, or pathological hallmark demonstrated to be both necessary and sufficient for disease onset and progression [10,26,27,28,29,30]. Significant variations in incidence across populations, including a relative absence in indigenous and hunter-gatherer societies, also suggests that there are sets of environmental exposures that are required to express the AD phenotype even in the setting of high genetic risk [31,32,33]. In fact, the case appears quite clear that the pathways underlying familial early-onset AD and ARD must now be considered separately, with decreasing weight being placed on the amyloid cascade in ARD and a greater appreciation of other upstream factors [5]. As we will discuss, identifying the appropriate level of biological organization for a theoretical framework is essential for generating both a coherent pathogenetic model and effective therapies. Within this article we will therefore only consider a model for ARD, as true familial AD must be considered a separate entity.



Altogether, the failure thus far to identify a suitable molecular target and the absence of a unifying pathophysiological framework despite decades of research, and the substantial evidence of a central role for lifestyle and environment in the pathogenesis of these conditions indicates that the reductive approach to generating both a pathogenetic model and therapeutic interventions is flawed. This highlights an urgent need to reassess the fundamental approach guiding our analytical, therapeutic, and explanatory efforts, for which the first step should be the identification of the appropriate level of biological organization towards which to direct them.




3. Hierarchies of Explanation and Observations That the Model Must Account for


Every biological phenomenon can be described and characterized at multiple levels of biological organization, from the level of cells and molecules to that of populations and ecosystems [34]. Every biological phenomenon also has a level of analysis and characterization most appropriate for coherent explanation. This includes the level of analysis best suited to a coherent explanation of disease pathogenesis, which is typically the level most upstream in the causal chain. Characterizations of downstream consequences at lower levels of biological organization (e.g., formal neuropathology), regardless of their level of detail, do not necessarily confer additional or greater explanatory power.



In the case of disease, the appropriate level for a coherent explanatory model will also be the optimal level of influence for effective therapeutic intervention. Targeting downstream pathophysiological alterations, in addition to being highly unlikely to yield meaningful clinical benefits, is also fraught with risk, especially in the absence of a coherent model that can clearly delineate which downstream events are pathogenic, epiphenomenal, or compensatory. The failure to identify the appropriate biological level will then perpetually frustrate explanatory and therapeutic efforts [35].



Research on the pathogenesis of ARD has focused largely on the goal of providing an explanatory model at the level of cellular and molecular mechanisms and their histopathological outputs, partly in the hope of finding a molecular target suitable for pharmaceutical intervention, and partly due to initial suspicions of a genetic etiology. As mentioned briefly above and expanded upon below, the concept of ARD as a genetically driven condition, unlike traditional AD, is no longer tenable. Moreover, the multitude of pharmacological agents investigated over the last half century have proven to be harmful, inert, or minimally helpful—an outcome that would be expected of interventions that target downstream events that do not meaningfully contribute to disease pathogenesis.



At the same time, a considerable body of evidence has emerged indicating that ARD is environmentally driven, and that lifestyle-based interventions can substantially alter its clinical course [36]. As such, our analytical and therapeutic efforts and resources should be directed primarily towards the organismal—rather than cellular or molecular—level of biological organization, as only explanations and interventions at this level are likely to yield a coherent explanatory model or satisfactory therapies. While we cannot fully discount the possibility of future success targeting the molecular “hallmarks” of ARD, the balance of current evidence suggests that continued efforts directed at the wrong level of intervention would be expected to lead to perpetual stagnation on all fronts.




4. Population-Level Observations and Evolutionary Theory Derive the Demand-Driven Model of Age-Related Cognitive Decline


If we accept that the current level of focus for intervention in ARCD and subsequent ARD may not be appropriate, this allows us to zoom out to a higher level of organization and identify an upstream common factor with greater overarching biological and mechanistic support—environmental conditions that underpin the long-term development, structure, and function of the brain.



As intimated above, there is abundant evidence that ARCD and subsequent ARD are driven by lifestyle and the environment, with the environment even determining whether “fixed” risk factors are penetrant. For instance, in Western cohort studies, Apolipoprotein E (ApoE) genotype is an important risk factor, determining ~6% of overall risk of ARD [30]. Those who are ApoE 4/4 homozygous have 6–30-fold increased odds of ARD when compared to those with ApoE 3/3 genotype [29]. However, it is well known that most individuals with ARD are not ApoE4 carriers, and not all ApoE4 carriers develop ARD. This finding suggests that some other upstream factor initiates ARD, even in the setting of significant genetic risk. Indeed, although ApoE is the most well-known genetic determinant of ARD, no single genetic polymorphism is either necessary or sufficient to drive the development of ARCD. The critical moderating effect of the environment is perhaps best displayed in non-Westernized populations, some of which have shown either no effect of ApoE4 on ARD incidence, or a protective effect against ARCD in certain scenarios such as chronic parasitic infection [31,32,33].



The environmental component of ARCD and ARD is well-established in large cohort studies in multiple countries but has yet to form the basis of ARD prevention or treatment policies [10,37,38,39,40]. This includes significantly increased risk of ARCD and ARD as well as worse cognitive function associated with sedentary behavior and reduced physical activity [37,41,42,43], chronic sleep deprivation or sleep disruption [37,44,45], insulin resistance and dysglycemia [46,47], poor-quality nutrition and associated changes in nutrient status [10,48], body composition [49,50,51,52], sex hormone status during and after the menopausal transition [53], and the effect of social isolation and poor social support [54]. Early evidence is mounting to suggest that lifestyle and environmental modification has the potential to prevent or even reverse ARD, especially when initiated early in the ARCD process [10,55,56,57]. Though strategies for implementation are beyond the scope of this manuscript, moving focus away from heterogeneous cellular-level pathological processes and onto environmental factors that appear to be the most upstream antecedents of ARCD allows us to better understand the disease process as well as determine intervention points that are likely to translate into reductions in the ARCD and ARD disease burden. While our model below proposes that cognitive demand may be the critical upstream factor driving the reliance and influence of other environmental factors on cognitive outcomes, we must acknowledge the importance of overall lifestyle and the environment on the risk of ARD and ARCD [10].



Changes in diet, sleep, social structure, and physical activity are perhaps the core factors that differentiate the Westernized/modernized human environment from the environments in which human populations evolved. This environmental mismatch and absence of expected environmental and physiological input/stimuli drives physiologic deterioration and ultimately disease by compromising the bodily environment necessary to support neuronal and glial function. Here, we outline a second mechanism and its association with increased risk of ARCD and ARD involving the stimulus or inputs to which the brain responds and adapts to improve or maintain global processing.




5. Demand as a Critical Stimulus and Initiator of Repair


The ability to make structural and functional adaptations in the face of changing environmental demands is a signature feature of biological systems, a mechanism that helps to ensure the optimal utilization of energy via the reallocation of resources according to needs. Similarly, as we better understand the processes of biological aging, one overarching commonality across aging tissues is the loss of homeostatic and cellular repair processes [58]. Repair of damage to proteins, DNA, lipids, or other cellular components is a critical aspect of maintaining capacity, with damage inexorably accumulating over time as the body ages [58]. Multiple regulatory processes are involved in the maintenance of cellular function, with autophagy in particular receiving increased attention as a critical component to regulating organ function both in the brain and peripheral body [59]. As neurodegenerative conditions are broadly associated with the epiphenomenon of abnormal protein aggregation and organelle dysfunction, cellular autoregulatory processes including recycling and repair appear to be a critical step in the accretion of pathological cellular processes and structures. However, rather than focus on these dysregulated processes as potential intervention points, as has been suggested by others [60,61], we question whether common upstream factors can be implemented to better regulate these processes in a pleiotropic manner rather than attempt to mechanistically intervene in individual pathways which are incompletely characterized and understood.



A common factor across growth, regulatory, and repair processes is that they are upregulated in the face of increasing demand [62]. To draw commonalities across physiologic systems, we will define demand as the application of a stimulus to a tissue, such as skeletal muscle or the brain, that requires adaptation in the form of structural or biochemical changes to increase function above current abilities. In humans, demand-driven adaptations have been observed and described extensively in the musculoskeletal and cardiorespiratory systems in response to resistance and aerobic training, respectively. With resistance training, consistent heightened demands on the musculoskeletal system leads to a range of adaptations in tissue structure and function. These include muscular hypertrophy, increased vascularization, mitochondrial growth and biogenesis, an increase in glycogen storage capacity, improvements in fatty acid oxidation, increases in myoglobin content, and increases in the size and strength of connective tissue [63]. With aerobic training, consistent heightened demands on the cardiorespiratory system also leads to a range of adaptations that substantially impact tissue structure and function. These include an increase in the size and number of mitochondria, increases in VO2 max and the lactate threshold, increase in stroke volume at rest and an increase in cardiac output at or near maximal rates of work, and a reduction in peripheral vascular resistance [64]. In addition to the direct stimulus for growth and adaptation in function, it is well established that demand through mechanical loading or metabolic stress are key drivers of the upregulation of autophagy, and initiation of growth and repair [65,66,67].



Similarly, animal models of neurological disease—both in neurodegeneration and acute neurological injury—demonstrate that increasing cognitive demand upregulates cellular repair and autophagy processes, resulting in neuroprotection. This effect is particularly noticeable in studies that implement exercise or environmental enrichment strategies, both of which are routinely shown to decrease neurodegeneration in the preclinical literature. Environmental enrichment for rodents generally refers to the inclusion of toys or exercise opportunities to the home cage to increase play and exploratory behavior. In models of stroke, traumatic brain injury (TBI), and multiple neurodegenerative conditions, providing environmental enrichment or an exercise intervention directly increases autophagy/reparative processes in the brain, resulting in neuroprotection [68,69,70,71,72]. Indeed, although fasting is increasingly studied as a mechanism through which autophagy can be upregulated, studies in rodents show that aerobic exercise upregulates these processes much more rapidly across multiple organs, including the brain [73,74,75,76,77]. Parallel studies show the same to be true in human skeletal muscle, with relatively short periods of exercise increasing autophagy in skeletal muscle to a similar extant as several days of fasting [78,79]. An increasing body of evidence in humans parallels that found in rodents, where cognitive stimulus can result in increased brain volumes and associated improvements in cognitive function, with capacity for neurogenesis in brain regions such as the dentate gyrus of the hippocampus still seen even in older adults [80,81,82]. Conversely, removing cognitive stimuli from the environment in rodent models accelerates or exacerbates neurodegeneration or cognitive decline, making environmental enrichment an essential factor in research animal welfare. Mechanistically, this decrease in demand may be expressed as a decrease in mitochondrial capacity for energy production, with both human and animal studies of cognitive decline showing a decrease in cytochrome C oxidase [83,84,85,86]. Decreased demand can be considered to result in a coordinated downregulation of mitochondrial function in a match to meet lower demands with an appropriately lowered energetic capacity [87,88]. Demand-driven adaptations are therefore dynamic and bi-directional (Figure 1).



Altogether, these adaptations to physical or cognitive demand result in an expansion in the environmental conditions under which homeostasis can be maintained, also known as the homeostatic capacity. Importantly, enhancements in homeostatic capacity can only be generated by increasing tissue demands. As any athlete can attest, simply increasing the supply of available substrate via diet or supplementation is insufficient to drive the necessary performance-related adaptations. Although often exploited for performance-related aims in the current era, these demand-driven adaptations, including experience-driven structural reorganization across cortical tissues, likely evolved to support the maintenance of homeostasis in the face of changing environmental conditions. For humans, this flexibility has been central to our ability to thrive in a range of ecological niches [89].



Whereas sustained increases in the demands placed on a biological system can lead to a range of structural and functional enhancements, sustained reductions in demands lead to a loss of those adaptations and enhancements [90,91]. Again, this bidirectionality is necessary for tailoring homeostatic capacity to a particular environment while maintaining the efficient allocation of resources. Yet, there are clear circumstances in which these demand-driven deteriorations are maladaptive, resulting in marked reductions in homeostatic capacity and overall function. For example, prolonged bed rest due to hospitalization leads to rapid and significant deterioration in the cardiorespiratory and musculoskeletal systems, in addition to declines in gastrointestinal, metabolic, and cognitive function [90]. Nearly half of normal strength is lost within just 3–5 weeks of immobilization, accompanied by significant muscular atrophy—respiratory muscle weakness leads to a restrictive impairment with 25–50% reduction in respiratory capacity, and bone mass and density drop significantly, predisposing to fractures of the vertebra, femur, and distal radius [91]. These and other maladaptive responses drive the significant increase in mortality risk that follows prolonged hospitalization, in many instances secondary to conditions other than the inciting illness [92]. Similarly, hip fractures in the elderly are associated with a one-year mortality risk of 20.7%, a phenomenon related almost entirely to the demand-driven deterioration and resultant drop in homeostatic capacity, rather than the initial trauma [93]. Though they may be exacerbated with aging, these changes upon removal of physical stimulus are seen regardless of age. For example, young male athletes placed on bedrest for up to 3 weeks demonstrate similar multi-systemic deteriorations, including profound decrements in cardiorespiratory function, glucose intolerance and hyperinsulinemia, negative nitrogen balance, negative calcium balance and loss of bone mass and bone mineral density, marked reduction in VO2 max, and significant decreases in muscle fiber size and strength [94]. As such, it can be inferred that decreased physical capacity in the face of decreased demand is a coordinated coupling response that occurs at any time in the life course of an individual, rather than being something specific to the process of aging.



Not surprisingly, given its ubiquity in biological systems as well as the high energetic costs of brain tissue, the phenomenon of demand coupling has also been shown to exist in the nervous system. The degree to which the sensory cortices can create and maintain detailed, high-level sensory representations is contingent upon the resolution of sensory data that are acquired via primary sense organs. A reduction in the resolution of incoming sensory information thus reduces the processing demands on primary cortical sensory tissues and downstream association areas. Indeed, sensory impairments are associated with an increased risk of dementia in humans, which is then reversed when those senses are restored. Visual loss from age-related macular degeneration, cataracts, and diabetes-related eye disease are each associated with an increased risk of incident dementia [95]. A recent study showed that the increased risk with cataracts is reversed after corrective surgery [95]. Hearing loss amongst those age 45–64, irrespective of etiology, is associated with a more than doubling of dementia risk [96], with parallel studies in preclinical models confirming the effects of sensory loss on accelerated pathological decline of the brain [97,98,99,100,101]. Likewise, an association between peripheral nerve impairments and dementia risk has also been established, even when corrected for age and other health problems [102,103]. As a single unifying and well-established mechanism, demand coupling is sufficient to account for these associations, and as such represents the most parsimonious explanation for them; cognitive stimulation through sensory inputs is critical for the maintenance of tissue health and cognitive function and, importantly, that the risks associated with the loss of this input are reversible.



As is the case in the musculoskeletal and cardiorespiratory systems, the structural and functional benefits generated by sustained increases in cognitive demands are also likely mediated by direct repair and restoration of tissue structure and function. Furthermore, significant and sustained reductions in cognitive challenge would be predicted to produce pathological deteriorations in tissue structure and function, accompanied by a significant loss of homeostatic capacity. It has long been known that removal of a neuronal stimulus or connection results in atrophy or death, and removal of downstream connecting neurons. The most extreme example is in Wallerian degeneration, where severing a neuronal connection results in loss of downstream neurons via activation of the smad pathway [104]. Smad proteins have since been linked to regulation of both neurogenesis and regulated apoptosis of neurons during pruning [105,106]. This process is supported by regulatory glial functions such as synaptic pruning and support by microglia. Elimination of unneeded neuronal connections is critical to normal brain development but is also activated in the setting of neurodegeneration or after acute injury [107]. As such, it seems clear that “unnecessary” neuronal connections and brain functions are eliminated, much as unnecessary muscle tissue atrophies during bed rest or after injury, and this is an active process that can be prevented by maintaining the stimulus.



The opposite is also true—in animal models of age-related cognitive decline, sustained increases in cognitive demands have been shown to reverse widespread age-associated deteriorations in tissue structure and function [108]. Multiple human studies have demonstrated that cognitively active lifestyles are associated with a lower burden of age-related neuro-pathologies [109,110,111]. Taken together, the evidence indicates that efforts to maximize cognitive demand throughout the lifespan are clearly essential to maintaining brain tissue structure and function and preventing cognitive decline.




6. Interventions—Stimuli with Known Benefits on Cognitive Headroom/Brain Aging


As stated, rather than representing appropriate adaptations to reduced environmental demands, the pathological deteriorations and related rise in mortality following scenarios of prolonged inactivity indicate a maladaptive loss of homeostatic capacity. As such, there appears to exist a threshold of activity beneath which tissues are no longer appropriately maintained, leading to the emergence of maladaptive deterioration. Furthermore, the existence of pathological structural and functional deteriorations in the setting of reduced physiologic stressors (bedrest, immobilization) are best explained not by an excess of injury from exogenous sources or from an inadequate supply of substrates required to support basal tissue maintenance, but rather by a pronounced downregulation of the repair and recovery mechanisms necessary to do so. In sum, it is clear that the health and function of these tissues is directly regulated by the demands placed upon them, a phenomenon we will refer to as demand coupling [13,14,15].



A growing body of evidence demonstrates that consistently engaging in cognitive demanding activities protects against cognitive decline and dementia. Explanations for this phenomenon have typically invoked the concept of cognitive “reserve,” which is usually described as a buffering or countervailing force that mitigates the impact of the primary factors causing tissue dysfunction and deterioration [112]. In this view, cognitive challenge leads to more robust and widely distributed neural representations of knowledge and concepts, reducing the functional consequences of disease-related tissue degradation. Yet, the phenomenon of demand coupling offers a separate mechanism directly linked to the individual’s long-term cognitive function. These beneficial adaptations can be stimulated by a variety of lifestyle-related activities and skills that form a natural part of human development, including formal cardiovascular or resistance exercise, coordinative movements including yoga and dance, music, and language (Table 2). The underlying mechanisms through which these interventions may prevent, or reverse, cognitive decline include direct neurological stimulus and direct increase in demand, with peripheral and central benefits that support neurological repair and function. For instance, improvements in cardiovascular fitness correlate with production of brain-derived neurotrophic factor (BDNF), which may be driven by production of lactate and ketones during exercise [113,114,115].



Physical activity is also associated with improved synaptic integrity and a reduction in microglial number and activation, particularly as pathological hallmarks of disease accumulate [116,117]. Similarly, increased social connectivity and support is associated with lower systemic inflammation, greater production of neuroprotective neurotransmitters such as oxytocin, and reduced activation of the hypothalamic–pituitary–adrenal and sympathetic axes [118]. A more holistic view of these interventions could therefore be that they are not disparate lifestyle factors that should be addressed or investigated in isolation, but a range of beneficial stimuli that have pleiotropic benefits and overlap in the critical aspect of cognitive demand, and which directly influence the process of neurodegeneration.
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Table 2. Potential interventions. Environmental and lifestyle exposures and stimuli associated with reduced risk of age-related dementia, all of which are likely to provide a significant proportion of their benefit through cognitive demand.
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	Intervention/Exposure
	Evidence





	Exercise
	
	
Dose-dependent increase in cognitive function with minimal effective dose around 25 or 15 min of moderate or vigorous physical activity, respectively, per day [42].



	
Increased hippocampal volume in older adults with walking intervention [113].



	
Increased cognitive function in older adults after resistance training intervention [82,119].



	
Greater benefit from coordinative exercise such as dance, likely due to greater cognitive demand [120,121].








	Language
	
	
Improved cognitive function in older adults learning a language [122,123].



	
Protective effect of bilingualism on the age of onset of AD [124].



	
Lifelong bilingualism maintains white matter integrity in older adults [125].








	Music
	
	
Decreased biological brain age in musicians, with greater benefit in amateur musicians, likely due to greater demand [126].



	
Lifelong musicianship associated with greater white matter integrity [109].



	
Playing a musical instrument associated with reduced risk of dementia [127].



	
Older adults who played a musical instrument demonstrated higher processing speed, attention, learning, episodic memory, working memory, and executive functions [128].








	Brain Training
	
	
Structured cognitive training results in improved structural and functional brain connectivity, as well as improvements in executive function and memory [82,122,129,130,131,132].








	Social Connection
	
	
Increased dementia risk with lack of social support [133].



	
Loneliness associated with lower brain volume and up to 3-fold increase in dementia risk [134].








	Sensory Input
	
	
Increased AD risk in those with cataracts, which is reversed with cataract removal [95].



	
Increased risk of cognitive decline with loss of sense of smell—COVID as a recent example [135,136].



	
Peripheral nerve impairments associated with higher risk of dementia after adjustment for age and other health factors [134].



	
Hearing loss associated with a doubling of dementia risk in those age 45–65, which may be reversible with hearing aids [96,137].














7. Cognitive Demands across the Lifespan


Due to the well-described phenomenon of demand coupling, sustained reductions in the demands placed on biological tissues alone can lead to pathological deteriorations in their structure and function. As such, sustained and significant reductions in the demands placed upon the nervous system would be expected to produce pathological deterioration. Here we review three key forces which together lead to a progressive and significant reduction in nervous system demands over the typical modern human lifespan.



7.1. Genetic Forces


The human brain doesn’t reach its mature state until the third decade of life [138]. This extended period of childhood development exists in order to allow for the development and maturation of the sensory systems, along with the acquisition of multiple complex cognitive and motor capabilities that comprise the typical profile of adult cognition and behavior. The development of these capabilities requires the consistent engagement of large-scale, distributed, bi-hemispheric cortical networks throughout early life, as well as the ongoing growth and structural remodeling of their neural substrates. Furthermore, while the development of these cognitive capabilities is flexible and adaptive, the universal and stereotyped nature of their development indicates that the motivation to acquire them and the algorithms for their acquisition are genetically driven. From birth to early adulthood, these “scripted” learning sequences alone ensure a highly demanding environment for the developing nervous system. However, once these genetically driven learning sequences have completed and their corresponding cortical networks reach maturity, the acquisition of additional cognitive and motor capabilities of similar complexity only occurs voluntarily, according to individual needs or desires. Not surprisingly, it is uncommon for adults to engage in the acquisition of cognitive capabilities that rival the childhood neurodevelopmental program.




7.2. Neurological Forces


A distinguishing feature of the human brain is its ability to continually acquire new knowledge and skills via the alteration of its own structure and function. The progression from the novice to advanced stages of learning is facilitated by the phenomenon of automaticity, where cognitive and motor procedures once requiring conscious attention and effort can be performed while attention is directed elsewhere. Neuroanatomically, the development of automaticity is characterized by a reduction in the neural resources required to support the particular procedure [139]. This neurophysiological fact of learning ensures that the demands on the nervous system will peak at the earlier acquisition phases of learning in a particular domain, and diminish as mastery is achieved. As such, any intervention that aims to increase cognitive stimulus and prevent or reverse cognitive decline must acknowledge that, as the individual gains mastery of a skill or modality of demand, introduction of a different or ever-increasing complexity of demand is necessary in order to continually drive neurological adaptation and repair.




7.3. Cultural Forces


In present-day society, educational opportunities and resources are directed heavily towards early life. In high-income countries, formal education is mandatory only from early childhood to late adolescence and early adulthood. The overwhelming majority of individuals pursuing degrees at the college or graduate level are in the second and third decades of life. This education, provided decades before any later decline in cognitive function, remains a significant protective factor against ARCD and AD, either by increasing the cognitive reserve or allowing for greater ongoing cognitive stimulus through more cognitively challenging work environments [10].



In addition to the acquisition of the complex motor skills that support movement and communication that are part of the scripted neuro-development program, the acquisition of “non-scripted” complex motor skills is also heavily biased towards early life. The opportunities for instruction and participation in sports, music, and other recreational activities are all significantly greater in early life, and it is commonly held that childhood is the ideal time to acquire skills of this nature. The conventional expectation is therefore that childhood is when complex cognitive and motor abilities are to be learned so that they may be utilized to support the needs of adult life.



Further support comes from the fact that indigenous and other human populations that do not exist in a modern cognitive environment also display very low rates of ARCD and ARD, even after taking into consideration differences in lifespan—lower in certain hunter gatherer groups and longer in areas such as the Blue Zones that have a high preponderance of centenarians and supercentenarians. These populations display multiple differences from Westernized human populations, but are similar in the way that they do not conform to the “traditional” work–life structure of repeated similar daily tasks (work) followed by a period of significantly decreased demand (retirement). Although the focus on the Blue Zones often revolves around their diets, two critical aspects of lifestyle common to these areas include the strong elements of social support and the fact that individuals in those communities have specific roles throughout their lifetimes, and “never retire” [140]. Conversely, multiple epidemiological studies in modern societies suggest that the abrupt loss of regular work-related cognitive stimulus due to retirement results in a parallel increase in the risk of cognitive decline. Even when adjusting for confounders that might explain both early retirement and cognitive decline such as comorbid medical conditions, those that retire earlier appear to experience ARCD sooner [11,12,141]. This effect is also greatest in those that have higher levels of education, where at a population level, work-related cognitive demand might be greatest and the decrease in cognitive demand after retirement might be most abrupt [140]. More broadly, those that retire earlier also seem to have an increased mortality risk, suggesting that multiple physical and cognitive inputs required for normal human physical functioning and repair are now attained through the modern work environment. While a range of cognitive stimuli have been shown to support and increase cognitive function, and prevent cognitive decline in humans, retirement provides perhaps the best acute change in cognitive demand that supports the demand-driven model, with direct consequences on the brain in terms of both stimulus and repair likely at the onset of retirement in the absence of compensatory increases in cognitive demand.




7.4. Summary of Forces Conspiring to Hasten Our Neurological Demise


In sum, genetic, cultural, and psychological forces align to promote and facilitate the acquisition of complex cognitive abilities and motor skills in early life, while discouraging or obstructing their acquisition in adulthood. Furthermore, the neurophysiological mechanisms of learning ensure that as those abilities and skills improve, the resources required to support their execution diminish. As such, this marked disparity in novel complex learning between early life and adulthood results in a substantial, and often underappreciated, drop in cognitive demands in adulthood. In some instances, occupational responsibilities, especially those that rely less on automated behaviors, may serve to reduce the disparity and mitigate its biological consequences. The loss of this mitigating factor may also explain the increased risk of mortality, cognitive decline, and ARD that is associated with retirement. Nonetheless, the combined and concerted effect of the forces outlined above leads to the marked and progressive reduction in cognitive demands after early life that typifies the modern-day human experience but also exacerbates the likelihood of cognitive decline with age.





8. Supporting Growth and Repair in Response to Cognitive Demands


While the evidence indicates that a robust and sustained demand signal is necessary for the maintenance of cortical tissue health, responding adequately to that signal also requires the biological resources and time to respond and adapt. The musculoskeletal system’s response to resistance training provides a well-known and established example of demand-driven physiology and the interdependencies of these factors. For example, while resistance training is necessary to provide the stimulus for growth and repair, those stimulus-induced adaptations also require adequate substrate (e.g., dietary protein) and the time and physiologic conditions needed for them to occur (e.g., recovery and sleep). No amount of substrate and/or time will lead to muscular growth in the absence of a demand signal, and growth and repair in response to a demand signal will be compromised if recovery and repair mechanisms are not adequately supported.



The demand-driven model proposes a similar model for the growth and repair of brain tissue, providing an organizing framework for understanding of how lifestyle factors and comorbidities contribute to disease pathogenesis. Like resistance training, robust and sustained cognitive challenge is necessary to provide the demand signal to cerebral tissues, but an effective response to that signal is contingent upon having the necessary resources and time. Diet and lifestyle factors as well as co-morbidities that undermine the brain’s ability to respond effectively will thus hasten deterioration or lead to suboptimal responses to demand.



Broadly speaking, in this model there are two primary means by which diet and lifestyle patterns and other comorbidities undermine demand-driven adaptations and thus contribute to disease pathogenesis. The first is by compromising the supply, delivery, or availability of the nutrient substrates and other biomolecules required for growth and repair. The second is by interfering with the amount of time devoted to rest and recovery. This pathogenetic model underscores the critical need for sleep in the preservation of brain health given its central role in waste clearance, tissue repair, and plastic reorganization in response to cognitive challenge [142,143,144,145]. The critical role of sleep in facilitating demand–function responses accounts for the emerging evidence of a significant association between poor sleep and a heightened risk of cognitive decline and dementia [37,44,45,146,147,148].



Given these interdependencies, only a holistic approach that attends to all relevant factors can lead to effective prevention and treatment. It is important to note that such an approach does not preclude the use of therapies aimed at ameliorating downstream pathologies, and in fact their impact may be amplified considerably in the context of a holistic strategy. Though its clinical significance presently remains uncertain, if reversing amyloid deposition can meaningfully improve cognitive function, then amyloid-targeting therapies could be utilized as part of a holistic program. In fact, as previously stated, meaningful benefit from treatments of this nature may only occur in the context of a program that includes attention to cognitive demands and the relevant lifestyle factors. Importantly, given the necessity of a multi-factorial approach, standardized, randomized-controlled trials with single-factor interventions are not the proper vehicle for advancing therapeutic knowledge in this arena. Adequate resources should be directed towards the investigation of individualized, adaptive, and holistic preventative and therapeutic interventions akin to the FINGER trials [57], and should include efforts to provide cognitive stimulation that rivals the neuro-developmental program of early life.




9. Summary of Model, Observations, and Supportive Evidence


We currently lack an explanatory framework to interpret and understand the myriad pathological alterations that have been described in ARCD and ARDs. Investigations into their cellular and molecular mechanisms have failed to yield a comprehensive model of disease pathogenesis that explains the majority of clinical observations. The failure of this line of inquiry coupled with the body of evidence reviewed above indicates that the appropriate level of explanation, and likewise therapeutic intervention, is at that of the organism as a whole—lifestyle and environment. The evidence also indicates that these conditions are not driven by any single lifestyle or environmental factor, but rather by the combined effects of many factors, the particulars of which are likely unique to each individual case (genetics and life history). Here we propose a model at the appropriate explanatory level of lifestyle and environment that we believe provides the most parsimonious explanation of ARCD and ARD, accounts for the key observations, and points the way towards new and more promising therapeutic avenues.



In this model, the key lifestyle factor driving these conditions is cognitive demand over time, which dictates the rate of structural and functional decline in the cortical tissues that support cognition. In broad terms, this rate of decline is driven by a dynamic equilibrium between tissue damage and repair. If equilibrium is maintained, tissue health and function are preserved. If the damage exceeds repair, tissue deteriorates. In individual cases, the set of specific pathological consequences of these upstream causes will be numerous and idiomatic, based on life experience and genetic background (Figure 2).



Environmental mismatch may disrupt either side of the equilibrium, either by causing tissue damage and dysfunction exceeding restorative capabilities (e.g., lead exposure, atmospheric particulate pollution, or modern psychosocial stressors), or by providing insufficient support to growth and repair processes (e.g., nutrient deficiencies, sleep disorders, etc.) as stated previously. Cognitive demands influence the repair side of the equilibrium by regulating the resources devoted to tissue restoration via demand coupling.



This model accounts for the most salient observations of these clinical entities: their absence in early life, pathological heterogeneity, lack of unique environmental exposures or risk factors, wide variation in clinical onset and characteristics, relative absence in indigenous populations coupled with explosive growth in the era of industrialization, mitigation by cognitive activity, and non-linear clinical progression:



	
Absence in Early Life. As mentioned previously, the exclusive onset of ARCD and ARD in mid-to-late life, as well as the stability of brain structure and function in early life could conceivably be explained by either the presence of harmful factors in the adult environment that are absent in the childhood environment, or the presence of protective factors in the childhood environment that are absent in the adult environment. To date, no factors that fit the first criterion have been identified. However, the disproportionately sustained and heightened demands of the childhood developmental environment, via demand coupling, is a suitable candidate for the second criterion. The consistently high demands in early life and related upregulation of restorative mechanisms foster the preservation of brain tissue that counteracts deterioration driven by environmental mismatch. A significant and progressive drop in cognitive demands, as is currently typical of mid-life and beyond, would be expected to lead to progressive cognitive deterioration, including to degrees that are maladaptive and pathological.



	
Heterogeneity of Pathology and Clinical Course. The heterogeneity in pathological findings and clinical course in ARDs and ARCD can also be entirely accounted for in this model. Both the accumulation of environmental contributors over time and the cognitive demands over the lifespan will significantly modify tissue structure and function. Together, these factors would produce wide variations in the clinical course, as is observed. Generally, individuals leading lifestyles of low mismatch that include expected physiological inputs (e.g., sleep, movement, social connection) and high cognitive demands throughout adulthood would be expected to display the lowest rates of deterioration. On the other end of the spectrum, those with lifestyles of high mismatch (e.g., sleep deprived, sedentary, isolated) and low cognitive demands throughout adulthood would exhibit the most rapid deterioration.



	
Lack of Unique Environmental Exposures or Risk Factors. To date, no single genetic or environmental factor unique to the diseased population has been identified, indicating that the disease state is multifactorial in origin; the result of accelerated structural deterioration over time brought about by normal life sustaining functions in a range of environmental conditions. As stated, in this model, the differential rates of deterioration are largely explained by differing degrees of environmental mismatch and cognitive demands.



	
Absence in Indigenous Populations, Explosive Growth With Industrialization. The relative absence of these conditions in indigenous populations and the explosive rise in prevalence during the industrial age is explained by the impact of this era on the two primary driving factors. On an evolutionary time scale, the industrial and information ages have ushered in a rapid and dramatic shift in every major facet of human life and a broad array of environmental changes that strain homeostatic capabilities. Not surprisingly, this has resulted in a rapid and dramatic increase in environmentally driven chronic diseases, including ARCD and ARDs [149]. The agricultural, industrial, and information ages have also dramatically altered the typical profile of cognitive activity across the human lifespan. The continued technological advances and globalization that characterize recent human history have led to an overriding trend of increasing specialization in the kinds of tasks humans perform in both the home and work environment. From a cognitive perspective, this has resulted in increasing reliance on a restricted set of automated cognitive capabilities to fulfill daily obligations. The net result of these recent major shifts in human life has been an unprecedented decrease in the cognitive demands placed on aging individuals at the population level. Left unaddressed, this reduction in cognitive demands over the course of adult life, alongside an increasing lifespan as medical and societal advances reduce both communicable and other non-communicable causes of disease, is likely to compound into an ever-increasing prevalence of ARCD and ARDs, as has been widely projected [150].



	
Mitigation by Cognitive Activity. It is now well established that a cognitively active lifestyle is the single most protective factor associated with a reduction in risk of cognitive decline [10]. However, this association has been most commonly explained as cognitive activity compensating for deterioration brought on by the pathological condition, rather than as a primary cause of the disease state. In this model, cognitive activity is a central regulator of tissue maintenance. The nature and scope of cognitive activity must therefore be considered a primary driver of the disease state.



	
Nonlinear Progression. The phenomenon of demand coupling would also be expected to produce a nonlinear, accelerating decline after cognitive function deteriorates beneath a certain threshold. As cognitive demands drop precipitously in mid-life, the downregulation of restorative mechanisms leads to greater deterioration and dysfunction, manifested by the beginnings of pathological accumulations and declining cognitive function. This process is then moderated by environmental exposures and the degree of mismatch. Once this process of deterioration and dysfunction progresses to the point of cognitive frailty, the range of potential cognitive challenges is constrained. Like physical frailty, cognitive frailty constrains the scope of cognitive activities that can be performed independently. This reduction in the scope of cognitive activities reduces cognitive demands, leading to further reduction in tissue restoration, and a positive feedback cycle is created, producing a nonlinear, accelerating decline (Figure 3).







10. Future Directions, Therapeutic Implications, and Conclusions


While some attention has been directed towards the influence of lifestyle and environmental factors on disease risk, the direct influence of declining cognitive demands over the lifespan on disease pathogenesis has been overlooked. There are two primary reasons why it is critical that its role be accounted for in therapeutic investigations.



First, it is presently unknown whether the maintenance of the nature and scope of cognitive demands to a degree comparable to that of early life would be enough to prevent the disease state entirely. Likewise, it is unknown whether sustained reductions in cognitive demands alone are enough to produce the disease state. Existing programs for providing brain stimulation as a means of mitigating cognitive decline do not provide a degree of cognitive challenge comparable to that of the developmental program of early life, focusing on a restricted subset of cognitive capabilities, typically bypassing large regions of cortex, including those involved with the acquisition and maintenance of complex motor skills and social behaviors. While the modest results to date offer proof of concept, it is unlikely that programs of this nature will provide a stimulus necessary to fully halt or reverse course of these conditions. In our view, candidate activities for providing sufficient stimulus to maintain tissue integrity must provide a robust and ongoing challenge to broadly distributed, multimodal cognitive networks. The activities we propose most likely to induce the necessary demand and adaptation, such as language, music, and dance, are also those that are inherently “human,” and which not by coincidence drove the evolution of the cognitive capabilities we seek to preserve (Table 2).



Second, the maintenance of demands above a certain threshold may be a necessary condition for the preservation and restoration of cerebral tissue, and as such may preclude the success of therapeutic interventions intended to support restoration and repair of diseased tissue. In other words, efforts to ameliorate AD pathology, including agents previously tested in randomized clinical trials, may only be helpful in the presence of a sufficient level of cognitive demand. It is entirely plausible that compounds previously deemed ineffective, including those targeting amyloid deposition, could yield clinically meaningful results in the setting of sufficient cognitive demands. The failure to account for cognitive demand in study design may in fact explain the surprising failure to develop clinically meaningful disease-modifying pharmaceuticals. Continued failure to account for the upstream drivers of disease pathogenesis may guarantee continued stagnation in this realm. Furthermore, the interdependencies outlined in this pathogenetic model indicate the necessity of a holistic therapeutic approach and highlight the inadequacy of single-factor trials in the evaluation of potential treatments.



Though we believe that the demand model is holistic and explains the vast majority of observations relevant to ARCD and ARD, we must acknowledge some limitations and potential hurdles to implementation. In its current form as presented, cognitive demand is difficult to quantify, and therefore the model is difficult to test. From an implementation standpoint, one might hope that better public awareness of the importance of cognitive demand could drive behavior change and increased cognitive demand across the lifespan at the individual level; however, similar approaches to physical activity have yet to be broadly successful and personalized interventions are likely to be needed [151]. Overall, it is also not yet known whether cognitive demand is both necessary and sufficient to explain ARCD, and any current attempt to prevent or reverse cognitive decline in a holistic manner should include multi-modal interventions based on available best evidence such as that from the FINGER trial [57]. This hampers the ability to dissect the relevant contributions of different lifestyle factors, including cognitive demand, on the risk of ARCD and ARD. To develop the idea of cognitive demand into an evidence-based medicine framework, one potential idea would be to incorporate it into more modern adaptive trial designs such as SMARTs (Sequential Multiple Assignment Randomized Trials), which are increasingly being implemented in the field of lifestyle and behavior change research [152,153]. An individual’s risk in multiple areas of lifestyle could assessed, and then participants randomized at multiple timepoints to sequential new interventions including personalized interventions to increase cognitive demand. With an appropriate trial design this could both help elucidate the individual contribution of cognitive demand as well as methodologies with which to implement it in the clinic.



In conclusion, existing etiological models of ARCD and ARDs fail to adequately explain the underlying disease processes in a manner that (i) encompasses all the critical clinical observations of disease heterogeneity or trajectory, or (ii) has resulted in targeted interventions that meaningfully improve patient outcomes. In contrast, consideration of the environmental and evolutionary forces of cognitive demand leads to a holistic and multidimensional demand-driven model of ARCD and ARD etiology with both epidemiological and mechanistic support. This theoretical model allows for direct, simple, and equitable intervention points, as well as the possibility of improved outcomes in future pharmaceutical trials via inclusion of a holistic strategy that incorporates a component of cognitive demand to drive neurological homeostasis and repair. It also highlights the importance of a lifelong program of ongoing cognitive challenge coupled with diet and lifestyle factors, such as nutrient adequacy and sleep [37,44,48,154], that support the tissue-preserving adaptations those challenges stimulate. As the burden of AD is projected to cripple healthcare systems worldwide in the coming decades, we believe that this critical reappraisal of our approach is essential to maximizing our odds of success in preventing and treating the most prevalent forms of age-related cognitive decline and dementia.







Author Contributions


Both J.T. and T.R.W. conceived, wrote, edited, and approved the final version of the article. All authors have read and agreed to the published version of the manuscript.




Funding


This work received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Ken Ford, Jay Rubin, and Dan Pardi for their comments during preparation of the manuscript.




Conflicts of Interest


Turknett is the founder of Brainjo, a company that creates educational programs for adult learners, and President of Physicians for Ancestral Health. Wood is a paid scientific advisor for Hintsa Performance, Sidekick Health, Thriva LLC, and Rewire Fitness, and is a founding director of the British Society of Lifestyle Medicine.




References


	



Rocca, W.A.; Petersen, R.C.; Knopman, D.S.; Hebert, L.E.; Evans, D.A.; Hall, K.S.; Gao, S.; Unverzagt, F.W.; Langa, K.M.; Larson, E.B.; et al. Trends in the incidence and prevalence of Alzheimer’s disease, dementia, and cognitive impairment in the United States. Alzheimers Dement. J. Alzheimers Assoc. 2011, 7, 80–93. [Google Scholar] [CrossRef] [PubMed]

	



Briggs, R.; Kennelly, S.P.; O’Neill, D. Drug treatments in Alzheimer’s disease. Clin. Med. 2016, 16, 247–253. [Google Scholar] [CrossRef] [PubMed]

	



Panza, F.; Lozupone, M.; Logroscino, G.; Imbimbo, B.P. A critical appraisal of amyloid-β-targeting therapies for Alzheimer disease. Nat. Rev. Neurol. 2019, 15, 73–88. [Google Scholar] [CrossRef] [PubMed]

	



Blanchard, J.W.; Victor, M.B.; Tsai, L.-H. Dissecting the complexities of Alzheimer disease with in vitro models of the human brain. Nat. Rev. Neurol. 2022, 18, 25–39. [Google Scholar] [CrossRef] [PubMed]

	



Frisoni, G.B.; Altomare, D.; Thal, D.R.; Ribaldi, F.; van der Kant, R.; Ossenkoppele, R.; Blennow, K.; Cummings, J.; van Duijn, C.; Nilsson, P.M.; et al. The probabilistic model of Alzheimer disease: The amyloid hypothesis revised. Nat. Rev. Neurol. 2022, 23, 53–66. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-Isla, T.; Frosch, M.P. Lesions without symptoms: Understanding resilience to Alzheimer disease neuropathological changes. Nat. Rev. Neurol. 2022, 18, 323–332. [Google Scholar] [CrossRef]

	



Leng, F.; Edison, P. Neuroinflammation and microglial activation in Alzheimer disease: Where do we go from here? Nat. Rev. Neurol. 2021, 17, 157–172. [Google Scholar] [CrossRef]

	



Roda, A.R.; Serra-Mir, G.; Montoliu-Gaya, L.; Tiessler, L.; Villegas, S. Amyloid-beta peptide and tau protein crosstalk in Alzheimer’s disease. Neural Regen. Res. 2022, 17, 1666–1674. [Google Scholar] [CrossRef]

	



Se Thoe, E.; Fauzi, A.; Tang, Y.Q.; Chamyuang, S.; Chia, A.Y.Y. A review on advances of treatment modalities for Alzheimer’s disease. Life Sci. 2021, 276, 119129. [Google Scholar] [CrossRef]

	



Yu, J.T.; Xu, W.; Tan, C.C.; Andrieu, S.; Suckling, J.; Evangelou, E.; Pan, A.; Zhang, C.; Jia, J.; Feng, L.; et al. Evidence-based prevention of Alzheimer’s disease: Systematic review and meta-analysis of 243 observational prospective studies and 153 randomised controlled trials. J. Neurol. Neurosurg. Psychiatry 2020, 91, 1201–1209. [Google Scholar] [CrossRef]

	



Sundström, A.; Rönnlund, M.; Josefsson, M. A nationwide Swedish study of age at retirement and dementia risk. Int. J. Geriatr. Psychiatry 2020, 35, 1243–1249. [Google Scholar] [CrossRef]

	



Dufouil, C.; Pereira, E.; Chêne, G.; Glymour, M.M.; Alpérovitch, A.; Saubusse, E.; Risse-Fleury, M.; Heuls, B.; Salord, J.C.; Brieu, M.A.; et al. Older age at retirement is associated with decreased risk of dementia. Eur. J. Epidemiol. 2014, 29, 353–361. [Google Scholar] [CrossRef]

	



Marioni, R.E.; van den Hout, A.; Valenzuela, M.J.; Brayne, C.; Matthews, F.E.; Function, M.R.C.C.; Ageing, S. Active cognitive lifestyle associates with cognitive recovery and a reduced risk of cognitive decline. J. Alzheimers Dis. 2012, 28, 223–230. [Google Scholar] [CrossRef] [PubMed]

	



Park, D.C.; Lodi-Smith, J.; Drew, L.; Haber, S.; Hebrank, A.; Bischof, G.N.; Aamodt, W. The impact of sustained engagement on cognitive function in older adults: The Synapse Project. Psychol. Sci. 2014, 25, 103–112. [Google Scholar] [CrossRef] [PubMed]

	



Friedland, R.P.; Fritsch, T.; Smyth, K.A.; Koss, E.; Lerner, A.J.; Chen, C.H.; Petot, G.J.; Debanne, S.M. Patients with Alzheimer’s disease have reduced activities in midlife compared with healthy control-group members. Proc. Natl. Acad. Sci. USA 2001, 98, 3440–3445. [Google Scholar] [CrossRef] [PubMed]

	



Kivipelto, M.; Mangialasche, F.; Ngandu, T. Lifestyle interventions to prevent cognitive impairment, dementia and Alzheimer disease. Nat. Rev. Neurol. 2018, 14, 653–666. [Google Scholar] [CrossRef]

	



Mendez, M.F. Early-Onset Alzheimer Disease. Neurol. Clin. 2017, 35, 263–281. [Google Scholar] [CrossRef] [PubMed]

	



Muller, U.; Winter, P.; Graeber, M.B. A presenilin 1 mutation in the first case of Alzheimer’s disease. Lancet Neurol. 2013, 12, 129–130. [Google Scholar] [CrossRef]

	



Rupp, C.; Beyreuther, K.; Maurer, K.; Kins, S. A presenilin 1 mutation in the first case of Alzheimer’s disease: Revisited. Alzheimers Dement. 2014, 10, 869–872. [Google Scholar] [CrossRef] [PubMed]

	



Wood, T.; Nance, E. Disease-directed engineering for physiology-driven treatment interventions in neurological disorders. APL Bioeng. 2019, 3, 040901. [Google Scholar] [CrossRef]

	



Herrup, K. The case for rejecting the amyloid cascade hypothesis. Nat. Neurosci. 2015, 18, 794–799. [Google Scholar] [CrossRef]

	



Herrup, K. Fallacies in Neuroscience: The Alzheimer’s Edition. eNeuro 2022, 9, 1. [Google Scholar] [CrossRef] [PubMed]

	



Potter, R.R., III; Long, A.P.; Lichtenstein, M.L. Population prevalence of autosomal dominant Alzheimer’s disease: A systematic review. Alzheimers Dement. 2020, 16, e037129. [Google Scholar] [CrossRef]

	



2020 Alzheimer’s disease facts and figures. Alzheimers Dement. 2020, 16, 391–460. [CrossRef] [PubMed]

	



Vogel, J.W.; Young, A.L.; Oxtoby, N.P.; Smith, R.; Ossenkoppele, R.; Strandberg, O.T.; La Joie, R.; Aksman, L.M.; Grothe, M.J.; Iturria-Medina, Y.; et al. Four distinct trajectories of tau deposition identified in Alzheimer’s disease. Nat. Med. 2021, 27, 871–881. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, R.C. How early can we diagnose Alzheimer disease (and is it sufficient)? Neurology 2018, 91, 395. [Google Scholar] [CrossRef]

	



Fessel, J. Amyloid is essential but insufficient for Alzheimer causation: Addition of subcellular cofactors is required for dementia. Int. J. Geriatr. Psychiatry 2018, 33, e14–e21. [Google Scholar] [CrossRef] [PubMed]

	



Musiek, E.S.; Holtzman, D.M. Three dimensions of the amyloid hypothesis: Time, space and ‘wingmen’. Nat. Neurosci. 2015, 18, 800–806. [Google Scholar] [CrossRef]

	



Reiman, E.M.; Arboleda-Velasquez, J.F.; Quiroz, Y.T.; Huentelman, M.J.; Beach, T.G.; Caselli, R.J.; Chen, Y.; Su, Y.; Myers, A.J.; Hardy, J.; et al. Exceptionally low likelihood of Alzheimer’s dementia in APOE2 homozygotes from a 5000-person neuropathological study. Nat. Commun. 2020, 11, 667. [Google Scholar] [CrossRef]

	



Ridge, P.G.; Mukherjee, S.; Crane, P.K.; Kauwe, J.S.K.; Alzheimer’s Disease Genetics, C. Alzheimer’s Disease: Analyzing the Missing Heritability. PLoS ONE 2013, 8, e79771. [Google Scholar] [CrossRef]

	



Trumble, B.C.; Stieglitz, J.; Blackwell, A.D.; Allayee, H.; Beheim, B.; Finch, C.E.; Gurven, M.; Kaplan, H. Apolipoprotein E4 is associated with improved cognitive function in Amazonian forager-horticulturalists with a high parasite burden. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2017, 31, 1508–1515. [Google Scholar] [CrossRef]

	



Suchy-Dicey, A.; Howard, B.; Longstreth, W.T., Jr.; Reiman, E.M.; Buchwald, D. APOE genotype, hippocampus, and cognitive markers of Alzheimer’s disease in American Indians: Data from the Strong Heart Study. Alzheimers Dement. J. Alzheimers Assoc. 2022. [Google Scholar] [CrossRef]

	



Gureje, O.; Ogunniyi, A.; Baiyewu, O.; Price, B.; Unverzagt, F.W.; Evans, R.M.; Smith-Gamble, V.; Lane, K.A.; Gao, S.; Hall, K.S.; et al. APOE epsilon4 is not associated with Alzheimer’s disease in elderly Nigerians. Ann. Neurol. 2006, 59, 182–185. [Google Scholar] [CrossRef]

	



Brooks, D.S.; Eronen, M.I. The significance of levels of organization for scientific research: A heuristic approach. Stud. Hist. Philos. Biol. Biomed. Sci. 2018, 68–69, 34–41. [Google Scholar] [CrossRef] [PubMed]

	



McBride, J.W.; Walker, D.H. Pathogenesis of Infectious Diseases and Mechanisms of Immunity. In Vaccinology; Wiley: Hoboken, NJ, USA, 2015; pp. 59–72. [Google Scholar] [CrossRef]

	



Ko, Y.; Chye, S.M. Lifestyle intervention to prevent Alzheimer’s disease. Rev. Neurosci. 2020, 31, 817–824. [Google Scholar] [CrossRef]

	



Huang, S.-Y.; Li, Y.-Z.; Zhang, Y.-R.; Huang, Y.-Y.; Wu, B.-S.; Zhang, W.; Deng, Y.-T.; Chen, S.-D.; He, X.-Y.; Chen, S.-F.; et al. Sleep, physical activity, sedentary behavior, and risk of incident dementia: A prospective cohort study of 431,924 UK Biobank participants. Mol. Psychiatry 2022. [Google Scholar] [CrossRef]

	



Liang, Y.; Ngandu, T.; Laatikainen, T.; Soininen, H.; Tuomilehto, J.; Kivipelto, M.; Qiu, C. Cardiovascular health metrics from mid- to late-life and risk of dementia: A population-based cohort study in Finland. PLoS Med. 2020, 17, e1003474. [Google Scholar] [CrossRef]

	



Livingston, G.; Huntley, J.; Sommerlad, A.; Ames, D.; Ballard, C.; Banerjee, S.; Brayne, C.; Burns, A.; Cohen-Mansfield, J.; Cooper, C.; et al. Dementia prevention, intervention, and care: 2020 report of the Lancet Commission. Lancet 2020, 396, 413–446. [Google Scholar] [CrossRef]

	



Sindi, S.; Kåreholt, I.; Ngandu, T.; Rosenberg, A.; Kulmala, J.; Johansson, L.; Wetterberg, H.; Skoog, J.; Sjöberg, L.; Wang, H.-X.; et al. Sex differences in dementia and response to a lifestyle intervention: Evidence from Nordic population-based studies and a prevention trial. Alzheimers Dement. 2021, 17, 1166–1178. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, M.; Yang, P.-S.; Jin, M.-N.; Yu, H.T.; Kim, T.-H.; Jang, E.; Uhm, J.-S.; Pak, H.-N.; Lee, M.-H.; Joung, B. Association of Physical Activity Level With Risk of Dementia in a Nationwide Cohort in Korea. JAMA Netw. Open 2021, 4, e2138526. [Google Scholar] [CrossRef]

	



Gallardo-Gómez, D.; del Pozo-Cruz, J.; Noetel, M.; Álvarez-Barbosa, F.; Alfonso-Rosa, R.M.; del Pozo Cruz, B. Optimal dose and type of exercise to improve cognitive function in older adults: A systematic review and bayesian model-based network meta-analysis of RCTs. Ageing Res. Rev. 2022, 76, 101591. [Google Scholar] [CrossRef] [PubMed]

	



Yan, S.; Fu, W.; Wang, C.; Mao, J.; Liu, B.; Zou, L.; Lv, C. Association between sedentary behavior and the risk of dementia: A systematic review and meta-analysis. Transl. Psychiatry 2020, 10, 112. [Google Scholar] [CrossRef]

	



Bubu, O.M.; Brannick, M.; Mortimer, J.; Umasabor-Bubu, O.; Sebastiao, Y.V.; Wen, Y.; Schwartz, S.; Borenstein, A.R.; Wu, Y.; Morgan, D.; et al. Sleep, Cognitive impairment, and Alzheimer’s disease: A Systematic Review and Meta-Analysis. Sleep 2017, 40, zsw032. [Google Scholar] [CrossRef] [PubMed]

	



Sabia, S.; Fayosse, A.; Dumurgier, J.; van Hees, V.T.; Paquet, C.; Sommerlad, A.; Kivimäki, M.; Dugravot, A.; Singh-Manoux, A. Association of sleep duration in middle and old age with incidence of dementia. Nat. Commun. 2021, 12, 2289. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Qiu, C.; Winblad, B.; Fratiglioni, L. The Effect of Borderline Diabetes on the Risk of Dementia and Alzheimer’s Disease. Diabetes 2007, 56, 211–216. [Google Scholar] [CrossRef]

	



Zheng, F.; Yan, L.; Yang, Z.; Zhong, B.; Xie, W. HbA1c, diabetes and cognitive decline: The English Longitudinal Study of Ageing. Diabetologia 2018, 61, 839–848. [Google Scholar] [CrossRef]

	



Jernerén, F.; Elshorbagy, A.K.; Oulhaj, A.; Smith, S.M.; Refsum, H.; Smith, A.D. Brain atrophy in cognitively impaired elderly: The importance of long-chain ω-3 fatty acids and B vitamin status in a randomized controlled trial. Am. J. Clin. Nutr. 2015, 102, 215–221. [Google Scholar] [CrossRef]

	



Klinedinst, B.S.; Pappas, C.; Le, S.; Yu, S.; Wang, Q.; Wang, L.; Allenspach-Jorn, K.; Mochel, J.P.; Willette, A.A. Aging-related changes in fluid intelligence, muscle and adipose mass, and sex-specific immunologic mediation: A longitudinal UK Biobank study. Brain Behav. Immun. 2019, 82, 396–405. [Google Scholar] [CrossRef] [PubMed]

	



Whitmer, R.A.; Gustafson, D.R.; Barrett-Connor, E.; Haan, M.N.; Gunderson, E.P.; Yaffe, K. Central obesity and increased risk of dementia more than three decades later. Neurology 2008, 71, 1057–1064. [Google Scholar] [CrossRef] [PubMed]

	



Someya, Y.; Tamura, Y.; Kaga, H.; Sugimoto, D.; Kadowaki, S.; Suzuki, R.; Aoki, S.; Hattori, N.; Motoi, Y.; Shimada, K.; et al. Sarcopenic obesity is associated with cognitive impairment in community-dwelling older adults: The Bunkyo Health Study. Clin. Nutr. 2022, 41, 1046–1051. [Google Scholar] [CrossRef]

	



Zhang, T.; Zhang, Y.; Lv, Z.; Xiang, J. Sarcopenia and motoric cognitive risk syndrome: A moderated mediation model. BMC Geriatr. 2022, 22, 141. [Google Scholar] [CrossRef] [PubMed]

	



Jett, S.; Schelbaum, E.; Jang, G.; Boneu Yepez, C.; Dyke, J.P.; Pahlajani, S.; Diaz Brinton, R.; Mosconi, L. Ovarian steroid hormones: A long overlooked but critical contributor to brain aging and Alzheimer’s disease. Front. Aging Neurosci. 2022, 14, 948219. [Google Scholar] [CrossRef]

	



Penninkilampi, R.; Casey, A.N.; Singh, M.F.; Brodaty, H. The Association between Social Engagement, Loneliness, and Risk of Dementia: A Systematic Review and Meta-Analysis. J. Alzheimers Dis. 2018, 66, 1619–1633. [Google Scholar] [CrossRef] [PubMed]

	



Toups, K.; Hathaway, A.; Gordon, D.; Chung, H.; Raji, C.; Boyd, A.; Hill, B.D.; Hausman-Cohen, S.; Attarha, M.; Chwa, W.J.; et al. Precision Medicine Approach to Alzheimer’s Disease: Successful Pilot Project. J. Alzheimers Dis. 2022. [Google Scholar] [CrossRef] [PubMed]

	



LaPlume, A.A.; McKetton, L.; Levine, B.; Troyer, A.K.; Anderson, N.D. The adverse effect of modifiable dementia risk factors on cognition amplifies across the adult lifespan. Alzheimers Dement. Diagn. Assess. Dis. Monit. 2022, 14, e12337. [Google Scholar] [CrossRef]

	



Ngandu, T.; Lehtisalo, J.; Solomon, A.; Levälahti, E.; Ahtiluoto, S.; Antikainen, R.; Bäckman, L.; Hänninen, T.; Jula, A.; Laatikainen, T.; et al. A 2 year multidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus control to prevent cognitive decline in at-risk elderly people (FINGER): A randomised controlled trial. Lancet 2015, 385, 2255–2263. [Google Scholar] [CrossRef]

	



López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194–1217. [Google Scholar] [CrossRef] [PubMed]

	



Boya, P.; Reggiori, F.; Codogno, P. Emerging regulation and functions of autophagy. Nat. Cell Biol. 2013, 15, 713–720. [Google Scholar] [CrossRef]

	



Eshraghi, M.; Ahmadi, M.; Afshar, S.; Lorzadeh, S.; Adlimoghaddam, A.; Rezvani Jalal, N.; West, R.; Dastghaib, S.; Igder, S.; Torshizi, S.R.N.; et al. Enhancing autophagy in Alzheimer’s disease through drug repositioning. Pharmacol. Ther. 2022, 237, 108171. [Google Scholar] [CrossRef]

	



Bonam, S.R.; Wang, F.; Muller, S. Lysosomes as a therapeutic target. Nat. Rev. Drug Discov. 2019, 18, 923–948. [Google Scholar] [CrossRef]

	



McGlory, C.; Devries, M.C.; Phillips, S.M. Skeletal muscle and resistance exercise training; the role of protein synthesis in recovery and remodeling. J. Appl. Physiol. 2017, 122, 541–548. [Google Scholar] [CrossRef] [PubMed]

	



Rebelo-Marques, A.; De Sousa Lages, A.; Andrade, R.; Ribeiro, C.F.; Mota-Pinto, A.; Carrilho, F.; Espregueira-Mendes, J. Aging Hallmarks: The Benefits of Physical Exercise. Front. Endocrinol. 2018, 9, 258. [Google Scholar] [CrossRef]

	



Farrell, C.; Turgeon, D.R. Normal Versus Chronic Adaptations to Aerobic Exercise. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Rocchi, A.; He, C. Regulation of Exercise-Induced Autophagy in Skeletal Muscle. Curr. Pathobiol. Rep. 2017, 5, 177–186. [Google Scholar] [CrossRef]

	



Sanchez, A.M.J.; Bernardi, H.; Py, G.; Candau, R.B. Autophagy is essential to support skeletal muscle plasticity in response to endurance exercise. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2014, 307, R956–R969. [Google Scholar] [CrossRef]

	



Sebastián, D.; Zorzano, A. Self-Eating for Muscle Fitness: Autophagy in the Control of Energy Metabolism. Dev. Cell 2020, 54, 268–281. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Y.-H.; Dong, L.-L.; Zhang, Y.-J.; Zhao, X.-M.; He, H.-Y. Enriched environment boosts the post-stroke recovery of neurological function by promoting autophagy. Neural Regen. Res. 2021, 16, 813–819. [Google Scholar] [CrossRef]

	



Zhang, Q.Q.; Luo, L.; Liu, M.X.; Wang, C.J.; Wu, Y.; Yu, K.W. Enriched Environment-Induced Neuroprotection against Cerebral Ischemia-Reperfusion Injury Might Be Mediated via Enhancing Autophagy Flux and Mitophagy Flux. Mediat. Inflamm. 2022, 2022, 2396487. [Google Scholar] [CrossRef]

	



Lazarov, O.; Robinson, J.; Tang, Y.P.; Hairston, I.S.; Korade-Mirnics, Z.; Lee, V.M.; Hersh, L.B.; Sapolsky, R.M.; Mirnics, K.; Sisodia, S.S. Environmental enrichment reduces Abeta levels and amyloid deposition in transgenic mice. Cell 2005, 120, 701–713. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, T.; Shimizu, K.; Shimazaki, K.; Toda, H.; Nibuya, M. Environmental enrichment enhances autophagy signaling in the rat hippocampus. Brain Res. 2014, 1592, 113–123. [Google Scholar] [CrossRef] [PubMed]

	



Xu, L.; Qu, C.; Qu, C.; Shen, J.; Song, H.; Li, Y.; Li, T.; Zheng, J.; Zhang, J. Improvement of autophagy dysfunction as a potential mechanism for environmental enrichment to protect blood-brain barrier in rats with vascular cognitive impairment. Neurosci. Lett. 2020, 739, 135437. [Google Scholar] [CrossRef]

	



Schwalm, C.; Jamart, C.; Benoit, N.; Naslain, D.; Prémont, C.; Prévet, J.; Van Thienen, R.; Deldicque, L.; Francaux, M. Activation of autophagy in human skeletal muscle is dependent on exercise intensity and AMPK activation. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2015, 29, 3515–3526. [Google Scholar] [CrossRef]

	



Brandt, N.; Gunnarsson, T.P.; Bangsbo, J.; Pilegaard, H. Exercise and exercise training-induced increase in autophagy markers in human skeletal muscle. Physiol. Rep. 2018, 6, e13651. [Google Scholar] [CrossRef] [PubMed]

	



He, C.; Bassik, M.C.; Moresi, V.; Sun, K.; Wei, Y.; Zou, Z.; An, Z.; Loh, J.; Fisher, J.; Sun, Q.; et al. Exercise-induced BCL2-regulated autophagy is required for muscle glucose homeostasis. Nature 2012, 481, 511–515. [Google Scholar] [CrossRef] [PubMed]

	



He, C.; Sumpter, R., Jr.; Levine, B. Exercise induces autophagy in peripheral tissues and in the brain. Autophagy 2012, 8, 1548–1551. [Google Scholar] [CrossRef] [PubMed]

	



Chun, S.K.; Lee, S.; Yang, M.J.; Leeuwenburgh, C.; Kim, J.S. Exercise-Induced Autophagy in Fatty Liver Disease. Exerc. Sport Sci. Rev. 2017, 45, 181–186. [Google Scholar] [CrossRef]

	



Møller, A.B.; Vendelbo, M.H.; Christensen, B.; Clasen, B.F.; Bak, A.M.; Jørgensen, J.O.; Møller, N.; Jessen, N. Physical exercise increases autophagic signaling through ULK1 in human skeletal muscle. J. Appl. Physiol. 2015, 118, 971–979. [Google Scholar] [CrossRef]

	



Vendelbo, M.H.; Møller, A.B.; Christensen, B.; Nellemann, B.; Clasen, B.F.; Nair, K.S.; Jørgensen, J.O.; Jessen, N.; Møller, N. Fasting increases human skeletal muscle net phenylalanine release and this is associated with decreased mTOR signaling. PLoS ONE 2014, 9, e102031. [Google Scholar] [CrossRef]

	



Eriksson, P.S.; Perfilieva, E.; Björk-Eriksson, T.; Alborn, A.-M.; Nordborg, C.; Peterson, D.A.; Gage, F.H. Neurogenesis in the adult human hippocampus. Nat. Med. 1998, 4, 1313–1317. [Google Scholar] [CrossRef]

	



Woollett, K.; Maguire, E.A. Acquiring “the Knowledge” of London’s layout drives structural brain changes. Curr. Biol. CB 2011, 21, 2109–2114. [Google Scholar] [CrossRef]

	



Suo, C.; Singh, M.F.; Gates, N.; Wen, W.; Sachdev, P.; Brodaty, H.; Saigal, N.; Wilson, G.C.; Meiklejohn, J.; Singh, N.; et al. Therapeutically relevant structural and functional mechanisms triggered by physical and cognitive exercise. Mol. Psychiatry 2016, 21, 1633–1642. [Google Scholar] [CrossRef]

	



Parker, W.D.; Parks, J.K. Cytochrome C Oxidase in Alzheimer’s Disease Brain. Purif. Charact. 1995, 45, 482–486. [Google Scholar] [CrossRef]

	



Gonzalez-Lima, F.; Barksdale, B.R.; Rojas, J.C. Mitochondrial respiration as a target for neuroprotection and cognitive enhancement. Biochem. Pharmacol. 2014, 88, 584–593. [Google Scholar] [CrossRef]

	



Gonzalez-Lima, F.; Valla, J.; Jorandby, L. Cytochrome Oxidase Inhibition in Alzheimer’s Disease; Springer: Boston, MA, USA, 1998. [Google Scholar]

	



Valla, J.; Berndt, J.D.; Gonzalez-Lima, F. Energy Hypometabolism in Posterior Cingulate Cortex of Alzheimer’s Patients: Superficial Laminar Cytochrome Oxidase Associated with Disease Duration. J. Neurosci. 2001, 21, 4923–4930. [Google Scholar] [CrossRef] [PubMed]

	



Wong-Riley, M.T. Cytochrome oxidase: An endogenous metabolic marker for neuronal activity. Trends Neurosci. 1989, 12, 94–101. [Google Scholar] [CrossRef]

	



Rojas, J.C.; Bruchey, A.K.; Gonzalez-Lima, F. Neurometabolic mechanisms for memory enhancement and neuroprotection of methylene blue. Prog. Neurobiol. 2012, 96, 32–45. [Google Scholar] [CrossRef]

	



Anton, S.C.; Potts, R.; Aiello, L.C. Human evolution. Evolution of early Homo: An integrated biological perspective. Science 2014, 345, 1236828. [Google Scholar] [CrossRef] [PubMed]

	



Medic, G.; Wille, M.; Hemels, M.E. Short- and long-term health consequences of sleep disruption. Nat. Sci. Sleep 2017, 9, 151–161. [Google Scholar] [CrossRef] [PubMed]

	



Dittmer, D.K.; Teasell, R. Complications of immobilization and bed rest. Part 1: Musculoskeletal and cardiovascular complications. Can. Fam. Physician 1993, 39, 1428–1432, 1435–1437. [Google Scholar] [PubMed]

	



Krumholz, H.M. Post-hospital syndrome--an acquired, transient condition of generalized risk. N. Engl. J. Med. 2013, 368, 100–102. [Google Scholar] [CrossRef] [PubMed]

	



Meessen, J.M.; Pisani, S.; Gambino, M.L.; Bonarrigo, D.; van Schoor, N.M.; Fozzato, S.; Cherubino, P.; Surace, M.F. Assessment of mortality risk in elderly patients after proximal femoral fracture. Orthopedics 2014, 37, e194–e200. [Google Scholar] [CrossRef]

	



CDC. Physiologic Responses and Long-Term Adaptations to Exercise. Physical Activity and Health: A Report of the Surgeon General. 1999. Available online: https://www.cdc.gov/nccdphp/sgr/pdf/chap3.pdf (accessed on 5 July 2022).

	



Lee, C.S.; Gibbons, L.E.; Lee, A.Y.; Yanagihara, R.T.; Blazes, M.S.; Lee, M.L.; McCurry, S.M.; Bowen, J.D.; McCormick, W.C.; Crane, P.K.; et al. Association Between Cataract Extraction and Development of Dementia. JAMA Intern. Med. 2022, 182, 134–141. [Google Scholar] [CrossRef]

	



Liu, C.M.; Lee, C.T. Association of Hearing Loss With Dementia. JAMA Netw. Open 2019, 2, e198112. [Google Scholar] [CrossRef] [PubMed]

	



Paciello, F.; Rinaudo, M.; Longo, V.; Cocco, S.; Conforto, G.; Pisani, A.; Podda, M.V.; Fetoni, A.R.; Paludetti, G.; Grassi, C. Auditory sensory deprivation induced by noise exposure exacerbates cognitive decline in a mouse model of Alzheimer’s disease. eLife 2021, 10, e70908. [Google Scholar] [CrossRef]

	



Kurioka, T.; Mogi, S.; Yamashita, T. Decreasing auditory input induces neurogenesis impairment in the hippocampus. Sci. Rep. 2021, 11, 423. [Google Scholar] [CrossRef] [PubMed]

	



Qian, Z.J.; Ricci, A.J. Effects of cochlear hair cell ablation on spatial learning/memory. Sci. Rep. 2020, 10, 20687. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.S.; Lee, H.J.; Lee, S.; Lee, H.S.; Jeong, Y.J.; Son, Y.; Kim, J.M.; Lee, Y.J.; Park, M.H. Conductive Hearing Loss Aggravates Memory Decline in Alzheimer Model Mice. Front. Neurosci. 2020, 14, 843. [Google Scholar] [CrossRef]

	



Park, S.Y.; Kim, M.J.; Kim, H.L.; Kim, D.K.; Yeo, S.W.; Park, S.N. Cognitive decline and increased hippocampal p-tau expression in mice with hearing loss. Behav. Brain Res. 2018, 342, 19–26. [Google Scholar] [CrossRef]

	



Brenowitz, W.D.; Robbins, N.M.; Strotmeyer, E.S.; Yaffe, K. Associations of Lower Extremity Peripheral Nerve Impairment and Risk of Dementia in Black and White Older Adults. Neurology 2022, 98, e1837. [Google Scholar] [CrossRef]

	



Lin, Y.J.; Kao, T.W.; Chen, W.L. Relationship between peripheral neuropathy and cognitive performance in the elderly population. Medicine 2021, 100, e26071. [Google Scholar] [CrossRef]

	



Osterloh, J.M.; Yang, J.; Rooney, T.M.; Fox, A.N.; Adalbert, R.; Powell, E.H.; Sheehan, A.E.; Avery, M.A.; Hackett, R.; Logan, M.A.; et al. dSarm/Sarm1 is required for activation of an injury-induced axon death pathway. Science 2012, 337, 481–484. [Google Scholar] [CrossRef]

	



Manoharan-Valerio, M.A.; Colon, J.; Martinez, N.; Quiroz, E.; Noel, R. Astrocytes expressing Nef promote apoptosis and SMAD signaling in Neurons. FASEB J. 2013, 27, lb213. [Google Scholar] [CrossRef]

	



Hiew, L.F.; Poon, C.H.; You, H.Z.; Lim, L.W. TGF-β/Smad Signalling in Neurogenesis: Implications for Neuropsychiatric Diseases. Cells 2021, 10, 1382. [Google Scholar] [CrossRef] [PubMed]

	



Vilalta, A.; Brown, G.C. Neurophagy, the phagocytosis of live neurons and synapses by glia, contributes to brain development and disease. FEBS J. 2018, 285, 3566–3575. [Google Scholar] [CrossRef]

	



de Villers-Sidani, E.; Alzghoul, L.; Zhou, X.; Simpson, K.L.; Lin, R.C.; Merzenich, M.M. Recovery of functional and structural age-related changes in the rat primary auditory cortex with operant training. Proc. Natl. Acad. Sci. USA 2010, 107, 13900–13905. [Google Scholar] [CrossRef] [PubMed]

	



Andrews, E.; Eierud, C.; Banks, D.; Harshbarger, T.; Michael, A.; Rammell, C. Effects of Lifelong Musicianship on White Matter Integrity and Cognitive Brain Res.erve. Brain Sci. 2021, 11, 67. [Google Scholar] [CrossRef]

	



Meng, X.; D’Arcy, C. Education and dementia in the context of the cognitive reserve hypothesis: A systematic review with meta-analyses and qualitative analyses. PLoS ONE 2012, 7, e38268. [Google Scholar] [CrossRef]

	



Riley, K.P.; Snowdon, D.A.; Desrosiers, M.F.; Markesbery, W.R. Early life linguistic ability, late life cognitive function, and neuropathology: Findings from the Nun Study. Neurobiol. Aging 2005, 26, 341–347. [Google Scholar] [CrossRef]

	



Colangeli, S.; Boccia, M.; Verde, P.; Guariglia, P.; Bianchini, F.; Piccardi, L. Cognitive Reserve in Healthy Aging and Alzheimer’s Disease: A Meta-Analysis of fMRI Studies. Am, J. Alzheimers Dis. Other Demen 2016, 31, 443–449. [Google Scholar] [CrossRef] [PubMed]

	



Erickson, K.I.; Voss, M.W.; Prakash, R.S.; Basak, C.; Szabo, A.; Chaddock, L.; Kim, J.S.; Heo, S.; Alves, H.; White, S.M.; et al. Exercise training increases size of hippocampus and improves memory. Proc. Natl. Acad. Sci. USA 2011, 108, 3017. [Google Scholar] [CrossRef] [PubMed]

	



Kujach, S.; Olek, R.A.; Byun, K.; Suwabe, K.; Sitek, E.J.; Ziemann, E.; Laskowski, R.; Soya, H. Acute Sprint Interval Exercise Increases Both Cognitive Functions and Peripheral Neurotrophic Factors in Humans: The Possible Involvement of Lactate. Front. Neurosci. 2019, 13, 1455. [Google Scholar] [CrossRef]

	



Sleiman, S.F.; Henry, J.; Al-Haddad, R.; El Hayek, L.; Abou Haidar, E.; Stringer, T.; Ulja, D.; Karuppagounder, S.S.; Holson, E.B.; Ratan, R.R.; et al. Exercise promotes the expression of brain derived neurotrophic factor (BDNF) through the action of the ketone body beta-hydroxybutyrate. Elife 2016, 5, e15092. [Google Scholar] [CrossRef]

	



Casaletto, K.; Ramos-Miguel, A.; VandeBunte, A.; Memel, M.; Buchman, A.; Bennett, D.; Honer, W. Late-life physical activity relates to brain tissue synaptic integrity markers in older adults. Alzheimers Dement. J. Alzheimers Assoc. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Casaletto, K.B.; Lindbergh, C.A.; VandeBunte, A.; Neuhaus, J.; Schneider, J.A.; Buchman, A.S.; Honer, W.G.; Bennett, D.A. Microglial Correlates of Late Life Physical Activity: Relationship with Synaptic and Cognitive Aging in Older Adults. J. Neurosci. 2022, 42, 288–298. [Google Scholar] [CrossRef]

	



Slavich, G.M. Social Safety Theory: Understanding social stress, disease risk, resilience, and behavior during the COVID-19 pandemic and beyond. Curr. Opin. Psychol. 2022, 45, 101299. [Google Scholar] [CrossRef]

	



Herold, F.; Törpel, A.; Schega, L.; Müller, N.G. Functional and/or structural brain changes in response to resistance exercises and resistance training lead to cognitive improvements—A systematic review. Eur. Rev. Aging Phys. Act. 2019, 16, 10. [Google Scholar] [CrossRef] [PubMed]

	



Ludyga, S.; Gerber, M.; Pühse, U.; Looser, V.N.; Kamijo, K. Systematic review and meta-analysis investigating moderators of long-term effects of exercise on cognition in healthy individuals. Nat. Hum. Behav. 2020, 4, 603–612. [Google Scholar] [CrossRef]

	



Rehfeld, K.; Müller, P.; Aye, N.; Schmicker, M.; Dordevic, M.; Kaufmann, J.; Hökelmann, A.; Müller, N.G. Dancing or Fitness Sport? The Effects of Two Training Programs on Hippocampal Plasticity and Balance Abilities in Healthy Seniors. Front. Hum. Neurosci. 2017, 11, 305. [Google Scholar] [CrossRef] [PubMed]

	



Meltzer, J.A.; Kates Rose, M.; Le, A.Y.; Spencer, K.A.; Goldstein, L.; Gubanova, A.; Lai, A.C.; Yossofzai, M.; Armstrong, S.E.M.; Bialystok, E. Improvement in executive function for older adults through smartphone apps: A randomized clinical trial comparing language learning and brain training. Aging Neuropsychol. Cogn. 2021, 1–22. [Google Scholar] [CrossRef]

	



Bak, T.H.; Nissan, J.J.; Allerhand, M.M.; Deary, I.J. Does bilingualism influence cognitive aging? Ann. Neurol. 2014, 75, 959–963. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, J.A.E.; Hawrylewicz, K.; Grundy, J.G. Does bilingualism protect against dementia? A meta-analysis. Psychon. Bull. Rev. 2020, 27, 952–965. [Google Scholar] [CrossRef]

	



Luk, G.; Bialystok, E.; Craik, F.I.; Grady, C.L. Lifelong bilingualism maintains white matter integrity in older adults. J. Neurosci. 2011, 31, 16808–16813. [Google Scholar] [CrossRef] [PubMed]

	



Rogenmoser, L.; Kernbach, J.; Schlaug, G.; Gaser, C. Keeping brains young with making music. Brain Struct. Funct. 2018, 223, 297–305. [Google Scholar] [CrossRef]

	



Verghese, J.; Lipton, R.B.; Katz, M.J.; Hall, C.B.; Derby, C.A.; Kuslansky, G.; Ambrose, A.F.; Sliwinski, M.; Buschke, H. Leisure activities and the risk of dementia in the elderly. N. Engl. J. Med. 2003, 348, 2508–2516. [Google Scholar] [CrossRef]

	



Mansens, D.; Deeg, D.J.H.; Comijs, H.C. The association between singing and/or playing a musical instrument and cognitive functions in older adults. Aging Ment. Health 2018, 22, 970–977. [Google Scholar] [CrossRef]

	



Edwards, J.D.; Xu, H.; Clark, D.O.; Guey, L.T.; Ross, L.A.; Unverzagt, F.W. Speed of processing training results in lower risk of dementia. Alzheimers Dement. Transl. Res. Clin. Interv. 2017, 3, 603–611. [Google Scholar] [CrossRef] [PubMed]

	



Shandera-Ochsner, A.L.; Chandler, M.J.; Locke, D.E.; Ball, C.T.; Crook, J.E.; Phatak, V.S.; Smith, G.E. Comparative Effects of Physical Exercise and Other Behavioral Interventions on Functional Status Outcomes in Mild Cognitive Impairment. J. Int. Neuropsychol. Soc. 2021, 27, 805–812. [Google Scholar] [CrossRef]

	



Rosen, A.C.; Sugiura, L.; Kramer, J.H.; Whitfield-Gabrieli, S.; Gabrieli, J.D. Cognitive Training Changes Hippocampal Function in Mild Cognitive Impairment: A Pilot Study. J. Alzheimers Dis. 2011, 26, 349–357. [Google Scholar] [CrossRef]

	



Barnes, D.E.; Yaffe, K.; Belfor, N.; Jagust, W.J.; DeCarli, C.; Reed, B.R.; Kramer, J.H. Computer-based Cognitive Training for Mild Cognitive Impairment: Results from a Pilot Randomized, Controlled Trial. Alzheimer Dis. Assoc. Disord. 2009, 23, 205–210. [Google Scholar] [CrossRef]

	



Elovainio, M.; Lahti, J.; Pirinen, M.; Pulkki-Råback, L.; Malmberg, A.; Lipsanen, J.; Virtanen, M.; Kivimäki, M.; Hakulinen, C. Association of social isolation, loneliness and genetic risk with incidence of dementia: UK Biobank Cohort Study. BMJ Open 2022, 12, e053936. [Google Scholar] [CrossRef] [PubMed]

	



Salinas, J.; Beiser, A.S.; Samra, J.K.; O’Donnell, A.; DeCarli, C.S.; Gonzales, M.M.; Aparicio, H.J.; Seshadri, S. Association of Loneliness With 10-Year Dementia Risk and Early Markers of Vulnerability for Neurocognitive Decline. Neurology 2022, 98, e1337–e1348. [Google Scholar] [CrossRef]

	



Douaud, G.; Lee, S.; Alfaro-Almagro, F.; Arthofer, C.; Wang, C.; McCarthy, P.; Lange, F.; Andersson, J.L.R.; Griffanti, L.; Duff, E.; et al. SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature 2022, 604, 697–707. [Google Scholar] [CrossRef]

	



Zamponi, H.P.; Juarez-Aguaysol, L.; Kukoc, G.; Dominguez, M.E.; Pini, B.; Padilla, E.G.; Calvó, M.; Molina-Rangeon, S.B.; Guerrero, G.; Figueredo-Aguiar, M.; et al. Olfactory dysfunction and chronic cognitive impairment following SARS-CoV-2 infection in a sample of older adults from the Andes mountains of Argentina. Alzheimers Dement. 2021, 17, e057897. [Google Scholar] [CrossRef]

	



Hewitt, D. Age-Related Hearing Loss and Cognitive Decline: You Haven’t Heard the Half of It. Front. Aging Neurosci. 2017, 9, 112. [Google Scholar] [CrossRef]

	



Lebel, C.; Walker, L.; Leemans, A.; Phillips, L.; Beaulieu, C. Microstructural maturation of the human brain from childhood to adulthood. Neuroimage 2008, 40, 1044–1055. [Google Scholar] [CrossRef]

	



Poldrack, R.A.; Sabb, F.W.; Foerde, K.; Tom, S.M.; Asarnow, R.F.; Bookheimer, S.Y.; Knowlton, B.J. The neural correlates of motor skill automaticity. J. Neurosci. 2005, 25, 5356–5364. [Google Scholar] [CrossRef]

	



Buettner, D. The Blue Zones: 9 Lessons for Living Longer from the People Who’ve Lived the Longest. 2012. Available online: https://www.bluezones.com/wp-content/uploads/backup/2012/02/BlueZonesStudyGuide.pdf (accessed on 5 July 2022).

	



Hale, J.M.; Bijlsma, M.J.; Lorenti, A. Does postponing retirement affect cognitive function? A counterfactual experiment to disentangle life course risk factors. SSM—Popul. Health 2021, 15, 100855. [Google Scholar] [CrossRef] [PubMed]

	



Xie, L.; Kang, H.; Xu, Q.; Chen, M.J.; Liao, Y.; Thiyagarajan, M.; O’Donnell, J.; Christensen, D.J.; Nicholson, C.; Iliff, J.J.; et al. Sleep drives metabolite clearance from the adult brain. Science 2013, 342, 373–377. [Google Scholar] [CrossRef]

	



Shokri-Kojori, E.; Wang, G.-J.; Wiers, C.E.; Demiral, S.B.; Guo, M.; Kim, S.W.; Lindgren, E.; Ramirez, V.; Zehra, A.; Freeman, C.; et al. β-Amyloid accumulation in the human brain after one night of sleep deprivation. Proc. Natl. Acad. Sci. USA 2018, 115, 4483. [Google Scholar] [CrossRef] [PubMed]

	



Rasch, B.; Born, J. About sleep’s role in memory. Physiol. Rev. 2013, 93, 681–766. [Google Scholar] [CrossRef]

	



Abel, T.; Havekes, R.; Saletin, J.M.; Walker, M.P. Sleep, plasticity and memory from molecules to whole-brain networks. Curr. Biol. 2013, 23, R774–R788. [Google Scholar] [CrossRef]

	



Sexton, C.E.; Storsve, A.B.; Walhovd, K.B.; Johansen-Berg, H.; Fjell, A.M. Poor sleep quality is associated with increased cortical atrophy in community-dwelling adults. Neurology 2014, 83, 967–973. [Google Scholar] [CrossRef]

	



Emamian, F.; Khazaie, H.; Tahmasian, M.; Leschziner, G.D.; Morrell, M.J.; Hsiung, G.Y.; Rosenzweig, I.; Sepehry, A.A. The Association Between Obstructive Sleep Apnea and Alzheimer’s Disease: A Meta-Analysis Perspective. Front. Aging Neurosci. 2016, 8, 78. [Google Scholar] [CrossRef]

	



Leng, Y.; McEvoy, C.T.; Allen, I.E.; Yaffe, K. Association of Sleep-Disordered Breathing With Cognitive Function and Risk of Cognitive Impairment: A Systematic Review and Meta-analysis. JAMA Neurol. 2017, 74, 1237–1245. [Google Scholar] [CrossRef]

	



Booth, F.W.; Gordon, S.E.; Carlson, C.J.; Hamilton, M.T. Waging war on modern chronic diseases: Primary prevention through exercise biology. J. Appl. Physiol. 2000, 88, 774–787. [Google Scholar] [CrossRef]

	



2021 Alzheimer’s disease facts and figures. Alzheimers Dement. J. Alzheimers Assoc. 2021, 17, 327–406. [CrossRef] [PubMed]

	



Lachman, M.E.; Lipsitz, L.; Lubben, J.; Castaneda-Sceppa, C.; Jette, A.M. When Adults Don’t Exercise: Behavioral Strategies to Increase Physical Activity in Sedentary Middle-Aged and Older Adults. Innov. Aging 2018, 2, igy007. [Google Scholar] [CrossRef]

	



Almirall, D.; Nahum-Shani, I.; Sherwood, N.E.; Murphy, S.A. Introduction to SMART designs for the development of adaptive interventions: With application to weight loss research. Transl. Behav. Med. 2014, 4, 260–274. [Google Scholar] [CrossRef] [PubMed]

	



Hekler, E.; Tiro, J.A.; Hunter, C.M.; Nebeker, C. Precision Health: The Role of the Social and Behavioral Sciences in Advancing the Vision. Ann. Behav. Med. 2020, 54, 805–826. [Google Scholar] [CrossRef] [PubMed]

	



Vinueza Veloz, A.F.; Carpio Arias, T.V.; Vargas Mejía, J.S.; Tapia Veloz, E.C.; Piedra Andrade, J.S.; Nicolalde Cifuentes, T.M.; Heredia Aguirre, S.I.; Vinueza Veloz, M.F. Cognitive function and vitamin B12 and D among community-dwelling elders: A cross-sectional study. Clin. Nutr. ESPEN 2022, 50, 270–276. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 11 02789 g001 550] 





Figure 1. Demand-function coupling. Lack of cognitive demand drives a reduction in coupled reparative processes, ultimately resulting in less function and less capacity to initiate demand in a feed-forward process. Increased cognitive demand can reverse these processes, improving homeostasis and function. 
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Figure 2. Cognitive demand as the critical upstream determinant of cognitive function and decline. 1. Cognitive demand is increased or decreased as a result of numerous individual and societal factors that can either positively or negatively affect the entire cascade. 2. As a result of direct demand-function coupling, cellular and organ responses down/upregulate homeostatic processes that can either increase or decrease repair, autophagy, and function. 3. Critical demand–function responses such as waste clearance and plasticity occur during recovery periods, particularly sleep. 4. In the setting of low demand and/or inadequate recovery, an individual’s personal environmental, health, and genetic circumstances result in differing and heterogeneous pathological phenotypes and cellular hallmarks of dementia and cognitive decline. 5. Created with BioRender.com. 
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Figure 3. Demand-driven model. In early life, numerous factors, most notably the neuro-developmental program, maintain maximal cognitive demands and, via demand coupling, a maximal growth and repair signal (as indicated by the inset dials). Relative to early life, demands drop considerably in mid-life, leading to a steady deterioration in tissue structure and function, along with the onset of age-related cognitive decline. Once deterioration in tissue structure significantly constrains the scope of potential cognitive demands, a non-linear, accelerating rate of decline ensues, progressing to clinical dementia. Created with BioRender.com. 
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