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GENERAL INTRODUCTION

The World Health Organization estimates that the number and proportion of people aged 60 years and older will double by 2050 to represent ~20% of the total population. As population is aging, age-related conditions, including dementia, are expected to increase dramatically.

The most common form of dementia is Alzheimer's disease (AD), a multifactorial neurodegenerative disease whose etiology is still poorly understood. Because no cure is currently available for AD, research is now seeking to identify the factors that could influence AD pathophysiological mechanisms with the purpose of developing therapeutic strategies that could delay symptoms onset and/or decelerate cognitive decline.

In this context, studies on modifiable risk factors for AD, including lifestyle factors, represent a very promising area of research. Increasing evidence suggests that a healthy and stimulating lifestyle could modify the risk of dementia. Several lifestyle factors have indeed been associated with lower risk of AD. However, the mechanisms underneath these associations are still to be elucidated.

The objective of this thesis is to evaluate the association between lifestyle and markers of aging and AD and identify the factors that could influence and modulate these associations.

In the first part of this document, we will present the theoretical background and describe the current state of knowledge concerning AD, and more particularly the AD-related brain alterations as compared to normal aging. We will then address the risk and protective factors for AD with a particular focus on lifestyle, its role on dementia risk and its links with brain and cognitive integrity. In the experimental part, we will present the results of three studies conducted as part of this PhD that we will discuss and put into perspective in the last section of this document.

THEORETICAL BACKGROUND

Alzheimer's disease

General informations

According to the World Health Organization, around 55 million people live with dementia worldwide, and 10 million people are diagnosed with dementia each year, including 200.000 in France.

Age is the main risk factor for dementia, with a prevalence of 10% of cases in people over 65 years old in the United States ("2023 Alzheimer's Disease Facts and Figures," 2023).

Because the proportion of people aged 65 years and older is steadily increasing all over the world, the number of people affected by dementia is predicted to rise to 152.8 million by 2050 (Nichols et al., 2022) (Figure 1, World Alzheimer Report 2015), making the disease a global public health emergency that needs to be tackled. Notably, the incidence of dementia cases is the highest in low-and middle-income countries (almost 60% of the total cases), and the rate of cases is projected to increase by 68% over the next 30 years in these countries. In western countries, in particular Europe and United-States, we are instead beginning to see a slight reduction of dementia incidence and prevalence [START_REF] Grasset | Trends in dementia incidence: Evolution over a 10-year period in France[END_REF][START_REF] Matthews | A two-decade comparison of prevalence of dementia in individuals aged 65 years and older from three geographical areas of England: Results of the cognitive function and ageing study i and II[END_REF][START_REF] Satizabal | Incidence of Dementia over Three Decades in the Framingham Heart Study[END_REF][START_REF] Wolters | Twenty-seven-year time trends in dementia incidence in Europe and the United States: The Alzheimer Cohorts Consortium[END_REF], possibly thanks to the increased levels of education and the improved cardiovascular disease management [START_REF] Satizabal | Incidence of Dementia over Three Decades in the Framingham Heart Study[END_REF][START_REF] Wolters | Twenty-seven-year time trends in dementia incidence in Europe and the United States: The Alzheimer Cohorts Consortium[END_REF] (Figure 1). This suggests the potential of modifiable risk factors reduction to prevent dementia case (see section 2.2.2.2).

The most common form of dementia is Alzheimer's disease (AD), representing ~60-70% of cases. The Institut national de la santé et de la recherche médicale (Inserm) has estimated that in 2019, 900.000 people have been diagnosed with AD in France. AD was first observed by Aloïs Alzheimer in 1906, when he described the case of Auguste Deter, a 55-years old woman with memory loss and behavioral alterations, in whom he described specific neuropathological lesions (see section 2.1.2). This neurodegenerative pathology is characterized by a progressive decline of cognitive functions that gradually leads to a loss of autonomy in everyday life and ultimately dementia. The most typical and early sign of AD is memory impairment. It primarily affects episodic memory, which reflects the ability to recall information about specific events from one's personal experiences in their spatio-temporal context. As the disease progresses, other typical hallmarks include impairment of executive functions, aphasia, apraxia and agnosia, along with neuropsychiatric symptoms such as anxiety, depression and apathy.

AD is one of the primary causes of disability and dependency among the elderly. The psychological, physical, social and economic consequences of this pathology, are not only restricted to patients, but also to their families and caregivers. AD represents therefore a major health concern of public relevance, and a major focus of research at present is the identification of the factors that increase the risk to develop AD dementia, and that should be targeted at the earliest phases of the disease to postpone the onset and/or reduce the symptoms.

Neuropathology

At the neuropathological level, AD is characterized by the presence of both positive and negative lesions (see [START_REF] Duyckaerts | Classification and basic pathology of Alzheimer disease[END_REF] for review). Positive lesions are accumulationrelated lesions and include extracellular deposits of beta-amyloid (Aβ) peptide (i.e. amyloid plaques) and intracellular neurofibrillary tangles. The presence of both lesions defines AD.

Negative lesions are losses-related lesions and include neuronal and synaptic losses.

Contrary to positive lesions, negative lesions are not specific to AD and are therefore not used for diagnostic purposes, but mostly to estimate disease severity.

Beta-amyloid pathology a. Amyloid plaques

Amyloid plaques -or senile plaques -consist of the extracellular accumulation of the betaamyloid (Aβ) peptide, which is originated from the enzymatic cleavage of a transmembrane protein called the amyloid precursor protein (APP) (J. [START_REF] Kang | The precursor of Alzheimer's disease amyloid A4 protein resembles a cell-surface receptor[END_REF].

Two sequential enzymatic activities are involved in APP cleavage: the more frequent catabolic non-amyloidogenic pathway involving the α-secretase, and the catabolic amyloidogenic pathway involving the β-secretase. The β-secretase enzyme cleaves APP in its extracellular domain and generates a membrane-associated C-terminal fragment C99 which is subsequently cleaved by the γ-secretase enzyme [START_REF] Duyckaerts | Classification and basic pathology of Alzheimer disease[END_REF]. The activity of these two enzymes generates the Aβ peptide that can present different lengths (from 38 to 43 amino acids). The major Aβ isoforms are Aβ40, which is the most abundantly produced, representing from 80 to 90% of the existing forms, and Aβ42, representing 5 to 10% of the existing forms. The Aβ42 peptide is hydrophobic and the most prone to deposit in the extracellular space and aggregate in soluble oligomers, fibrils and then amyloid plaques (Iwatsubo et al., 1994) (Figure 2A). As compared to the amyloid plaques, the pre-fibrillar soluble oligomeric form seems to induce a more toxic response, impairing cellular and synaptic functions (see [START_REF] Walsh | Aβ oligomers -A decade of discovery[END_REF] for review).

b. Amyloid lesions topography

The topographic distribution of amyloid deposits has been first described by Braak and Braak in 1991 with a sequence of 3 stages (Figure 2B). In stage A, Aβ is found in orbito-frontal, temporal and occipital neo-cortical areas. In stage B, Aβ deposits extend to the rest of the frontal lobe and to the parietal lobe, to finally spread in stage C to the sensory and motor cortices (Braak & Braak, 1991).

Another classification has been later proposed by Thal and collaborators [START_REF] Thal | Phases of A-deposition in the human brain and its relevance for the development of AD[END_REF] and is characterized by 5 phases (Figure 2C). Amyloid deposits first appear in the frontal, temporal, parietal and occipital neocortices exclusively (phase 1), and then spread to the limbic region, including the entorhinal cortex, the Cornu ammonis 1 (CA1) hippocampal subfield and the insula, as well as the amygdala and the cingulate cortex in 33-50% of cases (phase 2). Aβ deposits are then found in subcortical regions, notably the diencephalic nuclei, the striatum and the cholinergic nuclei of the basal forebrain (phase 3). Subsequently, Aβ occurs in distinct brainstem nuclei (inferior olivary nucleus, the reticular formation of the medulla oblongata, substantia nigra, red nucleus, superior and inferior colliculi (phase 4)).

Finally, the pons and cerebellum are also affected (phase 5). This second description suggests that amyloid plaques do not originate in one specific region, but accumulate more broadly in the whole neocortex. A. Amyloid deposits observed after anti-Aβ antibody immunolabeling (From Small et al., 2008 (up panel) and Duyckaerts et al., 2009 (bottom panel); B. Topographical progression of amyloid plaques based on the 3 stages described by Braak and Braak (From Braak and Braak 1997); C. Topographical progression of amyloid plaques based on the 5 phases described by Thal and collaborators (From Thal et al., 2002).

Neurofibrillary tangles a. Tau Protein

Neurofibrillary tangles are aggregates of intracellular deposition of paired helical filaments containing abnormal tau protein (tubuline associated unit). Tau is a microtubule-associated protein that has an important role in the assembly and stabilization of axonal microtubules in the cytoskeleton of the neurons. Tau is therefore essential for intracellular transport of vesicles and other key cellular components [START_REF] Billingsley | Regulated phosphorylation and dephosphorylation of tau protein : effects on microtubule interaction, intracellular trafficking and neurodegeneration[END_REF]. Abnormal phosphorylation of tau protein induces perturbation in the microtubules binding and changes in its conformation. This results in tau detachment from the microtubes, leading to tau misfolding and aggregation of intracellular paired helical filaments (i.e. neurofibrillary tangles). This pathological process impairs axonal transport, synaptic and neuronal functions, leading ultimately to cellular death [START_REF] Ballatore | Tau-mediated neurodegeneration in Alzheimer's disease and related disorders[END_REF][START_REF] Iqbal | Tau pathology in Alzheimer disease and other tauopathies[END_REF].

Accumulation of hyperphosphorylated tau protein aggregates originates within neuron's cell body (neurofibrillary tangles) [START_REF] Duyckaerts | Classification and basic pathology of Alzheimer disease[END_REF] (Figure 3A).

b. Neurofibrillary tangles topography

The appearance and distribution of neurofibrillary tangles follows a stereotypical spatiotemporal pattern, described in 6 stages by Braak and Braak (Braak & Braak, 1991) (Figure 3B). In stage I, neurofibrillary tangles are observed in the transentorhinal cortex. Then, in stage II, lesions spread to the entorhinal cortex, and in stage III to the hippocampus, amygdala and thalamus. In stages IV and V, the neocortical association areas show first mild and then severe lesions. Finally, in stage VI also the primary sensory areas are concerned as well as the rest of the neocortex. This sequence has been further refined in 10 stages (Delacourte et al., 1999) (Figure 3C).

According to this more detailed classification, neurofibrillary tangles first appear in the transentorhinal cortex (S1), then in the entorhinal cortex (S2) and in the hippocampus (S3).

Subsequently, neurofibrillary tangles affect the anterior (S4), the inferior (S5) and the middle (S6) temporal cortices. In stage S7, neurofibrillary tangles spread to the cingulate cortex and polymodal association areas (including superior temporal, inferior parietal and anterior frontal regions). By stage S8 unimodal areas, including Broca area, are affected, followed at stage S9 by primary sensory and motor areas, including the motor cortex and occipital areas.

Finally, by stage S10 neurofibrillary tangles are widespread over the whole cortex. If stages S1 and S2 are clinically asymptomatic, cognitive troubles appear between stage S3 and S6, and dementia by stage S7 in the majority of cases. Aggregates of tau proteins in the form of neurofibrillary tangles observed after immunohistochemical staining (From Small et al., 2008 (up panel) and Duyckaerts et al., 2009 (bottom panel)); B. Progression of neurofibrillary tangles according to Braak and Braak's staging (From Braak and Braak 1997;based on Villemagne et al., 2015); C. Progression of neurofibrillary tangles according to Delacourte's staging (From Delacourte et al., 1999;based on Villemagne et al., 2015).

Neuronal and synaptic losses

Neuronal loss causes brain atrophy, as typically observed in AD. Regions commonly affected include the medial temporal lobe, notably the hippocampus [START_REF] Schröder | Neuroimaging of hippocampal atrophy in early recognition of Alzheimer's disease -a critical appraisal after two decades of research[END_REF], and more specifically the CA1 hippocampal subfield [START_REF] Chételat | Threedimensional surface mapping of hippocampal atrophy progression from MCI to AD and over normal aging as assessed using voxel-based morphometry[END_REF][START_REF] Scheff | Alzheimer's disease-related alterations in synaptic density: Neocortex and hippocampus[END_REF], but also the superior temporal lobe, as well as frontal and parietal regions [START_REF] Gómez-Isla | Neuronal loss correlates with but exceeds neurofibrillary tangles in Alzheimer's disease[END_REF][START_REF] Grignon | Cytoarchitectonic alterations in the supramarginal gyrusof late onset Alzheimer's disease[END_REF][START_REF] Scheff | Alzheimer's disease-related alterations in synaptic density: Neocortex and hippocampus[END_REF]).

The regional presence of atrophy in the AD brain resembles the topography of tau pathology [START_REF] Iaccarino | Local and distant relationships between amyloid, tau and neurodegeneration in Alzheimer's Disease[END_REF]Renaud La La Joie et al., 2020); however, the extent of neuronal losses exceeds the number of neurofibrillary tangles [START_REF] Gómez-Isla | Neuronal loss correlates with but exceeds neurofibrillary tangles in Alzheimer's disease[END_REF]. Indeed, the contribution of tau pathology to the amount and distribution of neurodegeneration is still debated, and it is not excluded that neuronal death might be induced by apoptosis in response to Aβ neurotoxicity [START_REF] Cotman | Molecular Neurobiology A Potential Role for Apoptosis in Neurodegeneration and Alzheimer's Disease[END_REF][START_REF] Duyckaerts | Classification and basic pathology of Alzheimer disease[END_REF].

Synaptic loss is particularly important in the hippocampus, more particularly in the CA1 hippocampal subfield and the dentate gyrus, along with neocortical association areas (DeKosky & [START_REF] Dekosky | Synapse loss in frontal cortex biopsies in Alzheimer's disease: Correlation with cognitive severity[END_REF][START_REF] Scheff | Alzheimer's disease-related alterations in synaptic density: Neocortex and hippocampus[END_REF]. The decrease in the number of synapses seems to be compensated by an increase in their size. However, this seems to be true only at the early stages of the disease, because at the end stage both synapses number and size are reduced [START_REF] Dekosky | Synapse loss in frontal cortex biopsies in Alzheimer's disease: Correlation with cognitive severity[END_REF]. Different causes have been proposed for synaptic loss, including tau pathology, Aβ toxicity and inflammation; however, the mechanisms are yet to be entirely determined (see [START_REF] Colom-Cadena | The clinical promise of biomarkers of synapse damage or loss in Alzheimer's disease[END_REF] for review).

The contribution of neuronal loss to cognitive decline is still under discussion, with some studies supporting a role in the clinical symptomatology [START_REF] Gómez-Isla | Neuronal loss correlates with but exceeds neurofibrillary tangles in Alzheimer's disease[END_REF] and others suggesting that neuronal death might occur at a later stage of the disease [START_REF] Grignon | Cytoarchitectonic alterations in the supramarginal gyrusof late onset Alzheimer's disease[END_REF]. On the other hand, synaptic damage seems to be more strongly related to cognitive changes [START_REF] Bereczki | Synaptic markers of cognitive decline in neurodegenerative diseases: a proteomic approach[END_REF][START_REF] Blennow | Synaptic pathology in Alzheimer's disease: relation to severity of dementia, but not to senile plaques, neurofibrillary tangles, or the ApoE4 allele[END_REF][START_REF] Dekosky | Synapse loss in frontal cortex biopsies in Alzheimer's disease: Correlation with cognitive severity[END_REF][START_REF] Terry | Physical basis of cognitive alterations in alzheimer's disease: Synapse loss is the major correlate of cognitive impairment[END_REF].

Neuropsychology

Cognitive changes in normal aging

Advancing age is accompanied by a subtle decline in cognitive performance (C. N. Harada et al., 2013). In general, neurocognitive alterations observed in normal aging concern attention abilities, executive functions, processing speed, working memory (i.e., temporary storage and processing of information), and episodic memory (i.e., memory of specific personally experienced events in their spatio-temporal context). Deficits in episodic memory are usually improved when using cues such as cued recall or recognition tasks (Tulving, 2001). On the other hand, cognitive domains such as semantic memory (memory of words, concepts or numbers, and of general knowledge about the world) and procedural memory (perceptive, motor and cognitive capacities, and the knowledge of skills) seem to relatively resist to the effect of age on cognition (D. C. Park et al., 2002).

Cognitive changes in AD patients

Compared to age-matched healthy individuals, AD patients show specific cognitive impairment. Cognitive functions affected, as well as the intensity of their deterioration, differ from the decline observed in healthy aging. Notably, AD is a heterogeneous disease characterized by a variety of neuropsychological profiles. Only its typical form will be described here. In its typical form, AD is characterized by memory loss, episodic memory being the first system to decline. Episodic memory impairment affects encoding, storage and retrieval of information [START_REF] Carlesimo | Memory Deficits in Alzheimer's Patients: A Comprehensive Review[END_REF]; D. P. [START_REF] Salmon | Neuropsychological assessment of dementia[END_REF].

These deficits are detected through word list learning and recall tests and do not improve, or only slightly improve, when retrieval demands are reduced by the use of cues (cued recall or recognition tasks), as it usually occurs in normal aging. This suggests that episodic memory impairment represents an authentic loss of memory in AD patients, rather than a merely compromised ability to retrieve information from preserved memory storage. As disease severity progresses and memory impairment worsens, working [START_REF] Collette | Phonological loop and central executive functioning in Alzheimer|s disease[END_REF][START_REF] Huntley | Working memory in early Alzheimer's disease: A neuropsychological review[END_REF] and semantic memories [START_REF] Adlam | Semantic knowledgein mild cognitive impairment and mild Alzheimer's disease[END_REF][START_REF] Hodges | Semantic memory impairment in Alzheimer's disease: failure of access or degraded knowledge?[END_REF][START_REF] Salmon | The Deterioration of Semantic Memory in Alzheimer's Disease[END_REF] are also affected. On the other hand, procedural memory [START_REF] Van Halteren-Van Tilborg | Motor-Skill learning in Alzheimer's disease: A review with an eye to the clinical practice[END_REF] and the perceptual memory representation system, that is implicated in repetition priming effects [START_REF] Fleischman | Repetition Priming in Normal Aging and Alzheimer's Disease: A Review of Findings and Theories[END_REF]; S. M. [START_REF] Park | Preserved Priming Across Study-Test Picture Transformations in Patients With Alzheimer's Disease[END_REF], remain intact until later stages of the disease [START_REF] Hirono | Procedural Memory in Patients with Mild Alzheimer's Disease[END_REF].

Attention and executive function are the first non-memory domains affected in AD (R. J. [START_REF] Perry | Attention and executive deficits in Alzheimer's disease A critical review[END_REF]. The greater and earlier deficits are generally manifested in selective attention and dual-task performance [START_REF] Baddeley | Attentional control in Alzheimer's disease[END_REF][START_REF] Foster | Selective attention in Alzheimer's disease[END_REF], planning and problem solving [START_REF] Franceschi | Visuospatial planning and problem solving in Alzheimer's disease patients: A study with the tower of london test[END_REF], and in mental flexibility and inhibition [START_REF] Amieva | Inhibitory functioning in Alzheimer's disease[END_REF][START_REF] Binetti | Executive dysfunction in early Alzheimer's disease[END_REF]Collette, Van Der Linden, & Salmon, 1999;[START_REF] Swanberg | Executive dysfunction in Alzheimer disease[END_REF].

At more advanced stages, deficits in instrumental function are also present, including aphasia [START_REF] Appell | A Study of Language Functioning in Alzheimer Patients ANDREW KERTESZ[END_REF], apraxia and anosognosia (E. [START_REF] Salmon | Two aspects of impaired consciousness in Alzheimer's disease[END_REF]. At the dementia stage of AD, neuropsychological impairments interfere with daily life, affecting individuals' autonomy.

In addition to cognitive impairment, neuropsychiatric symptoms are frequently observed during the course of the disease and they worsen with disease progression. The most common include apathy (49%), depression (42%), aggression (40%) and anxiety (39%), along with agitation and hallucinatory symptoms in later stages [START_REF] Zhao | The prevalence of neuropsychiatric symptoms in Alzheimer's disease: Systematic review and meta-analysis[END_REF].

Diagnostic criteria

Alzheimer's disease criteria

The first criteria for a clinical diagnosis of AD were established by the National Institute of Neurological and Communicative Disorders and Stroke -the Alzheimer's Disease and related Disorders Association (NINCDS-ADRDA) in 1984 (G. McKhann et al., 1984). The workgroup proposed three levels of diagnosis, mainly based upon clinical and neuropsychological evaluations: possible, probable and definite AD. Criteria for possible AD include the presence of dementia syndrome (i.e., characterized by the loss of autonomy in activities of daily living) with the presence of a deficit in at least one cognitive domain, in the absence of another cerebral or systemic pathology that could be the cause of dementia.

Probable AD is defined by the presence of dementia syndrome involving deficits in at least two cognitive domains and a progressive decline of memory performance, in the absence of other systemic or brain disorders that could explain these deficits. Definite AD is based upon the presence of dementia syndrome confirmed post-mortem, by histopathological evidence of the typical neuropathological lesions provided by biopsy or autopsy.

Mild Cognitive Impairment

The concept of Mild Cognitive Impairment (MCI) has been introduced to characterize non demented individuals who present memory complaints associated with objective cognitive deficits, yet with preserved functional capacities and autonomy in daily life. The first diagnostic criteria have been proposed by Petersen in 1999 [START_REF] Petersen | Mild Cognitive ImpairmentClinical Characterization and Outcome[END_REF] and include the presence of memory complaint confirmed by the entourage, memory impairment documented by neuropsychological tests and a relatively preserved ability to perform activities of daily living (i.e., absence of dementia syndrome). These criteria have been further refined to include the concepts of amnestic MCI (aMCI, memory is primarily affected while other cognitive functions are spared) and non-amnestic MCI (naMCI, impairments in domains other than memory are more important), also specifying the number of cognitive functions affected (single-or multi-domain) [START_REF] Petersen | Mild cognitive impairment as a diagnostic entity[END_REF]. This classification allows the distinction between patients with presumably different etiologies that will develop different pathologies. The aMCI subtype would be thus more likely to progress to AD dementia (Mitchell & Shiri-Feshki, 2009;Nordlund et al., 2010;Petersen et al., 2009).

Evolution of diagnostic criteria a. International Working Group guidelines

The main limitation of the diagnostic criteria established by McKhann in 1984 is that they were based exclusively on clinical symptoms (i.e., the presence of dementia syndrome), and AD diagnosis could therefore be made only in the living individual. Thanks to the advances in the comprehension of the pathological mechanisms of the disease and the increased availability of neuroimaging techniques in the clinical setting, diagnostic criteria for AD have been further revised in 2007 by the International Working Group (Dubois et al., 2007), to integrate the AD pathological biomarkers, slowly toward a biological definition of AD.

The main biomarkers considered in the context of AD are:

-Amyloid pathology biomarkers as measured in the cerebrospinal fluid (CFS; Aβ42 or Aβ42/40 ratio) or with Positron Emission Tomography (PET).

-Tau pathology biomarkers as measured in the CSF (phosphorylated tau or p-tau) or with PET.

-Biomarkers of neurodegeneration including Magnetic Resonance Imaging (MRI)based measures of cerebral atrophy, [18F]-fluorodeoxyglucose (FDG)-PET measures of cerebral hypometabolism, or CSF levels of total tau (t-tau).

According to these criteria, MCI patients with positive biomarkers are diagnosed and defined as "prodromal AD" (Dubois et al., 2007[START_REF] Dubois | Revising the defi nition of Alzheimer's disease: a new lexicon[END_REF].

Of note, criteria have been further updated by the International Working Group (IWG), for research purpose, in order to provide a broader diagnostic definition of the AD clinical spectrum, including guidelines for atypical forms of AD [START_REF] Dubois | Revising the defi nition of Alzheimer's disease: a new lexicon[END_REF][START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria[END_REF][START_REF] Dubois | Preclinical Alzheimer's disease: Definition, natural history, and diagnostic criteria[END_REF].

b. National Institute of Aging-Alzheimer's Association guidelines

New diagnostic guidelines have been published in 2011 by the National Institute of Aging-Alzheimer's Association (NIA-AA), integrating biomarkers evidence of amyloid pathology and neurodegeneration (i.e., Medial temporal lobe atrophy, temporoparietal hypometabolism and CSF t-tau) from MRI, PET and/or CSF as part of the criteria. The concept of preclinical AD has been proposed here to characterize individuals with evidence of AD biomarkers in the absence of clinical symptoms, and will be further detailed in a next section. This initiative introduced separate criteria for preclinical AD [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF], MCI (MCI being considered as the symptomatic prodromal stage of AD, or "MCI due to AD") [START_REF] Albert | The diagnosis of mild cognitive impairment due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF], and dementia ("dementia due to AD") (G. M. [START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF] 

(see

Table 1).

"Preclinical AD" [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF] Stage 1: Asymptomatic cerebral amyloidosis Stage 2: Asymptomatic cerebral amyloidosis + Neurodegeneration Stage 3: Asymptomatic cerebral amyloidosis + Neurodegeneration + Subtle cognitive decline "MCI due to AD" [START_REF] Albert | The diagnosis of mild cognitive impairment due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF] Intermediate likelihood: a positive amyloid biomarker + non tested neuronal injury biomarkers or a positive neuronal injury biomarker + non tested amyloid biomarker High likelihood: a positive amyloid biomarker + neuronal injury "Probable AD dementia" [START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF] Criteria for dementia and the following characteristics met:

-Insidious onset -Clear-cut evidence of worsening of cognitive functions -Initial and most important cognitive deficits:

• Amnestic presentation: the most common; (learning, recall of recently learned information and at least one other cognitive domain) • Nonamnestic presentation: language, visuospatial, executive

Increased level of certainty given by: -Documented cognitive decline -Evidence of a causative AD genetic mutation (APP, PSEN1 or PSEN2) -Evidence of AD neuropathological biomarkers (amyloid deposits and neuronal degeneration or injury)

Table 1. Summary of the 2011 NIA-AA diagnostic criteria.

Based on [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF][START_REF] Albert | The diagnosis of mild cognitive impairment due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF][START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF].

c. NIA-AA Research Framework: Toward a biological definition of Alzheimer's disease

The recommendations published in 2018 for research purposes by Jack and collaborators as part of the NIA-AA working group, represent an important shift of paradigm, because, according to these criteria, the different stages of the AD continuum are defined solely on the basis of biomarkers evidence of pathology, excluding the clinical symptoms (Clifford R. Jack et al., 2018). According to the amyloid cascade hypothesis (Hardy & Selkoe, 2002) and the ATN classification system (for amyloid, tau and neurodegeneration), individuals with evidence of amyloid pathology biomarkers are categorized as part of the Alzheimer continuum, and the joint presence of amyloid and tau biomarkers defines AD (Table 2).

Markers of neuronal injury and degeneration, as well as cognitive symptoms, which are not specific of AD, are only used to estimate disease severity.

Table 2. Biomarkers profile and category of the AT(N) classification system. Abbreviations: A, amyloid; T, tau; N, neurodegeneration; +, positive biomarker; -, negative biomarker.

Based on Jack et al., 2018. Of note, this biological definition of AD has raised a debate in the scientific community, notably for its use in the clinical practice, because it would miss out a large number of patients with dementia who fail to be classified by the AD-specific biomarkers [START_REF] Frisoni | Re-aligning scientific and lay narratives of Alzheimer's disease[END_REF][START_REF] Jagust | Alzheimer's disease" is neither "Alzheimer's clinical syndrome" nor "dementia[END_REF][START_REF] Louie | The 2018 NIA-AA research framework: Recommendation and comments[END_REF][START_REF] Mccleery | The National Institute on Aging and Alzheimer's Association research framework: A commentary from the Cochrane Dementia and Cognitive Improvement Group[END_REF].

In 2021, the IWG published updated recommendations to integrate the clinical signs of the disease in the definition of AD [START_REF] Dubois | Clinical diagnosis of Alzheimer's disease: recommendations of the International Working Group[END_REF]. The authors proposed that AD diagnosis should be restricted to individuals presenting both positive biomarkers and the AD clinical phenotype. Individuals who are cognitively unimpaired but biomarker-positive should instead be considered subjects at risk to develop AD.

d. The preclinical phase of AD

The pathophysiological process of AD is thought to begin years before the diagnosis of AD.

In fact, studies suggest that clinical symptoms might appear decades after the onset of the AD pathological cascade (Bateman et al., 2012;E. M. Reiman et al., 2012;[START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. More specifically, amyloid plaques start accumulate early in the disease, before clinical symptoms, and reach a plateau by the time the symptoms emerge (C.R. [START_REF] Frisoni | The clinical use of structural MRI in Alzheimer disease[END_REF]. Thanks to the establishment of biological definitions of AD and the access to in vivo biomarkers, we have seen the emergence of the construct of preclinical AD [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF].

The lack of efficacy of clinical trials testing disease-modifying therapies at the AD dementia stage, may be due to the fact that such interventions started too late in the pathological process to modify the clinical course of the disease and reverse cognitive and clinical outcomes. Interventions could exert more benefits at earlier stages (preclinical), before pathology reaches a certain level [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. Moving toward the implementation of AD preventive strategies, increasing attention has thus been given to this "silent" phase, and efforts have been made to formally define the spectrum of preclinical AD.

In their recommendations (Table 1), Sperling and co-authors examine the evidence for the definition of a preclinical phase of AD [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. The authors assume that AD starts with a long asymptomatic period during which pathophysiology progresses, and subjects presenting biomarkers of the disease are at higher risk to develop cognitive decline and AD dementia (Figure 4). This long preclinical phase encompasses individuals with evidence of AD biomarker changes but who do not meet criteria for MCI or AD, and likely represents a continuum from asymptomatic individuals biomarker-positive for AD or at-AD risk, to biomarker-positive individuals who already show subtle cognitive changes without meeting MCI clinical criteria (Preclinical AD -"Not normal, not MCI"). However, some of these individuals will never become symptomatic. It is therefore crucial to better determine the factors (biomarkers and cognitive profile) that best predict the onset of clinical symptoms and progression to the clinical stages of MCI and AD.

Research criteria for preclinical AD proposed by Sperling and co-authors include 3 stages [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. Stage 1 includes individuals with PET or CSF biomarker evidence of Aβ accumulation, but no evidence of other brain alterations (neurodegeneration)

or subtle cognitive symptoms. Stage 2 includes individuals with detectable evidence of amyloid positivity and one or more biomarkers of neuronal injury (i.e., CSF-tau or p-tau, FDG-PET measured hypometabolism in posterior cingulate, precuneus, and/or temporoparietal cortices, or MRI-measured hippocampal atrophy or gray matter loss/cortical thinning in lateral temporal, lateral and medial parietal, and posterior cingulate cortices).

Stage 3 includes individuals with biomarker evidence of Aβ accumulation, neurodegeneration, and subtle cognitive impairment, that are approaching the clinical MCI stage [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF].

The AD preclinical phase is no longer described in the last criteria by Jack and collaborators, where all individuals with evidence of amyloid pathology biomarkers are considered as part of the Alzheimer continuum, regardless of their clinical status (Clifford R. Jack et al., 2018).

However, growing research is addressing the AD preclinical phase trying to better elucidate this complex construct. Studies on asymptomatic individuals are being carried out to better understand this stage and also to propose AD preventive strategies aimed at slowing down the pathological cascade. A large number of studies are interested on the factors that could influence this phase. Brain and cognitive reserve, a protective genetic profile or environmental factors, could make individuals more resilient to the AD pathophysiological process and hence alter the temporal lag between the appearance of AD pathophysiological process and its clinical manifestations [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. We will cover this subject later (see section 2.2).

A preclinical diagnosis of AD would provide an important opportunity for therapeutic interventions before the onset of symptoms. This would allow the identification of the individuals that would most probably benefit from early interventions aiming at preventing neurodegeneration and cognitive decline [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF].

The advancement in biomarker and neuroimaging techniques, not only will allow to better detect brain-AD pathological evidence in asymptomatic individuals, but also to evaluate its evolution in vivo and the risk factors linked to its accumulation. Biomarkers of amyloid plaques become abnormal early, before the onset of clinical symptoms, and reach a plateau when clinical symptoms appear. Biomarkers of neuronal injury, dysfunction, and degeneration change later in the cours of the disease but may demonstrate abnormalities very early, particularly in individuals at genetic risk, who may manifest functional abnormalities before evidence of amyloid deposition. They correlate with symptom severity. MRI is the last biomarker to become abnormal, but is strongly related to cognitive performance at later stages. From [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF], adapted from Jack et al., 2010.

Neuroimaging of normal and pathological aging

Amyloid deposition

Positron Emission Tomography (PET) is a neuroimaging technique that uses intravenous injection of radiotracers emitting positrons. Cerebral amyloid plaques can be assessed in vivo since 2004, thanks to the development of different PET radiotracers. They include the 11 C-Pittsburgh Compound-B (PiB) and various 18 F-labeled radioligands, such as florbetaben, flutemetamol and florbetapir. In clinical practice, PET images are mainly used to determine whether a patient is amyloid positive (Aβ+) or negative (Aβ-), often estimated from visual reading.

For research purpose, more advanced quantitative techniques are also used, allowing to better characterize the amount and topography of amyloid binding. In that context, whole brain (i.e. voxel-wise) analyses or regions of interest approaches are used, based on

Standardized Uptake Value ratio (SUVr) or Distribution Volume Ratio (DVR), which correspond to the ratio of the radioligand concentration across the brain compared to a region of interest (often the cerebellum in amyloid-PET studies).

In accordance with the previously described histopathological topography of amyloid deposition (see section 2.1.2.1.b.), amyloid-PET studies show a widespread accumulation of amyloid deposition across the whole neocortex, including the cingulate, frontal, temporal and parietal cortices and, to a lesser degree, the striatum, with relative sparing of the sensori-motor cortex, the thalamus and the medial temporal lobe (Kemppainen et al., 2006;C.C. Rowe et al., 2007;Villemagne, 2016) (Figure 5).

The prevalence of amyloid positivity in patients with a diagnosis of probable AD is 90% (W. J. Jagust et al., 2010;Rik Ossenkoppele et al., 2015;Christopher C. Rowe et al., 2010) and between 50 and 70% in MCI [START_REF] Jansen | Prevalence of cerebral amyloid pathology in persons without dementia: A meta-analysis[END_REF](Jansen et al., , 2022;;Okello et al., 2009). Notably, 20 to 40% of cognitively unimpaired adults aged 60 and over presents an amyloid-positive scan [START_REF] Jansen | Prevalence of cerebral amyloid pathology in persons without dementia: A meta-analysis[END_REF](Jansen et al., , 2022;;Rodrigue et al., 2012).

Amyloid positivity in the predementia stage can predict conversion to MCI or AD dementia (Forsberg et al., 2008;Okello et al., 2009;Villemagne & Chételat, 2016;Wolk et al., 2009).

However, the link of amyloid pathology with cognitive deficits is not very strong (Villemagne & Chételat, 2016), and this could be explained by the fact that amyloid pathology begins up to 20 years before the onset of dementia symptoms [START_REF] Jansen | Prevalence of cerebral amyloid pathology in persons without dementia: A meta-analysis[END_REF] and reaches a plateau before the appearance of the first clinical signs (see Figure 4). 

Neurofibrillary tangles

PET radiotracers for in vivo quantification of neurofibrillary tangles have been developed

after amyloid ligands, and are available, for research purposes, since 2013. The first generation of tau radiotracers includes 18 F-THK-5317, 18 F-THK-5351, 11 C-PBB3, and the most largely used 18 F-Flortaucipir (or T807, AV1451). First generation tracers presented unspecific fixation, notably due to their affinity for monoamine oxidase proteins, hindering a specific and sensitive evaluation of tau pathology (Leuzy et al., 2019;Saint-Aubert et al., 2017;Vermeiren et al., 2018;[START_REF] Villemagne | Tau imaging: early progress and future directions[END_REF]. To improve the specificity of tau ligands fixation, second generation tracers have been developed including 18F-MK-6240, 18 F-RO-948, 18 F-PI-2620, 18 F-GTP1, 18 F-PM-PBB3 and 18 F-JNJ311, and 18 F-JNJ-067 (Chien et al., 2014;Declercq et al., 2017;Fodero-Tavoletti et al., 2011;Gobbi et al., 2017;R. Harada et al., 2016;Leuzy et al., 2019;Lockhart et al., 2016;Okamura et al., 2013;Walji et al., 2016).

The distribution pattern of tau pathology as evidenced by PET studies reflects the neuropathology observed postmortem (Braak & Braak, 1991;Delacourte et al., 1999) (see section 1.1.2.2.b). Studies in cognitively unimpaired older adults show low levels of tau tracer retention in the medial temporal lobe (MTL), notably in the entorhinal and parahippocampal cortices and the hippocampus (Hall et al., 2017;Lockhart et al., 2016;[START_REF] Schöll | PET imaging of tau deposition in thea g i n g human brain[END_REF]Schöll et al., 2016), with higher tracer binding in amyloid positive individuals (C.R. Jack et al., 2018;Lowe et al., 2018;Schöll et al., 2016). The pathology gradually increases in MCI and AD phases, spreading to the parietal and orbito-frontal cortices (C.R. Jack et al., 2018;Lockhart et al., 2016;Lowe et al., 2018;[START_REF] Schöll | PET imaging of tau deposition in thea g i n g human brain[END_REF][START_REF] Iaccarino | Local and distant relationships between amyloid, tau and neurodegeneration in Alzheimer's Disease[END_REF]Schöll et al., 2016) (Figure 6). Tau-PET binding in these regions is linked to memory performance and cognitive decline (Cho et al., 2019;[START_REF] Schöll | PET imaging of tau deposition in thea g i n g human brain[END_REF]Schöll et al., 2016), and also to cortical atrophy in AD patients [START_REF] Harrison | Longitudinal tau accumulation and atrophy in aging and alzheimer disease[END_REF]. 

Gray matter atrophy

Magnetic Resonance Imaging (MRI) is a noninvasive imaging technique that produces images of brain tissues allowing to visualize gray matter volume and to measure brain atrophy in vivo.

As a result of neuronal and synaptic losses, the aging brain undergoes structural alterations, even in cognitively unimpaired older adults. Ventricles enlarge and gray matter volume decreases with age (Raz et al., 2005a). Gray matter atrophy accelerates with increasing age and spreads from more anterior to more posterior brain areas, with frontal regions being more pronouncedly affected (Kalpouzos et al., 2009;[START_REF] Lockhart | Structural Imaging Measures of Brain Aging[END_REF][START_REF] Raz | Selectiveaging of the human cerebral cortex observed in vivo: differential vulnerability of the prefrontalgray matter[END_REF][START_REF] Raz | Regional brain changes in aging healthy adults: General trends, individual differences and modifiers[END_REF][START_REF] Resnick | Longitudinal Magnetic Resonance Imaging Studies of Older Adults: A Shrinking Brain[END_REF][START_REF] Salat | Thinning of the cerebral cortex in aging[END_REF]. Even though to a lesser extent, the parietal, temporal and occipital lobes are also concerned, along with the thalamus and the anterior part of the hippocampus, more specifically the subiculum (de Flores et al., 2015; Anders M. [START_REF] Fjell | One-year brain atrophy evident in healthy aging[END_REF][START_REF] Lockhart | Structural Imaging Measures of Brain Aging[END_REF][START_REF] Raz | Regional brain changes in aging healthy adults: General trends, individual differences and modifiers[END_REF][START_REF] Resnick | Longitudinal Magnetic Resonance Imaging Studies of Older Adults: A Shrinking Brain[END_REF][START_REF] Salat | Thinning of the cerebral cortex in aging[END_REF].

Compared to normal aging, atrophy pattern in AD is overall more pronounced and displays topographical differences [START_REF] Bakkour | The effects of aging and Alzheimer's disease on cerebral cortical anatomy: Specificity and differential relationships with cognition[END_REF]. The main structural feature of AD is hippocampal atrophy [START_REF] Apostolova | Hippocampal atrophy and ventricular enlargement in normal aging, mild cognitive impairment (MCI), and Alzheimer disease[END_REF], which is predominant in the CA1 hippocampal subfield [START_REF] Apostolova | Subregional hippocampal atrophy predicts Alzheimer's dementia in the cognitively normal[END_REF][START_REF] Chételat | Threedimensional surface mapping of hippocampal atrophy progression from MCI to AD and over normal aging as assessed using voxel-based morphometry[END_REF][START_REF] Frisoni | Mapping local hippocampal changes in Alzheimer's disease and normal ageing with MRI at 3 Tesla[END_REF]R. La Joie et al., 2013). It occurs very early in the course of the disease, and is already detectable in MCI individuals [START_REF] Apostolova | Subregional hippocampal atrophy predicts Alzheimer's dementia in the cognitively normal[END_REF][START_REF] Chételat | Threedimensional surface mapping of hippocampal atrophy progression from MCI to AD and over normal aging as assessed using voxel-based morphometry[END_REF]R. La Joie et al., 2013). Beside marked hippocampal atrophy, MCI patients exhibit gray matter damage in the temporo-parietal and posterior cingulate cortices (Chételat et al., 2002;[START_REF] Whitwell | 3D maps from multiple MRI illustrate changing atrophy patterns as subjects progress from MCI to AD[END_REF], especially in MCI converters to AD [START_REF] Chételat | FDG-PET measurement is more accurate than neuropsychological assessments to predict global cognitive deterioration in patients with mild cognitive impairment[END_REF]Karas et al., 2008;[START_REF] Whitwell | MRI correlates of neurofibrillary tangle pathology at autopsy: a voxel-based morphometry study[END_REF]. However, atrophy in the MTL remains the structural biomarker that most consistently predicts conversion to AD [START_REF] Decarli | Qualitative Estimates of Medial Temporal Atrophy as a Predictor of Progression From Mild Cognitive Impairment to Dementia[END_REF][START_REF] Ferreira | Neurostructural predictors of Alzheimer's disease: A meta-analysis of VBM studies[END_REF].

Compared to elderly controls, hippocampal volume reduces by 15 to 30% in AD patients [START_REF] Shi | Hippocampal volume and asymmetry in mild cognitive impairment and Alzheimer's disease: Meta-analyses of MRI studies[END_REF], and at an annual rate that varies from 3 to 5% in AD patients as compared to around 1% in healthy controls (J. Barnes et al., 2009). Brain atrophy is strongly correlated to patients' cognitive deficits. Episodic memory deficits are indeed associated with hippocampal atrophy in MCI [START_REF] Chetelat | Early diagnosis of alzheimer's disease: contribution of structural neuroimaging[END_REF]A.M. Fjell et al., 2008;Grundman et al., 2003) andAD patients (Pantel et al., 2004).

Notably, AD-related regional volume loss parallels the hierarchical progression of tau lesions.

Atrophy spreads from CA1 to the other hippocampal subfields and the rest of the cortex following a temporo-parieto-frontal gradient that covers the temporo-parietal cortex, including the precuneus and the posterior cingulate gyrus ( [START_REF] Apostolova | Three-dimensional gray matter atrophy mapping in mild cognitive impairment and mild Alzheimer disease[END_REF]Dickerson et al., 2009;[START_REF] Frisoni | In vivo mapping of incremental cortical atrophy from incipient to overt Alzheimer's disease[END_REF][START_REF] Prestia | Cortical changes in incipient Alzheimer's disease[END_REF]; see (Pini et al., 2016) for review) (Figure 5).

This regional topographic pattern is associated with disease severity and the onset of clinical symptoms [START_REF] Apostolova | 3D mapping of language networks in clinical and preclinical Alzheimer's disease[END_REF][START_REF] Lerch | Focal decline of cortical thickness in Alzheimer's disease identified by computational neuroanatomy[END_REF]. Visual and sensorimotor cortices are, instead, relatively spared until later stages of the disease (see (Pini et al., 2016) for review).

Brain glucose metabolism

PET coupled with 18 F-Fluorodeoxy-glucose (FDG) allows in vivo detection and quantification of cerebral glucose metabolism. Change in glucose consumption reflects neuronal and synaptic activity and is therefore a measure of brain function.

Cerebral glucose metabolism decreases with age, especially in anterior regions including the orbitofrontal, the anterior cingulate and the prefrontal cortices ( [START_REF] Hsieh | Sex-and Age-Related Differences in Brain FDG Metabolism of Healthy Adults: An SPM Analysis[END_REF]Kalpouzos et al., 2009;[START_REF] Tumeh | Structural and Functional Imaging Correlates for Age-Related Changes in the Brain[END_REF][START_REF] Willis | Age, sex and laterality effects on cerebral glucose metabolism in healthy adults[END_REF]; see [START_REF] Berti | Brain: Normal variations and benign findings in fluorodeoxyglucose-PET/ computed tomography imaging[END_REF] for review). Other hypometabolic patterns are evidenced in the insula and the temporal and parietal cortices [START_REF] Berti | Brain: Normal variations and benign findings in fluorodeoxyglucose-PET/ computed tomography imaging[END_REF]Kalpouzos et al., 2009). On the other hand, the posterior cingulate and the occipital cortices, the hippocampus, the precuneus, the thalamus and the basal ganglia are relatively spared until more advanced age [START_REF] Berti | Brain: Normal variations and benign findings in fluorodeoxyglucose-PET/ computed tomography imaging[END_REF]Kalpouzos et al., 2009;[START_REF] Willis | Age, sex and laterality effects on cerebral glucose metabolism in healthy adults[END_REF].

In AD, hypometabolism is found in temporo-parietal regions, and more markedly in the precuneus and the posterior cingulate cortex (Chételat, Desgranges, et al., 2008;[START_REF] Minoshima | Metabolic reduction in the posterior cingulate cortex in very early Alzheimer's disease[END_REF] (Figure 5). In the course of the disease, frontal regions also show reduced metabolism. Conversely, other regions, such as the sensorimotor cortex, the thalamus, the cerebellum and the basal ganglia, remain relatively normal (Gene E [START_REF] Alexander | Article Longitudinal PET Evaluation of Cerebral Metabolic Decline in Dementia: A Potential Outcome Measure in Alzheimer's Disease Treatment Studies[END_REF][START_REF] Choo | Topographic Patterns of Brain Functional Impairment Progression According to Clinical Severity Staging in 116 Alzheimer Disease Patients: FDG-PET Study[END_REF][START_REF] Mielke | Clinical Deterioration in Probable Alzheimer's Disease Correlates with Progressive Metabolie Impairment of Association Areas[END_REF][START_REF] Nestor | Limbic Hypometabolism in Alzheimer's Disease and Mild Cognitive Impairment[END_REF].

Contrary to hippocampal atrophy, the FDG-PET-measured temporo-parietal and precuneus/posterior cingulate cortex hypometabolism is more specific to AD (Bohnen et al., 2012) and is considered a sensitive biomarker for AD diagnosis (G. M. [START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. It allows early detection of neurodegeneration in the earliest preclinical (Besson et al., 2015;Cohen & Klunk, 2014;Petrie et al., 2009) and clinical (MCI) stages [START_REF] Arnaiz | Impaired cerebral glucose metabolism and cognitive functioning predict deterioration in mild cognitive impairment[END_REF][START_REF] Langbaum | Categorical and correlational analyses of baseline fluorodeoxyglucose positron emission tomography images from the Alzheimer's Disease Neuroimaging Initiative (ADNI)[END_REF][START_REF] Nestor | Limbic Hypometabolism in Alzheimer's Disease and Mild Cognitive Impairment[END_REF][START_REF] Schroeter | Neural correlates of Alzheimer's disease and mild cognitive impairment: A systematic and quantitative metaanalysis involving 1351 patients[END_REF], and before brain atrophy [START_REF] Yuan | Fluorodeoxyglucose-positron-emission tomography, single-photon emission tomography, and structural MR imaging for prediction of rapid conversion to alzheimer disease in patients with mild cognitive impairment: A meta-analysis[END_REF]. Moreover, hypometabolism in these regions is correlated with cognitive deficits (Chételat, Desgranges, De la Sayette, et al., 2003;[START_REF] Herholz | Discrimination between Alzheimer dementia and controls by automated analysis of multicenter FDG PET[END_REF] and predicts disease progression and cognitive decline (Chételat, Desgranges, de la Sayette, et al., 2003;[START_REF] Drzezga | Cerebral metabolic changes accompanying conversion of mild cognitive impairment into alzheimer's disease: A PET follow-up study[END_REF]Marine Fouquet et al., 2009;[START_REF] Iaccarino | Predicting long-term clinical stability in amyloidpositive subjects by FDG-PET[END_REF].

The use of neuroimaging techniques in asymptomatic older individuals can help to better understand the physiopathology of AD and the first and earliest brain alterations that could lead to the disease. In addition, an increasing number of studies are trying to investigate the factors that are susceptible to influence AD risk, and how they could be linked to AD biomarkers in asymptomatic populations. Such knowledge could further our understanding of the preclinical phase of AD and bring crucial information for dementia prevention.

Risk and protective factors

Several risk and protective factors for cognitive decline and AD have been identified (Baumgart et al., 2015;Winblad et al., 2016). The evaluation of these risk and protective factors is of particular importance if we want to enhance our understanding of AD and implement strategies to prevent or decelerate its evolution (see (Baumgart et al., 2015;Winblad et al., 2016) for review).

Interestingly, differences in risk and protective factors between individuals could confer differential susceptibility to cognitive decline. It has been observed that some individuals are able to reach advanced ages without severe cognitive troubles. Not all the oldest-old develop AD (Corrada et al., 2008); AD neuropathology has indeed been observed post-mortem in oldest-old individuals without AD and with a similar level of cognitive performance compared to individuals without evidence of AD-lesions in the brain (Balasubramanian et al., 2012;Katzman et al., 1988). This suggests that certain individuals may be able to tolerate substantial brain pathological burden without expressing, or postponing, symptoms of dementia.

These compensatory mechanisms are known under the concept of reserve, and interindividual differences in risk factors profiles may be explained by differences in reserve capacities.

Reserve

Brain and cognitive reserve

The concept of reserve has been introduced after the observation in some individuals of a discrepancy between the levels of brain pathology and cognitive performance. For the same level of cerebral alterations, certain individuals can manage to maintain high levels of cognitive performance compared to other individuals showing a decrease in performance. In its initial definition, reserve has been divided into two subtypes: brain reserve and cognitive reserve [START_REF] Stern | What is cognitive reserve? Theory and research application of the reserve concept[END_REF].

Brain reserve refers to differences in the brain structural substrate (i.e., brain size, number of neurons, density of synapses) that could increase the ability to tolerate age-or diseaserelated brain pathology. Individual differences in brain reserve capacities result in variations in the clinical expression of a certain degree of brain lesion (Satz et al., 2011). As illustrated in Figure 7A, in two individuals with different amounts of brain reserve capacity, a certain degree of brain lesion results in clinical deficits in the person with less brain reserve capacity (Subject 2), because it exceeds the threshold of brain damage sufficient to produce that deficit. The person with higher brain reserve capacity (Subject 1) may instead remain unaffected.

In contrast with this "passive" model of reserve, cognitive reserve is considered an "active" form and relates to the inter-individual differences in cognitive adaptability that would enable some individuals to perform appropriately despite the presence of brain alterations (Stern, 2012a). Cognitive reserve refers to the compensatory ability to use -or more efficiently recruit -brain networks necessary to cognitive processes, in the presence of pathology [START_REF] Brickman | Aging and memory in humans[END_REF]. In this case, as illustrated in Figure 7B, considering a similar amount of brain reserve in two subjects, Subject 1 has more cognitive reserve than Subject 2, thanks to more adaptive processing mechanisms. Compared to Subject 2, Subject 1 can thus tolerate a higher degree of brain lesions before clinical deficits appear. This dynamic model of reserve is not a fixed feature of the brain and can therefore evolve with time. In other words, the cognitive reserve model indicates that, for a same degree of brain pathology, individuals with higher reserve are able to maintain good cognitive performance, compared to others with lower reserve in whom performance has worsen (Figure 8).

Supposing that AD pathology increases at the same rate in two persons with low and high cognitive reserve, the cognitive reserve model expects the followings for the person with high cognitive reserve: (1) the moment in which AD pathology will start to affect memory (point of inflection, Figure 8) will occur later; (2) AD will be clinically diagnosed later, when the pathology is more advanced and severe; (3) AD pathology will be more severe at any levels of memory performance; (4) memory decline will be more rapid after the point of inflection (Figure 8).

Individual differences in reserve would thereby explain the differential susceptibility to neurocognitive diseases: individuals with higher brain and/or cognitive reserve could tolerate a higher amount of alterations/pathology before the clinical expression and diagnosis of AD.

Brain and cognitive reserve would therefore delay cognitive changes [START_REF] Brickman | Aging and memory in humans[END_REF]. 

New definitions of reserve: Brain reserve, brain maintenance, cognitive reserve

In the last decade, several terms and concepts have been proposed to uncover the mechanisms of reserve (e.g., reserve, resilience, resistance, compensation, maintenance).

Clarifying consensual definitions and measurements of these constructs is currently the focus of intense research and debates (E.M. Arenaza-Urquijo [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]Cabeza et al., 2018Cabeza et al., , 2019;;Stern et al., 2019[START_REF] Stern | Whitepaper: Defining and investigating cognitive reserve, brain reserve, and brain maintenance[END_REF]Stern et al., , 2023)).

The Collaboratory on Research Definitions for reserve and resilience in cognitive aging and dementia has been created to reach common terminology and operational definitions, in order to promote coherent and cohesive research goals covering age-and disease-related cognitive changes. The results of this workgroups have been recently published ( (Stern et al., 2023); see also https://reserveandresilience.com/framework/). Three concepts have been proposed to capture these constructs: brain reserve, brain maintenance and cognitive reserve. These concepts are grouped under the more general term of "resilience", to indicate the capacity of the brain to preserve cognition and function with aging or in the presence of a disease.

-Brain reserve: neurobiological status of the brain at a certain point in time (brain size, number of neurons, density of synapses, etc.). Individual variations in this capital allow individuals to better resist to age-or disease-related brain changes and be protected from their detrimental effects.

-Brain maintenance: relative absence of changes in neuronal resources or neuropathological modifications over time, associated with preserved cognitive functions in older individuals.

-Cognitive reserve: brain property that ensures better than expected cognitive performance considering the amount of brain alterations related to aging or pathologies. Different mechanisms at the molecular, cellular and network levels would help compensate for or cope with these brain alterations.

Cognitive reserve and brain maintenance can be influenced and nourished by multiple genetic and environmental factors throughout life (Figure 9). These factors promote active adaptation of cognitive processes and the related neuronal resources to prevent or slow age or pathological brain changes. Accordingly, these concepts reflect a dynamic process that is developed over the lifespan. 

Measures of reserve

Given the hypothetical nature of the concept of reserve, only surrogate or proxies measures and no direct measures of reserve are available (Jones et al., 2011).

Proxies of brain reserve include the anatomical aspects of the brain that can be measured with in vivo or post-mortem techniques. Proposed proxies are number of neurons, brain size, dendritic arborization [START_REF] Stern | What is cognitive reserve? Theory and research application of the reserve concept[END_REF] and density (Boros et al., 2017), and head circumference (Mortimer et al., 2003(Mortimer et al., , 2005)). More fine-grained measures have also been used, such as intracranial volume (as a proxy of maximal brain volume) (Van Loenhoud et al., 2018), brain volume (Solé-Padullés et al., 2009), and white matter microstructural integrity (Teipel et al., 2009). Brain reserve refers to the neurobiological capital and is assessed at a given time.

Differently, brain maintenance can be modified over the entire life, possibly thanks to various lifestyle experiences, including engaging in physically, mentally and socially stimulating activities that allows reducing the development or progression of age-or disease-related brain changes. Brain maintenance is therefore measured over time [START_REF] Nyberg | Memory aging and brain maintenance[END_REF].

For cognitive reserve, standard proxies are Intelligence quotient (IQ) (G.E. Alexander et al., 1997) and educational level (Stern et al., 1992). However, educational level only allows capturing early-life experiences. Other frequently used proxies of cognitive reserve are factors that contribute to an active and mentally stimulating lifestyle that can be assessed over the lifespan (Valenzuela & Sachdev, 2006;[START_REF] Ou | Fasting blood glucose and cerebrospinal fluid Alzheimer's biomarkers in non-diabetic cognitively normal elders: the CABLE study[END_REF], including occupation (Richards & Sacker, 2003;Stern et al., 1994), engagement in leisure (Scarmeas et al., 2001), physical (E.M. Arenaza-Urquijo et al., 2015a;Scarmeas et al., 2003), cognitive (Wilson et al., 2002(Wilson et al., , 2012(Wilson et al., , 2021) ) and social activities (D. [START_REF] Arvanitakis | Diabetes is related to cerebral infarction but not to AD pathology in older persons[END_REF]Evans et al., 2019;Laura Fratiglioni et al., 2000;B. L. Perry et al., 2022), or dietary habits (Cao et al., 2016;Scarmeas et al., 2006).

More recently, residual approaches have been proposed as appropriate measures of reserve (see (Bocancea et al., 2021) for review). This method models brain and individuals' demographics predictors of cognition and use the variance in cognition that is not explained by the predictors (residuals) as an estimate of cognitive reserve (R. Ossenkoppele et al., 2020;van Loenhoud et al., 2017). Such an approach reflects the discrepancy between predicted and attended measurements (cognitive performances) given a degree of brain alterations. The higher the residuals (i.e., higher gap between predicted and observed model, in the sense that the observed cognitive performance is better than the predicted one), the higher the cognitive reserve (Bocancea et al., 2021). However, residual-based approaches have some limitations: their validity depend on the predictors and outcome measures included in the model. Brain measures used to predict cognitive performance may only partially capture brain physiology and pathology. Residuals also contain errors related to the neuroimaging and psychological assessment technique (Bocancea et al., 2021). Errors related to the statistical properties of the regression model have also been highlighted, which prevent to discriminate whether correlations between brain and cognition are specific to resilience or are merely reflecting cognitive performance (Elman et al., 2022).

Mechanisms of reserve: resistance and resilience

As abovementioned, lifestyle factors may be used as proxies of reserve. It has indeed been observed that some lifestyle factors could prevent or slow the progression of AD pathology (Eider M. Arenaza-Urquijo et al., 2017;B. M. Brown, Peiffer, Taddei, et al., 2013;Bugg & Head, 2011;Head et al., 2012;Landau et al., 2012;Liang et al., 2010a;Okonkwo, Schultz, et al., 2014;Wirth, Haase, et al., 2014;[START_REF] Wirth | [END_REF] and that certain older individuals, even at older ages, do not accumulate significant pathology thanks to a healthy lifestyle (Vemuri et al., 2017). A conceptual framework has been proposed to deepen our understanding of the behavioral, genetic and brain mechanisms that promote normal cognition in preclinical AD (E.M. Arenaza-Urquijo [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]. This framework proposes two main mechanisms: "resistance" and "resilience" (E.M. Arenaza-Urquijo & [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]Vemuri, , 2020)).

Resistance is a protective mechanism that prevents the appearance and development of age-or AD-related brain pathologies and promotes cognitive integrity. Resistance would then denote an individual with an absence of or less than expected pathology and preserved cognition (i.e., remaining cognitively unimpaired with no or low brain alterations) (E.M.

Arenaza-Urquijo [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]& Vemuri, , 2020)). Resilience is instead a compensatory mechanism that represents the ability to cope or tolerate the presence of brain alterations allowing to remain cognitively normal. A resilient individual would then maintain better than expected cognitive abilities relative to the level of pathology (Negash et al [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]Vemuri, , 2020)).

In cognitively unimpaired older adults lifestyle factors (e.g., physical activity, cognitive activity, education attainment and occupational complexity) have been related to greater cerebral outcomes, including lower amyloid load (Landau et al., 2012;Liang et al., 2010b;[START_REF] Okonkwo | [END_REF]Wirth, Haase, et al., 2014), greater brain glucose metabolism [START_REF] Okonkwo | [END_REF] or greater cortical thickness and gray matter volume (Eider M. Arenaza-Urquijo et al., 2013;Foubert-Samier et al., 2012;Y. Liu et al., 2012;[START_REF] Okonkwo | [END_REF]Suo et al., 2012;Valenzuela et al., 2008). Conversely, studies demonstrated that for a same level of cognitive performance, AD patients who have higher levels of education or intellectual and social activities show greater gray matter atrophy (Seo et al., 2011;Solé-Padullés et al., 2009) and amyloid deposition (Kemppainen et al., 2008), along with lower brain glucose metabolism (Kemppainen et al., 2008) and perfusion (Kemppainen et al., 2008;Liao et al., 2005;Stern et al., 1992) than lower-educated patients.

These results seem to reveal that different reserve mechanisms play a differential role along the evolution of the disease (Figure 10). It has been hypothesized that lifestyle could act through both neuroprotective (direct) and/or compensatory (indirect) mechanisms. During early stages (i.e., in cognitively normal individuals), higher exposure to healthy lifestyle factors would have a direct effect and protect against brain pathology (resistance). On the other hand, as disease progresses to dementia, AD patients highly exposed to positive lifestyle exhibit greater brain pathology than patients with lower exposure, consistent with the hypothesis that reserve increases tolerance to pathology in patients (resilience). Lifestyle would therefore not be able to protect but rather limit the negative effects of brain alterations on cognitive functions, delaying cognitive decline (compensation) (E.M. Arenaza-Urquijo et al., 2015a, 2015b). In the case of compensation, more pathology is supposed to be necessary for cognitive symptoms to emerge [START_REF] Brickman | Aging and memory in humans[END_REF]. However, by the time AD diagnosis has been reached, AD pathology would be more advanced (E.M. Arenaza-Urquijo et al., 2015a) (Figure 10).

Factors and mechanisms associated with resistance include those related to amyloid and tau clearance, but also brain characteristics that could result in reduced pathology, such as initial brain structural (brain reserve) and functional (cognitive reserve) differences, or brain maintenance processes (i.e., preservation of brain structure and function). Mechanisms related to resilience include structural and functional brain features that help coping with the pathology, through active response to pathology (i.e., neural compensation and synaptic plasticity), or intrinsic brain efficiency (E.M. Arenaza-Urquijo [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF].

Other important factors contributing to resistance and resilience are genetic risk, including the APOE4 genotype, and environmental factors, such as cardiovascular risk factors and lifestyle variables. 

Non-modifiable and modifiable risk factors for dementia

AD is a multifactorial disease whose appearance and progression is influenced by a complex combination of non-modifiable and modifiable risk factors. These different factors are hypothesized to influence reserve and resilience.

Non-modifiable risk factors a. Age, sex and family history

Among the "non-modifiable" risk factors, advanced age is the main risk for dementia (Winblad et al., 2016). The majority of people diagnosed with AD are older than 65 years old.

In the US population, around 10.8% of people aged 65 and older (1 in 9 people) has AD [START_REF] Dhana | Impact of the Apolipoprotein E ε4 Allele on the Relationship Between Healthy Lifestyle and Cognitive Decline: A Population-Based Study[END_REF], and the percentage of people living with AD dramatically increases with age, with a prevalence of 5% in 65-74 years old individuals, 13.1% in 75-84 years old individuals, and 33.3% in individuals aged 85 or older (Hebert et al., 2013).

Biological sex differences in disease susceptibility have also been described (Ferretti et al., 2018; M. M. [START_REF] Jessen | A conceptual framework for research on subjective cognitive decline in preclinical Alzheimer's disease[END_REF], with a different vulnerability to AD between men and women (see [START_REF] Dubal | Sex difference in Alzheimer's disease: an updated, balanced and emerging perspective on differing vulnerabilities[END_REF] for review). Dementia cases are more prevalent in females than males [START_REF] Chêne | Gender and incidence of dementia in the Framingham Heart Study from mid-adult life[END_REF]Fiest et al., 2016;F. E. Matthews et al., 2016;Podcasy & Epperson, 2016). However, evidence indicates that the higher risk of AD found in women is not constant during the lifetime. Studies suggest that the risk to develop AD is similar in both men and women at earlier ages, or even greater in men, who tend to show more severe forms (Lapane et al., 2001). At advanced ages (75-80 years old), prevalence is instead more elevated in women than men (Bacigalupo et al., 2018), possibly due to the longer life expectancy of the formers even after AD diagnosis (M. M. [START_REF] Jessen | A conceptual framework for research on subjective cognitive decline in preclinical Alzheimer's disease[END_REF]. If sex differences in AD risk are still under debate, differential vulnerability to AD development exists between men and women.

A family history of AD also increases AD risk (L. Fratiglioni et al., 1993;Mayeux et al., 1991).

Having a first-degree relative (parent or sibling) with AD increases the probability to develop AD compared to not having a first-degree relative with AD (Green et al., 2002;Loy et al., 2014), and the risk increases for people with more than one first-degree relative (Lautenschlager et al., 1996). Moreover, the risk conferred by a parent with dementia is independent of the presence of genetic risk such as the apolipoprotein E allele e4 (APOE4) genotype (Wolters et al., 2017).

b. APOE4 genotype -Apolipoprotein ε4

APOE4 is the major genetic risk factor for AD in its sporadic form [START_REF] Corder | Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer's disease in late onset families[END_REF].

APOE is a lipid transport protein coded by the APOE gene that is located on the chromosome 19. Each individual inherits two copies of the APOE gene, which exhibits a genetic polymorphism with three common alleles: ε2, ε3, ε4 (Bu, 2009;[START_REF] Holtzman | Si l'allèle ε2, le moins fréquent, est protecteur contre la MA, l'allèle ε4 confère un risque accru par rapport à l'allèle ε3, plus courant. Ce risque accru est dose-dépendant et associé à une réduction de l'âge d'apparition de la maladie[END_REF]. The three different isoforms show marked variation in their distribution among the population, with an averaged allele frequency of 7%, 79% and 14% respectively in cognitively healthy individuals (Yamazaki et al., 2019).

APOE4, risk for AD and cognitive decline

The APOE gene variants carry different levels of risk for AD. While having the ε2 allele is thought to be protective against AD, the ε4 allele confers an increased risk relative to the more common ε3 allele. This increased risk is dose dependent: homozygous individuals (ε4/ε4 genotype) have a 14.49 fold increased risk while heterozygous carriers (ε3/ε4 genotype) have a 3.63 fold increased risk. Notably, frequency of the APOE ε4 allele is of ~60% in AD patients (Yamazaki et al., 2019). Additionally, APOE ε4 is associated with reduced age of disease onset. Carrying the ε3/ε4 genotype brings onset forward by 2-5 years, whereas carrying the ε4/ε4 genotype bring onset forward by 5-10 years relative to non-carriers (see (Yamazaki et al., 2019) for review) (Table 3).

Despite substantial literature supports faster and higher odds of cognitive decline in carriers of the APOE4 genotype [START_REF] Dhana | Impact of the Apolipoprotein E ε4 Allele on the Relationship Between Healthy Lifestyle and Cognitive Decline: A Population-Based Study[END_REF][START_REF] Dhana | Impact of the Apolipoprotein E ε4 Allele on the Relationship Between Healthy Lifestyle and Cognitive Decline: A Population-Based Study[END_REF][START_REF] Martínez-Lapiscina | Genotype patterns at CLU, CR1, PICALM and APOE, cognition and Mediterranean diet: The PREDIMED-NAVARRA trial[END_REF]Y. Zhang, Jin, et al., 2021), findings are contradictories and the impact of APOE4 on cognition in cognitively healthy elderly remain controversial ((C.R. Jack et al., 2015;[START_REF] Yi | Beta-amyloid associated differential effects of APOE ε4 on brain metabolism in cognitively normal elderly[END_REF]; see (O'Donoghue et al., 2018) for review). 

APOE4 and brain integrity

Neuroimaging studies on the effect of APOE4 on brain biomarkers are discordant (see (M. [START_REF] Fouquet | Imaging Brain Effects of APOE4 in Cognitively Normal Individuals Across the Lifespan[END_REF] for review). The more consistent effects have been found for amyloid load. Robust evidence suggests that APOE4 promotes earlier and greater amyloid pathology in cognitively unimpaired elderly [START_REF] Gonneaud | Relative effect of APOE e4 on neuroimaging biomarker changes across the lifespan[END_REF]C.R. Jack et al., 2015;Kantarci et al., 2012;J. C. Morris et al., 2010;Sunderland et al., 2004), and in MCI (K. R. Murphy et al., 2013) and AD patients [START_REF] Burns | Higher serum glucose levels are associated with cerebral hypometabolism in Alzheimer regions[END_REF]. Prevalence of amyloid-positivity is 10% higher in cognitively unimpaired individuals carrying the ε3/ε4 genotype (46%) compared with carriers of the ε2/ε4 genotype (36%), while carriers of the APOE ε2/ε2 genotype have the lowest prevalence (5 out of 44 individuals) (Figure 12). The role of APOE4 on amyloid pathology would predominantly depend on its effect on amyloid clearance. APOE is indeed critically involved in the clearance of soluble amyloid from the brain interstitial fluid, and APOE4 genotype seems to be associated with a less efficient amyloid clearance, which would then facilitate amyloid deposits accumulation and subsequent aggregation (J.M. Castellano et al., 2011;Ladu et al., 1994). However, the effect of APOE4 on AD pathogenesis could possibly act through manifold pathways that could be amyloid-independent (Yamazaki et al., 2019). Indeed, increasing evidence highlights the influence of APOE4 on several other functions that contribute to AD pathophysiology. As illustrated in Figure 13, APOE4 could act via a gain in toxic function, including increased taumediated neurodegeneration (Therriault et al., 2020(Therriault et al., , 2021) ) and neuronal toxicity, and reduced insulin signaling (red boxes), or a loss of physiological function due to reduced lipid transport (blue box) (Yamazaki et al., 2019). The APOE gene plays indeed an important role in the distribution of cholesterol and other lipids to neurons, which are necessary for neuronal growth, maintenance and repair, and synaptic plasticity. Increasing evidence indicates that the expression of the APOE4 allele may disrupt the supply of lipids to neurons, impacting synaptogenesis and neuronal injury repair (Björkhem et al., 2009). Post-mortem and animal studies shown indeed that APOE4 genotype is associated with impaired synaptic transmission (Arendt et al., 1997), reduced dendritic spine density (Ji et al., 2003) and plasticity (Arendt et al., 1997) in AD. Since synaptic loss and neuronal degeneration are associated with cognitive decline in AD, the deleterious consequences of APOE4 on synaptic activity and neuronal repair could potentially add to other APOE4-related AD pathologies to higher the risk of AD (more specifically earlier symptoms onset and more quickly progression to AD) (Arendt et al., 1997;Yamazaki et al., 2019). APOE4 also contributes to AD risk by increasing synaptic dysfunction, and neuroinflammation, and reducing cerebral glucose metabolism, BBB integrity and cerebrovascular function (gray boxes) (Figure 13) (Yamazaki et al., 2019).

On the other hand, studies on markers of neurodegeneration are more discordant. Greater atrophy has been reported in APOE4 carriers (K. Chen et al., 2012;Espeseth et al., 2008;[START_REF] Honea | Impact of APOE on the healthy aging brain: A voxel-based MRI and DTI study[END_REF]Wishart et al., 2006) especially in the hippocampus (Dong et al., 2019;Lind et al., 2006). However, greater gray matter volume in APOE4 carriers (G.E. [START_REF] Alexander | Gray matter network associated with risk for Alzheimer's disease in young to middle-aged adults[END_REF] or no differences between groups (Filippini et al., 2011;[START_REF] Gonneaud | Relative effect of APOE e4 on neuroimaging biomarker changes across the lifespan[END_REF]C.R. Jack et al., 2015;Protas et al., 2013;Vemuri et al., 2009) have also been found.

Similarly, if studies tend to show reduced brain glucose metabolism in APOE4 carriers [START_REF] Yi | Beta-amyloid associated differential effects of APOE ε4 on brain metabolism in cognitively normal elderly[END_REF], notably in the left anterior MTL including the entorhinal and perirhinal cortices [START_REF] Didic | Rhinal hypometabolism on FDG PET in healthy APO-E4 carriers: impact on memory function and metabolic networks[END_REF], as well as in AD- (Knopman et al., 2014;Protas et al., 2013; E. M. R. et al., 1996) and age-sensitive regions (i.e., prefrontal regions (E. M. R. Reiman et al., 1996)), other studies also reported increased metabolism in APOE4 carriers [START_REF] Yi | Beta-amyloid associated differential effects of APOE ε4 on brain metabolism in cognitively normal elderly[END_REF] or no differences between carriers and non-carriers [START_REF] Gonneaud | Relative effect of APOE e4 on neuroimaging biomarker changes across the lifespan[END_REF]Lowe V.J. et al., 2014;Protas et al., 2013;[START_REF] Samuraki | Glucose metabolism and gray-matter concentration in apolipoprotein E ε4 positive normal subjects[END_REF]. Likewise, both reduced (Filippini et al., 2011) and greater cerebral blood flow (Wierenga et al., 2013), including in the MTL [START_REF] Bangen | Assessment of Alzheimer's disease risk with functional magnetic resonance imaging: An arterial spin labeling study[END_REF][START_REF] Langbaum | Categorical and correlational analyses of baseline fluorodeoxyglucose positron emission tomography images from the Alzheimer's Disease Neuroimaging Initiative (ADNI)[END_REF], were observed in APOE4 carriers relative to noncarriers, or no difference in cerebral perfusion between APOE4 carriers and non-carriers [START_REF] Okonkwo | Cerebral blood flow is diminished in asymptomatic middle-aged adults with maternal history of alzheimer's disease[END_REF].

Reiman

Inconsistencies between studies could be due to the fact that, except for amyloid deposition, effects of APOE4 in cognitively unimpaired individuals are more subtle (M. [START_REF] Fouquet | Imaging Brain Effects of APOE4 in Cognitively Normal Individuals Across the Lifespan[END_REF][START_REF] Gonneaud | Relative effect of APOE e4 on neuroimaging biomarker changes across the lifespan[END_REF]. Differences in methodology and sample characteristics across studies might also explain these discrepancies. These could include differences in other risk factors, which may help some APOE4 carriers to better resist or cope with brain alterations. A number of modifiable factors, including lifestyle factors, have indeed been linked to AD risk and could be associated with cognitive and cerebral markers of aging and AD. 

Modifiable risk factors

Beyond non-modifiable factors, increasing evidence highlights the role of modifiable factors in cognitive decline and dementia risk. According to the last estimations of the Lancet Commission on dementia prevention, around 40% of dementia cases could be prevented by acting on 12 modifiable factors (Figure 14) (Livingston et al., 2020). These factors include lifestyle, cardiovascular, psychoaffective, environmental and health-related factors. The percentage depicts the attended decrease in dementia prevalence if a certain risk factor is removed (from (Livingston et al., 2020)).

This paper further specifies that initiatives aiming at risks reduction should act on different life-periods depending on the factor: some of them should be prevented in early-life (less than 45 years old; i.e., low education), others preferentially in mid-life (45-65 years; i.e., hypertension, excessive alcohol consumption, obesity, hearing impairment or traumatic brain injury), and others factors may be prevented in late-life (older than 65 years; i.e., smoking, physical inactivity, social isolation, depression, diabetes, air pollution) (Livingston et al., 2020). It has been hypothesized that the simultaneous effect of multiple factors has a greater potential for disease prevention when considered in combination rather than alone. For instance, the combined effect of diabetes, hypertension, obesity, depression, physical inactivity, smoking and cognitive inactivity was estimated to contribute to up to half of AD cases worldwide, and that by reducing these risk prevalence by 10% to 25%, the number of AD cases would dramatically decrease, preventing around 1.1-3.0 million cases worldwide and 184,000-492,000 cases in the United States (D. E. Barnes & Yaffe, 2011). This supports the hypothesis that the different factors have distinct and complementary beneficial effects.

A growing number of studies investigate the potential mechanisms of action of these modifiable risk factors, notably by assessing their association with brain biomarkers and/or cognitive performance in cognitively unimpaired older adults. In the next sections, we will discuss current evidence on the association between some of these factors and brain and cognitive measures. We will mainly focus on lifestyle factors (Section 2. 

a. Lifestyle factors

As abovementioned, the most recent estimations indicate that ~40% of dementia cases would be prevented by acting on modifiable risk factors (Figure 14) (Livingston et al., 2020).

Among these, numerous lifestyle factors could contribute to increase the risk of dementia (Figure 15) (Baumgart et al., 2015). If we want to better understand their mechanisms of action, it seems crucial to evaluate the impact of the different lifestyle factors on markers of aging and AD.

In the following sections, we will briefly review the main evidence supporting the association of cognitive activity, physical activity, diet, social activity, alcohol use and smoking habits with cognitive decline and risk of dementia, as well as their associations with brain integrity.

Physical activity

Higher physical activity at middle (Tolppanen et al., 2015) and old age (Hamer & Chida, 2008) have been associated with reduced risk of AD (see (Guure et al., 2017;Stephen et al., 2017) for review), reduced cognitive decline (Guure et al., 2017) and better cognitive performance ((Flöel et al., 2010;Vemuri et al., 2012) see (Erickson et al., 2019;[START_REF] Huuha | [END_REF] for review). Inversely, physical inactivity in late-life has been associated with an increased risk to develop AD (Livingston et al., 2020;Rolland et al., 2008). Moreover, it has been suggested that remaining physically active or becoming more active after mid-life may be protective against and lower AD risk (Tolppanen et al., 2015), and that physical exercise may delay the onset and slow the progression of cognitive decline in AD patients (see (Rashid et al., 2020) for review). Consistently, evidence from interventional studies highlight the beneficial effects of physical activity on cognition ( [START_REF] Boots | Cardiorespiratory fitness is associated with brain structure, cognition, and mood in a middle-aged cohort at risk for Alzheimer's disease[END_REF] see (Engeroff et al., 2018;Northey et al., 2018) for review), notably on executive functions (Guadagni et al., 2020;[START_REF] Pellegrini-Laplagne | Acute Effect of a Simultaneous Exercise and Cognitive Task on Executive Functions and Prefrontal Cortex Oxygenation in Healthy Older Adults[END_REF].

Link with brain integrity in cognitively unimpaired older adults

Numerous observational and intervention studies indicate that older adults engaging in physical activity have greater brain outcomes (F.-T. [START_REF] Chen | The effect of exercise training on brain structure and function in older adults: a systematic review based on evidence from randomized control trials[END_REF][START_REF] Erickson | Physical activity and brain plasticity in late adulthood[END_REF][START_REF] Huuha | [END_REF]. Self-reported, objective (i.e., accelerometer) or other measures of physical activity such as cardiovascular fitness were associated with increased gray matter volume ((E.M. Arenaza-Urquijo et al., 2017;Flöel et al., 2010;Raichlen et al., 2019); see [START_REF] Domingos | Effects of physical activity on brain function and structure in older adults: a systematic review[END_REF] for review)) in AD-vulnerable regions [START_REF] Boots | Cardiorespiratory fitness is associated with brain structure, cognition, and mood in a middle-aged cohort at risk for Alzheimer's disease[END_REF][START_REF] Norton | Potential for primary prevention of Alzheimer's disease: An analysis of population-based data[END_REF] including in the hippocampus [START_REF] Erickson | Aerobic fitness is associated with hippocampal volume in elderly humans[END_REF][START_REF] Hamer | Association of objectively measured physical activity with brain structure: UK Biobank study[END_REF]Maass et al., 2015;[START_REF] Okonkwo | [END_REF], and increased cerebral glucose metabolism (D. C. [START_REF] Matthews | Physical activity, Mediterranean diet and biomarkers-assessed risk of Alzheimer's: a multi-modality brain imaging study[END_REF][START_REF] Neth | Relationship between risk factors and brain reserve in late middle age: implications for cognitive aging[END_REF][START_REF] Okonkwo | [END_REF] in regions known to be hypometabolic in AD (i.e., hippocampus, inferior temporal cortex, angular gyrus and posterior cingulate cortex) [START_REF] Dougherty | Moderate physical activity is associated with cerebral glucose metabolism in adults at risk for Alzheimer's disease[END_REF], along with reduced amyloid deposition (B. M. Brown et al., 2017;B. M. Brown, Peiffer, Taddei, et al., 2013;[START_REF] Norton | Potential for primary prevention of Alzheimer's disease: An analysis of population-based data[END_REF][START_REF] Okonkwo | [END_REF]. To the best of our knowledge, only one study assessed the association between physical activity and tau-PET and found that higher physical activity was associated with lower neocortical tau burden, in particular in the temporoparietal and prefrontal cortices (B. Brown et al., 2018), aligning with prior evidence based on CSF measures of tau burden (Baker et al., 2012;Law et al., 2018).

Beyond the most commonly assessed cerebral markers of AD (i.e. grey matter volume, glucose metabolism, amyloid and tau pathologies), cross-sectional studies have shown associations between higher levels of physical activity or fitness and greater microstructural integrity, as measured using diffusion tensor imaging, in several white matter tracts (see [START_REF] Sexton | A systematic review of MRI studies examining the relationship between physical fitness and activity and the white matter of the ageing brain[END_REF] for review), as well as reduced white matter hyperintensities ( [START_REF] Boots | Cardiorespiratory fitness is associated with brain structure, cognition, and mood in a middle-aged cohort at risk for Alzheimer's disease[END_REF]Raichlen et al., 2019); see [START_REF] Sexton | A systematic review of MRI studies examining the relationship between physical fitness and activity and the white matter of the ageing brain[END_REF] for review).

While previous studies showed positive associations between physical activity and brain integrity, contrasting results have also been observed for the association between physical activity and hippocampal volume, brain glucose metabolism (Vemuri et al., 2012), amyloid, and tau burden (see (B. M. Brown et al., 2019) for review). Notably, several studies did not find direct cross-sectional links between physical activity and PET-measured amyloid load (B. M. Brown et al., 2019). Moreover, contradictory results have been reported for white matter hyperintensities and microstructural integrity (i.e., negative findings or significant but small effect sizes) (see [START_REF] Sexton | A systematic review of MRI studies examining the relationship between physical fitness and activity and the white matter of the ageing brain[END_REF] for review).

Contrasting findings could possibly be explained by the fact that the studies differ in the methodology used, including differences in instruments (questionnaires, fitness test, accelerometry, exercise interventions), time intervals (physical activity in the past 12 months or in the past 7 days), and mean age of participants (older or middle-aged). Further research is needed to better understand which physical activity type, frequency, intensity, and duration, has the greatest beneficial effect on brain health [START_REF] Domingos | Effects of physical activity on brain function and structure in older adults: a systematic review[END_REF].

Interestingly, some studies found that physical activity was differently associated with brain integrity depending on AD genetic risk, and more specifically according to the APOE4 status (see section 2.2.2.1.b for details). Indeed, physical activity was more strongly related to increased hippocampal volume [START_REF] Smith | Physical activity reduces hippocampal atrophy in elders at genetic risk for Alzheimer's disease[END_REF] and reduced amyloid deposition (see (B.

M. [START_REF] Brown | Multiple effects of physical activity on molecular and cognitive signs of brain aging: Can exercise slow neurodegeneration and delay Alzheimer's disease?[END_REF] for review) in carriers of the APOE4 genotype compared to non-carriers. These results suggest a differential effect of physical activity on hippocampal volume and amyloid pathology depending on the APOE4 status, and more particularly a potential beneficial effect of physical activity especially in individuals at genetic risk for AD.

However, contrasting findings exist [START_REF] Jeon | Midlife Lifestyle Activities Moderate APOE ε4 Effect on in vivo Alzheimer's Disease Pathologies[END_REF][START_REF] Tan | Physical Activity, Brain Volume, and Dementia Risk: The Framingham Study[END_REF].

Overall, despite the heterogeneous results, existing literature supports a beneficial effect of physical activity on brain and cognitive markers of aging and AD.

Mechanisms underlying the association between physical activity and brain health

Several mechanisms by which physical activity could improve brain health and cognition have been investigated.

Proposed mediators of the beneficial effect of physical activity on cognitive function, and more particularly on memory abilities (Flöel et al., 2010), and brain integrity are neurotrophic factors. Animal studies suggest that exercise induces the expression of neurotropic factors (Berchtold et al., 2001;Vaynman & Gomez-Pinilla, 2005), including brain-derived neurotropic factor (BDNF), insulin-like growth factor (IGF-1) and nerve growth factor (NGF), which in turn promote cell survival, neurogenesis, angiogenesis, synaptic plasticity, and the expression of enzymes implicated in glucose use and metabolism ((McAllister et al., 1999;Schinder & Poo, 2000); see [START_REF] Cotman | Exercise builds brain health: key roles of growth factor cascades and inflammation[END_REF]Erickson et al., 2022) for review).

The physical activity-induced benefits on brain integrity (and cognitive function) may also act through the positive impact of physical activity on cardiovascular health. Indeed, physical activity has been proven to reduce markers of cardiovascular disease risk such as high blood pressure, glucose and insulin dysregulation, obesity and hyperlipidemia (Erickson et al., 2022). Interestingly, these factors are known to increase dementia risk and negatively affect the brain [START_REF] Cox | Associations between vascular risk factors and brain MRI indices in UK Biobank[END_REF]Erickson et al., 2022) and could therefore mediate the beneficial effect of physical activity on these outcomes. Further, by reducing cardiovascular risk factors, physical activity would lower pro-inflammatory conditions, which in turn improves growth factor signaling [START_REF] Cotman | Exercise builds brain health: key roles of growth factor cascades and inflammation[END_REF] and mitigates their negative effects on brain health [START_REF] Corlier | Systemic inflammation as a predictor of brain aging: contributions of physical activity, metabolic risk, and genetic risk[END_REF].

While cardiovascular risk increases the risk for brain alterations and cognitive decline, physical activity promotes brain health probably by reversing the same putative mechanisms, including increasing insulin signaling and production of neurotrophic factors, or decreasing neuropathology and inflammation (Figure 16).

However, previous studies combining several neuroimaging modalities in the same sample to explore the role of cardiovascular risk factors in the association between physical activity and brain biomarkers are scarce and further investigation is needed to better understand these links. 

Cognitive activity

Educational level can be used as a measure of early-life cognitive engagement. It has been largely studied and has been linked with a significant reduction of dementia risk [START_REF] Satizabal | Incidence of Dementia over Three Decades in the Framingham Heart Study[END_REF], and with greater brain structural and functional integrity in cognitively unimpaired older adults (E.M. Arenaza-Urquijo et al., 2013;[START_REF] Chen | Molecular Connection Between Diabetes and Dementia[END_REF]Foubert-Samier et al., 2012;Walhovd et al., 2022). Educational attainment has been longtime used as main proxy of reserve. However, it mainly captures early-life experiences, and growing studies suggest that engagement in cognitive activities throughout the lifespan, including in mid-life and latelife, could better capture the richness of life experiences.

Higher midlife [START_REF] Carlson | Midlife activity predicts risk of dementia in older male twin pairs[END_REF]) and late-life (i.e., current) cognitive activity has been associated with lower risk of AD and an older age at AD diagnosis (Wilson et al., 2002). More specifically, it has been suggested that a cognitively active lifestyle, even in late-life, may delay dementia diagnosis by up to 5 years (Wilson et al., 2021). More particularly, participation in mentally stimulating activities may reduce cognitive decline and lower the incidence of MCI and conversion from MCI to dementia [START_REF] Ou | Fasting blood glucose and cerebrospinal fluid Alzheimer's biomarkers in non-diabetic cognitively normal elders: the CABLE study[END_REF]. Engaging in such activities has been associated with better cognitive functions, including global cognition [START_REF] Arfanakis | et qui suivent un régime davantage méditerranéen[END_REF]Ourry et al., 2021;Vemuri et al., 2012;Wilson et al., 2012), perceptual speed, as well as episodic, semantic and working memory (Wilson et al., 2012).

Interestingly, cognitive training interventions involving computerized cognitive exercises

improved cognitive performance in cognitively unimpaired older adults, including increased executive functions (Lampit et al., 2014;[START_REF] Pellegrini-Laplagne | Acute Effect of a Simultaneous Exercise and Cognitive Task on Executive Functions and Prefrontal Cortex Oxygenation in Healthy Older Adults[END_REF]Rebok et al., 2014).

Link with brain integrity in cognitively unimpaired older adults

Studies shown that engagement in leisure cognitive activities is linked with increased brain integrity in cognitively unimpaired older adults, including greater gray matter volume (see (Anatürk et al., 2018) for review) in extended brain areas, notably the hippocampus, a region particularly sensitive to AD (E.M. Arenaza-Urquijo et al., 2017;Valenzuela et al., 2008). More time spent in current cognitively stimulating activities was associated with greater cortical and subcortical volumes in AD-related regions, including the hippocampus, the posterior and anterior cingulate cortices, the middle frontal gyrus [START_REF] Boots | Cardiorespiratory fitness is associated with brain structure, cognition, and mood in a middle-aged cohort at risk for Alzheimer's disease[END_REF], as well as in frontal, parietal, temporal, and occipital lobes, thalamus, caudate, and amygdala (Seider et al., 2016a).

Higher current cognitive activity has also been related to higher brain glucose metabolism in the anterior cingulate and frontal cortices in cognitively healthy elderly [START_REF] Lyons | The Relationship of Current Cognitive Activity to Brain Amyloid Burden and Glucose Metabolism[END_REF].

Moreover, engagement in current [START_REF] Lyons | The Relationship of Current Cognitive Activity to Brain Amyloid Burden and Glucose Metabolism[END_REF] and lifetime [START_REF] Wirth | [END_REF] cognitively stimulating activities was associated with lower amyloid load in cognitively unimpaired older adults. More specifically, older adults with higher lifetime cognitive activity (especially in early-and mid-life) had levels of amyloid burden comparable to young controls, while those with lower participation in cognitive activity had levels of amyloid load similar to AD patients (Landau et al., 2012).

More frequent participation in cognitive activity in late-life was also associated with higher fractional anisotropy in the left fornix, left inferior and superior longitudinal fasciculi, and corpus callosum [START_REF] Arfanakis | et qui suivent un régime davantage méditerranéen[END_REF].

However, negative finding have also been reported, as late-life cognitive activity was not associated with white matter integrity (Gow et al., 2012), and greater lifetime mental activities were not associated with volume of the hippocampus (Ourry et al., 2021;Treyer et al., 2021) and the anterior cingulate cortex (Ourry et al., 2021), or amyloid load (Treyer et al., 2021) in cognitively unimpaired older adults.

Interestingly, the effect of cognitive activity on amyloid load was mainly driven by carriers of the APOE4 genotype in one study [START_REF] Wirth | [END_REF]. Notably, with higher cognitive activity over the life course, APOE4 carriers had reduced amyloid deposition compared to non-carriers [START_REF] Wirth | [END_REF], suggesting that a cognitively active lifestyle could mitigate the deleterious effects of APOE4 on amyloid pathology.

Mechanisms underlying the association between cognitive activity and brain health

The role of cognitive and complex mental activities on brain and cognitive health could be explained by different potential neurobiological mechanisms (see (Valenzuela et al., 2007) for review). At the molecular level, cognitive activity could induce expression of neurotrophic factors, including the BDNF. Animal studies investigating enriched environment (i.e., with increased cognitive stimulation) suggest that the cognitive activity-induced release of BNDF could be implicated in the reduction or even inversion of neurodegeneration, supporting the hypothesis of a neuroprotective role of higher engagement in cognitively stimulating activities. These trophic effects on neurons are accompanied by other cellular changes, including neurogenesis, synaptogenesis, angiogenesis, and dendritic arborization. Finally, at the cortical level, compensatory mechanisms could also be involved. Higher cognitive activity may promote effectiveness (to meet task requirements), metabolic efficiency (Haier et al., 1988(Haier et al., , 1992)), and functional adaptation (Moore et al., 2006;Olesen et al., 2004) of cortical networks. These cortical processes would enhance the capacity to use or more efficiently recruit the brain networks required for the cognitive process, resulting in greater flexibility of the cognitive strategies necessary to the task [START_REF] Brickman | Aging and memory in humans[END_REF](Stern, , 2012b)).

Therefore, distinct and complementary potential mechanisms (i.e., neuroprotection and compensation) have been observed that could explain how cognitive and complex mental activities increase brain and cognitive reserve.

An interesting line of research would be the identification of the reserve mechanisms related to cognitive activity in individuals at risk for AD, such as carriers of the APOE4 genotype.

Cognitive activity could interact with the APOE4 genotype to alter the AD pathological phenotype. However, how APOE4 modulates the association between cognitive activity and brain and cognitive markers of AD concurrently, has not been studied.

Diet

The preventive role of a healthy diet has been extensively observed. A healthy dietary pattern is associated with reduced dementia risk ((Samieri et al., 2020); see (Y. H. Liu et al., 2020) for review)), and this seems particularly true for the Mediterranean diet (Scarmeas et al., 2006). This diet emphasizes the consumption of olive oil, fruits, vegetables, whole grains, legumes, unsaturated fatty acids (nuts and fish), and limits processed food, added sugar, saturated fat and red meat. Higher adherence to the Mediterranean diet is associated with less cognitive decline and lower AD rates [START_REF] Anastasiou | Mediterranean diet and cognitive health: Initial results from the Hellenic Longitudinal Investigation of Ageing and Diet[END_REF]Cao et al., 2016;Hoscheidt et al., 2022;Martínez-Lapiscina et al., 2013;M. C. Morris et al., 2015;Scarmeas et al., 2006;Trichopoulou et al., 2015;van de Rest et al., 2015). Compared to the other diets, the Mediterranean diet involves an elevated use of olive oil and nuts that have proven beneficial effects on cognitive function (see (Millman et al., 2021;Theodore et al., 2021) for review).

In a sample of older overweight or obese Spanish adults at high cardiovascular disease risk, However, some studies investigating the DASH diet (Nishi et al., 2021) and self-reported omega-3 fatty acid Docosahexaenoic acid (DHA) intake, found no association with cognitive performance (Sala-Vila et al., 2021). Discrepancies between findings may be related to differences in cognitive tests used, as well as in types and amount of dietary components consumed and their synergic effects (Nishi et al., 2021).

higher
Interestingly, carriers of the APOE4 genotype with higher adherence to the Australian-style

Mediterranean diet demonstrated increased executive function as compared to non-carriers after 26 months [START_REF] Gardener | Dietary patterns and cognitive decline in an Australian study of ageing[END_REF], suggesting that the effect of the Mediterranean diet might be greater for individuals at genetic risk for AD. Nevertheless, more favorable effects for APOE4 non-carriers compared to carriers have also been reported [START_REF] Martínez-Lapiscina | Genotype patterns at CLU, CR1, PICALM and APOE, cognition and Mediterranean diet: The PREDIMED-NAVARRA trial[END_REF].

Link with brain integrity in cognitively unimpaired older adults

Higher adherence to the Mediterranean diet was associated with greater gray matter volume (Karstens et al., 2019;[START_REF] Norton | Potential for primary prevention of Alzheimer's disease: An analysis of population-based data[END_REF] and cortical thickness in AD-vulnerable brain regions including the entorhinal, orbitofrontal and posterior cingulate cortices [START_REF] Mosconi | Mediterranean Diet and Magnetic Resonance Imaging-Assessed Brain Atrophy in Cognitively Normal Individuals at Risk for Alzheimer's Disease[END_REF], but see Karsten and collaborators (2019) for negative findings on cortical thickness in AD-signature regions. The Mediterranean diet has been found to correlate with increased cerebral glucose metabolism [START_REF] Berti | Mediterranean diet and 3-year Alzheimer brain biomarker changes in middle-aged adults[END_REF][START_REF] Norton | Potential for primary prevention of Alzheimer's disease: An analysis of population-based data[END_REF] and perfusion (Hoscheidt et al., 2022), as well as lower amyloid accumulation [START_REF] Berti | Mediterranean diet and 3-year Alzheimer brain biomarker changes in middle-aged adults[END_REF][START_REF] Norton | Potential for primary prevention of Alzheimer's disease: An analysis of population-based data[END_REF]Rainey-Smith et al., 2018).

However, inconsistencies exist. A study in middle-aged Australian women reported no association between amyloid load and adherence to the Mediterranean diet [START_REF] Hill | Adherence to the Mediterranean Diet Is not Related to Beta-Amyloid Deposition: Data from the Women's Healthy Ageing Project[END_REF].

The questionnaire used in this study (the Food Frequency Questionnaire -FFQ) did not include olive oil consumption, which is supposedly a key component having a protective effect against cognitive decline (see (Millman et al., 2021;Theodore et al., 2021) for review)

and AD physiopathology. In addition, monounsaturated fatty acids intake in the Australian Mediterranean diet derives mainly from meat. This might partially explain why this study was not able to capture the beneficial effects of the Mediterranean diet on amyloid deposition.

A longitudinal study shown that higher adherence to the Mediterranean diet was negatively associated with white matter hyperintensities load at 5-years follow-up, but only among young adults and not at older age (Song et al., 2022). Additionally, in adults aged more than 50 years, higher adherence to the Mediterranean diet was related to higher structural white matter integrity (i.e., higher fractional anisotropy and lower diffusivity), but not with gray matter volume or white matter hyperintensities after an 18-month period (Rodrigues et al., 2020). Similarly, with higher Mediterranean diet scores, older adults had preserved white matter microstructure in extensive areas 9 years later, but no association was found for gray matter volume (Pelletier et al., 2015), or between adherence to the Mediterranean diet (Karsten et al 2019) or DHA intake (Sala-Vila et al., 2021) and white matter hyperintensities load.

As previously hypothesized for cognition (previous section), these contrasting results might be due to differences in the types of food product and quantity of each food product consumed by participants, as well as their combined effects (Schulz et al., 2021). A more comprehensive evaluation of the complexity of the nutritional patterns would be necessary to better understand the beneficial effect of a healthy diet on brain health [START_REF] Yassine | APOE Alleles and Diet in Brain Aging and Alzheimer's Disease[END_REF].

Mechanisms underlying the association between diet and brain health

The role of the Mediterranean diet on cognitive and brain health could be driven by different mechanisms. The low-glycemic index and the food properties that are found in high concentration in the typical components of this diet, such as antioxidants, vitamins, unsaturated fatty acids, probiotics and plant-derived proteins, could modulate the risk of cognitive decline (Frisardi et al., 2010). More specifically, these nutrients are deemed to enhance cognition and reduce dementia risk via their beneficial influence on cardiovascular health (e.g., regulation of lipid and glucose metabolism, adiposity and hypertension). They can also act directly as neuroprotective agents via oxidative stress reduction and anti-inflammatory mechanisms (Caracciolo et al., 2014), inflammation being considered a potential mechanism of AD pathogenesis [START_REF] Corlier | Systemic inflammation as a predictor of brain aging: contributions of physical activity, metabolic risk, and genetic risk[END_REF]Weninger & Yankner, 2001).

Indeed, the Mediterranean diet contains high quantities of flavonoids (polyphenolic compounds found in several fruits, vegetables, and cereals) that are known for their important antioxidant properties (Nones et al., 2010). In addition, it has been observed that oleuropein, a polyphenol component of olive oil, which is a key element of the Mediterranean diet, has a role in the cleavage of the amyloid precursor protein and thus protects against AD pathology (Casamenti et al., 2015;Kostomoiri et al., 2013).

A healthy diet, and in particular the Mediterranean diet, could therefore exert a protective role on brain integrity via different mechanisms thanks to the effects of its different components.

Other lifestyle factors

In this thesis, we focused on the most currently investigated lifestyle factors, namely physical activity, cognitive activity and adherence to the Mediterranean diet. Other lifestyle factors, including social activity, alcohol consumption and smoking habits also contribute to dementia risk and brain aging. However, they are less studied or were mainly conducted in the context of substance abuse (e.g., alcohol use disorders). In the following sections we briefly present some evidence on these factors, and their links with risk of cognitive decline and dementia, and markers of brain integrity.

Social activity

Social relationships, engagement in social activities, and having larger social networks have been associated with better cognition (Evans et al., 2019;B. L. Perry et al., 2022) and reduced dementia risk (Saito et al., 2018;Sommerlad et al., 2019). Even at more severe levels of the disease, cognitive function remained higher for participants with more extensive social ties, possibly via the attenuation of the detrimental effects of the pathology on cognition (D. [START_REF] Arvanitakis | Diabetes is related to cerebral infarction but not to AD pathology in older persons[END_REF]. On the other hand, having poor social networks and being socially isolated is associated with increased risk of memory decline, conversion to MCI (Eymundsdottir et al., 2022), anddementia (Elovainio et al., 2022;Shen et al., 2022).

Link with brain integrity

Engaging in social activities has been associated with greater brain outcomes in cognitively unimpaired older adults (see (Anatürk et al., 2018) for review). Current social activity levels have been correlated with higher global and regional gray matter volume, including in the hippocampus (H. P. [START_REF] Arvanitakis | Diabetes is related to cerebral infarction but not to AD pathology in older persons[END_REF] and temporal and occipital regions in older adults (James et al., 2012), but no changes have been detected at a 5-year follow-up, suggesting that individuals with atrophied brains would not necessarily become less socially engaged (James et al., 2012). However, longitudinal increase in gray matter volume (Mortimer et al., 2012) and white matter integrity (Köhncke et al., 2016) have also been observed in older adults who increased their social engagement over a 40-week or 3-year period, respectively.

Still, other research shown no associations between mid-life (Foubert-Samier et al., 2012) or current engagement in social activities and global or regional gray matter volume (Foubert-Samier et al., 2012;Seider et al., 2016b), and white matter lesions (H. P. [START_REF] Arvanitakis | Diabetes is related to cerebral infarction but not to AD pathology in older persons[END_REF]Köhncke et al., 2016). Methodological differences may partially explain discrepancies between studies, including differences in design (intervention vs. observational studies), population, and sample size.

Studies with animal models exposed to enriched environments (i.e., with higher opportunity to interact with other animals) have shown that social engagement may promote neurogenesis, synaptogenesis, decreased neuronal death or shrinkage, or increased dendritic spine density (Diamond, 2001;Draganski & May, 2008;Kempermann et al., 1997Kempermann et al., , 2002;;Milgram et al., 2006;Van Praag et al., 2000). Such neuroplastic responses could influence brain structure, thus affect cognitive performance.

Alcohol consumption

Frequent and elevated alcohol consumption at middle and older ages is associated with increased risk of AD compared to not frequent alcohol drinking (Handing et al., 2014;Langballe et al., 2015;Schwarzinger et al., 2018). Among MCI subjects that progresses to AD dementia, consumers of more than 14 drinks per week experienced more severe cognitive decline compared with consumers of less than 1 drink per week (Koch et al., 2019).

However, a nonlinear association between alcohol consumption and AD risk has been also described: low-to-moderate consumption of alcohol seems to be protective against AD, as compared to higher consumption that might instead increase the risk ((Handing et al., 2014;W. Xu et al., 2017); see (Ilomaki et al., 2015) for review). In addition, while wine consumption was associated with lower risk, spirits consumption with increased risk (Handing et al., 2014;W. Xu et al., 2017). Nevertheless, it is important to point out that there is not enough evidence to support alcohol consumption and specific beverage choices as protective against dementia (see (Ilomaki et al., 2015) for review).

Link with brain integrity in cognitively unimpaired older adults

Differences in gray matter volume associated with chronic alcohol use have been considerably documented (Nutt et al., 2021). Gray matter volume loss across cortical and subcortical regions has been observed in individuals with alcohol use disorder (Chye et al., 2020;Mackey et al., 2019), including in prefrontal and cingulate cortices, insula and striatum (see (L. Li et al., 2021;Xiao et al., 2015;X. Yang et al., 2016) for review). Impacts on white matter microstructure (see (Hampton et al., 2019) for review) and cerebellum (Zahr et al., 2010) have also been evidenced in alcohol dependence. Interestingly, brain volume (Carlen et al., 1978;Durazzo et al., 2015;Ishikawa et al., 1986;Meyerhoff & Durazzo, 2020;Zou et al., 2018) but not white matter (Gazdzinski et al., 2010;Pfefferbaum et al., 2014) partially recovered with alcohol abstinence. With advancing age, alcohol dependence-related changes in age-sensitive gray matter regions (i.e., the insula) and in white matter fiber tracts, including tracts often impaired in AD (i.e., fractional anisotropy in the corpus callosum and the superior longitudinal fasciculus) worsen (Pfefferbaum et al., 2014;Thayer et al., 2016), in line with the idea of greater susceptibility to the effects of alcohol in late-life.

Smoking habits

Tobacco use increases dementia risk (Cao et al., 2016). Current elderly smokers had higher risk for incident AD and greater cognitive decline relative to never smokers or former smokers (Anstey et al., 2007;Choi et al., 2018). Individuals who never smoked or quitted cigarette consumption for a long duration had a decreased risk for AD compared to current smokers ((Choi et al., 2018); see (Zhong et al., 2015) for review)). Moreover, AD risk increases with greater exposure to environmental tobacco smoke (i.e., passive smoking) (R.

Chen, 2012).

Link with brain integrity in cognitively unimpaired older adults

Nicotine use via tobacco smoking has been linked to brain damage (Hampton et al., 2019).

As compared to never-smokers, smokers had lower gray matter density of the left prefrontal cortex (X. Zhang et al., 2011) and reduced gray matter volume in prefrontal, anterior cingulate and orbitofrontal cortices, as well as the occipital and temporal lobes, including the parahippocampal gyrus (Gallinat et al., 2006). Volumes of frontal and temporal lobes and cerebellum were inversely correlated to magnitude of lifetime tobacco use (Gallinat et al., 2006). In addition, compared with non-smokers, heavy smokers shown abnormal microstructural integrity in the anterior part of the corpus callosum (Lin et al., 2013) and in the prefrontal region (X. Zhang et al., 2011). However, contradictory findings exist that remain to be investigated. Relative to non-smoking controls, nicotine dependence and/or smoking controls were associated with greater thickness in the AD-sensitive hippocampal region, and in the thalamus and right accumbens (Chye et al., 2020), as well as with higher microstructural integrity (i.e., fractional anisotropy) of the corpus callosum which is often impaired in AD (Paul et al., 2008).

Overall, a growing number of studies highlight the relevance of lifestyle factors, especially physical activity, cognitive activity and adherence to the Mediterranean diet, in preventing cognitive decline and dementia, and promoting brain integrity. However, contradictory results also exist. The majority of the studies did not evaluate the effect of these factors on multiple markers of brain integrity in the same sample, and mostly assessed the effect of only one lifestyle variable, making it difficult to understand how lifestyle contributes to brain and cognitive health.

Interestingly, evidence shown that lifestyle could interact with the APOE4 genotype on brain and cognitive markers of ageing and AD, in the sense that a healthy and stimulating lifestyle might counteract the detrimental effects of APOE4 on brain and cognitive outcomes and thus be particularly beneficial for APOE4 carriers.

Current line of research indicates that other modifiable factors play an important role in the risk of dementia, including cardiovascular and psychoaffective factors. Despite links between these modifiable factors and lifestyle factors certainly exist, their relationship remains poorly investigated and not well understood.

In the next sections we will briefly introduce these factors (i.e., cardiovascular risk factors and meditation as a method to promote the regulation of stress and emotions), and their links with dementia risk.

b. Cardiovascular risk factors

Obesity

Obesity is associated with a higher risk of AD. Several studies found that an increase in body mass index (BMI) in mid-and late-life predicted AD (see (Kloppenborg et al., 2008;Profenno et al., 2010) for review). However, this link is controversial and not fully understood, and BMI might not be a sensitive index at older ages as it would be instead protective [START_REF] Fitzpatrick | Midlife and late-life obesity and the risk of dementia: cardiovascular health study[END_REF]. A certain number of studies observed that high weight was associated with increased survival in older adults, contradicting the general idea that consider obesity deleterious for health (Curtis et al., 2005;Freedman et al., 2006;Kalantar-Zadeh et al., 2005). This phenomenon is known as the "obesity paradox" [START_REF] Fitzpatrick | Midlife and late-life obesity and the risk of dementia: cardiovascular health study[END_REF].

However, being underweight in late-life is also associated with elevated odds ratios for AD [START_REF] Fitzpatrick | Midlife and late-life obesity and the risk of dementia: cardiovascular health study[END_REF]Hughes et al., 2009;Tolppanen et al., 2014). A decline in BMI has indeed been observed in the years preceding symptoms onset, and accelerates by the time of diagnosis [START_REF] Whitwell | 3D maps from multiple MRI illustrate changing atrophy patterns as subjects progress from MCI to AD[END_REF]Stewart et al., 2005). A faster decline in weight could therefore be a sign of preclinical dementia (Hughes et al., 2009).

Diabetes and insulin resistance

Diabetes is a major risk factor for AD. It is associated with cognitive decline, MCI and higher AD dementia incidence [START_REF] Biessels | Risk of dementia in diabetes mellitus: a systematic review[END_REF][START_REF] Biessels | Brain changes underlying cognitive dysfunction in diabetes: what can we learn from MRI?[END_REF]Cheng et al., 2012;Suzanne M De La Monte & Wands, 2008;Xue et al., 2019), and increases the likelihood of conversion from aMCI to dementia and AD (Cooper et al., 2015). Some authors suggest that the risk conferred by diabetes may be caused by diabetes-related biological mechanisms (De Felice & Ferreira, 2014;Mushtaq et al., 2014;Y. Yang & Song, 2013) such as insulin resistance.

Insulin resistance is the main characteristic of Type 2 Diabetes and a risk factor for AD [START_REF] Arnold | Brain insulin level resistance in type 2 diabetes and Alzheimer disease: concepts and conundrums[END_REF][START_REF] Crane | Glucose levels and risk of dementia[END_REF]. Hyperinsulinemia (i.e., a deregulation of insulin metabolism usually resulting from insulin resistance) is associated with cognitive impairment and increased AD risk (Luchsinger et al., 2004).

However, the mechanisms linking insulin dysfunction and AD are not fully elucidated. The action of insulin in the brain is indeed still under debate, but evidence on insulin as a key regulatory hormone in the central nervous system is exponentially growing. While glucose transport and use in neurons seems to be an insulin-independent process [START_REF] Arnold | Brain insulin level resistance in type 2 diabetes and Alzheimer disease: concepts and conundrums[END_REF]Banks et al., 2012), brain insulin would rather act by peripheral metabolism modulation (e.g., regulation of appetite and body temperature) (Kleinridders et al., 2014), but also via other non-metabolic functions, including neuroprotective, neurotrophic and neuromodulatory functions [START_REF] Arnold | Brain insulin level resistance in type 2 diabetes and Alzheimer disease: concepts and conundrums[END_REF]Banks et al., 2012).

Peripheral insulin resistance could result in a perturbation of insulin transport to the brain via the BBB (Banks et al., 2012), affecting cognitive functions and brain health [START_REF] Arnold | Brain insulin level resistance in type 2 diabetes and Alzheimer disease: concepts and conundrums[END_REF]. It has been proven that impaired insulin action in the brain compromises neuronal function and synaptogenesis. Moreover, insulin signaling has been shown to play a role in the modulation of AD pathogenesis, including the aggregation of β-amyloid fibrils and tau protein phosphorylation (S.M. De La Monte, 2012).

Abnormal brain insulin signaling have been observed in AD patients, and this led to the hypothesis that AD might be a type 3 diabetes (i.e., a form of diabetes that selectively involves the brain) [START_REF] Crane | Glucose levels and risk of dementia[END_REF][START_REF] De La Monte | Alzheimer's disease is type 3 diabetes: evidence reviewed[END_REF]Steen et al., 2005).

Hypertension

Elevated mid-and late-life blood pressure, especially systolic blood pressure, is associated with an increased risk to develop AD. In cognitively unimpaired adults aged 50-59 and 60-69 years, a hazard ratio (HR) increased by 1.20 and 1.07, respectively, per 10 mmHg increase in systolic blood pressure (Jung et al., 2021;Kivipelto et al., 2002). Persistent hypertension from mid-to late-life was also associated with an elevated risk of AD dementia (Mcgrath et al., 2017). Additionally, AD incidence was reduced after hypertensive treatments use (Larsson & Markus, 2018). Notably, both exceedingly high and low blood pressure may represent risk factors. In fact, a sharp decline in systolic blood pressure also contributes to raise the risk of AD dementia (Mcgrath et al., 2017;Walker et al., 2019).

Hypercholesterolemia

High levels of serum total cholesterol and low-density lipoprotein-cholesterol (LDL-C) in latelife predicted AD prevalence (Notkola et al., 1998;Schilling et al., 2017). This remained true after adjustment for APOE4 genotype, which has been shown to induce cholesterol dysregulation (Jeong et al., 2019;Martins et al., 2006) (see section 2.2.2.1.b). However, conflicting results have also been reported. A few studies found that total cholesterol ((G. [START_REF] Iqbal | Tau pathology in Alzheimer disease and other tauopathies[END_REF]Tan et al., 2003); see (Anstey et al., 2008) for review) and high-density lipoprotein cholesterol (HDL-C) (G. [START_REF] Iqbal | Tau pathology in Alzheimer disease and other tauopathies[END_REF] were not associated with incident AD in older individuals, or that high total cholesterol was associated with decreased risk of AD (M.

M. Mielke et al., 2005;Reitz et al., 2004). The shorter follow-up of some of these studies may be a possible explanation of their failure in finding an effect.

Higher HDL-C in mid- (Reitz et al., 2010) and late-life (Svensson et al., 2019) seems to be related to a decreased risk of AD. Mid-life elevated total cholesterol predicted more consistently AD risk as compared to late-life ( (Kivipelto et al., 2002;Solomon et al., 2009) 

c. Meditation: Mental training to promote attention and emotion regulation

Besides cardiovascular risk, psychoaffective factors such as depression have been shown to increase dementia risk, in particular in late-life (Livingston et al., 2020). However, interventional studies aiming at dementia prevention did not directly target psychoaffective factors, and mainly focused on lifestyle and cardiovascular risk factors.

Recently, studies suggest that meditation could be a promising approach to reduce psychoaffective risk factors such as anxiety, stress and depression (K. W. Chen et al., 2012;Kuyken et al., 2016;[START_REF] Saeed | Depression and anxiety disorders: benefits of exercise, yoga, and meditation[END_REF], including in older adults (Reangsing et al., 2020).

Interestingly, meditation has been also suggested to be a promising avenue to prevent dementia risk. In fact, meditation helps to develop emotion and attention regulation capacities (Lutz et al., 2021). In turn, by up-regulating positive affects and attention, meditation is thought to impact the aging process and reduce dementia risk. Mental training based on meditation is indeed receiving growing interest in research because of the potential beneficial effects of meditation practice on cognition in the aging population (Chételat et al., 2018;Lutz et al., 2021).

Meditation is a family of affective and cognitive mental training whose main purpose is to enhance human flourishing and wellbeing and emotional balance (Lutz et al., 2021).

Several styles of meditation exist, including mindfulness meditation, and loving kindness and compassion meditation. Mindfulness meditation aims at cultivating an attentive awareness of the present moment, paying a non-judgmental attention to one's internal and external experiences (thoughts, emotions, feelings, perceptions) [START_REF] Kabat-Zinn | Mindfulness-based interventions in context: Past, present, and future[END_REF][START_REF] Lutz | Attention regulation and monitoring in meditation[END_REF].

Loving kindness and compassion meditation consists in cultivating feelings of love and compassion through the acceptance of one's negative emotions (shame or self-criticism) and the appreciation of one's positive experiences (joy and satisfaction) (Lutz et al., 2021).

Recently, Lutz and collaborators (Lutz et al., 2021) Ultimately, this would gradually reduce the risk of AD (Lutz et al., 2021).

Benefits for cognitive function in aging

Meditation practice has been suggested to be associated with higher cognitive outcomes in aging (Chételat et al., 2018;Lutz et al., 2021).

So far, studies on the effects of meditation training on cognition in aging are scarce and have limitations (small sample sizes, selection bias and/or lack of adequate control groups) [START_REF] Berk | Can mindfulness-based interventions influence cognitive functioning in older adults? A review and considerations for future research[END_REF]Whitfield et al., 2022). However, findings are promising, showing a positive impact of meditation-based mental training for stress reduction and attention and emotion regulation on cognitive health.

The hypothesis that meditation training could have beneficial effects in aging by promoting mental health and well-being is currently based upon studies on young or middle-aged populations. These studies shown that mindfulness meditation practice improves cognitive abilities, notably attention and memory, reduces stress, anxiety and depressive symptoms, feeling of loneliness and social exclusion, sleep problems, as well as cardiovascular risk factors (Figure 17) (Baer, 2003;Dimidjian & Segal, 2015;Donald et al., 2019;Kim et al., 2017;[START_REF] Lutz | Investigating the phenomenological matrix of mindfulness-related practices from a neurocognitive perspective[END_REF]Whitfield et al., 2022). Even if less numerous, studies on cognitively healthy older adults (C. N. Alexander et al., 1989;[START_REF] Fountain-Zaragoza | Mindfulness training for healthy aging: Impact on attention, well-being, and inflammation[END_REF]Gard et al., 2014;[START_REF] Geiger | Mindfulness-Based Interventions for Older Adults: a Review of the Effects on Physical and Emotional Well-Being[END_REF]Marciniak et al., 2014;[START_REF] Moynihan | Mindfulness-Based Stress Reduction for Older Adults: Effects on Executive Function, Frontal Alpha Asymmetry and Immune Function[END_REF][START_REF] Van Leeuwen | Age effects on attentional blink performance in meditation[END_REF], elders at-AD risk, or AD patients [START_REF] Innes | Meditation as a therapeutic intervention for adults at risk for Alzheimer's disease -potential benefits and underlying mechanisms[END_REF]Smart et al., 2016) have also been conducted and showed a positive impact of meditation on perceived well-being, executive functions and memory. A recent meta-analysis reported an effect of meditation on cognitive functions, especially on executive functions and working memory, and mainly in cognitively healthy older adults aged over 60 (Whitfield et al., 2022).

Interestingly, some studies suggest that meditation could promote healthy behaviors, including healthier lifestyle habits. Via these beneficial effects, meditation may in turn positively influence well-being, cognition and brain health, and thus prevent age-or diseaserelated brain and cognitive decline in the aging population.

Effects of Meditation on lifestyle

Meditation practice has the potential to increase adaptive and inhibit maladaptive lifestyle behaviors [START_REF] Roychowdhury | Moving mindfully: The role of mindfulness practice in physical activity and health behaviours[END_REF]. This is of particular importance for older adults, in whom the amelioration of lifestyle habits could represent a valid strategy for the prevention of dementia. Existing studies on different populations indicated that meditation-based approaches or related programs have beneficial effects on lifestyle.

Meditation-based trainings have been shown to positively impact physical activity. Crosssectional studies showed a positive association between meditation scores and self-reported or objectively-measured physical activity in young and middle-aged healthy adults (see [START_REF] Schneider | The role of mindfulness in physical activity: a systematic review[END_REF] for review). Longitudinal studies on meditation-based interventions also found increased physical activity levels (Y. Kang et al., 2017) in a wide range of populations including healthy young to older adults (An et al., 2021;Butryn et al., 2011;[START_REF] Moffitt | The efficacy of a self-managed Acceptance and Commitment Therapy intervention DVD for physical activity initiation[END_REF][START_REF] Salmoirago-Blotcher | Mindfulness-Based Stress Reduction and Change in Health-Related Behaviors[END_REF][START_REF] Tapper | Exploratory randomised controlled trial of a mindfulness-based weight loss intervention for women[END_REF], or in cardiac [START_REF] Goodwin | A pilot study examining the initial effectiveness of a brief acceptance-based behavior therapy for modifying diet and physical activity among cardiac patients[END_REF] and heart disease patients [START_REF] Younge | Web-based mindfulness intervention in heart disease: A randomized controlled trial[END_REF]. However, contradictory results have also been reported (see [START_REF] Schneider | The role of mindfulness in physical activity: a systematic review[END_REF] for review).

To the best of our knowledge, no intervention investigated the effect of meditation training on engagement in cognitive activities. A pilot study from our laboratory found that a group of 6 elderly expert meditators (with more than 10.000 hours of practice experience) had greater leisure cognitive activities score as compared to 67 elderly controls (Chételat et al., 2017), suggesting that meditation practice may promote the engagement in this type of activities.

Results from meditation or related intervention studies suggest also an improvement of diet quality in young [START_REF] Soriano-Ayala | Promoting a healthy lifestyle through mindfulness in university students: A randomized controlled trial[END_REF] and middle-aged adults (An et al., 2021;Donofry et al., 2020;[START_REF] Salmoirago-Blotcher | Mindfulness-Based Stress Reduction and Change in Health-Related Behaviors[END_REF][START_REF] Sant'anna | Mindfulness-based program to support lifestyle modification and weight loss in infertile women: randomized controlled trial[END_REF], or in cardiac patients [START_REF] Goodwin | A pilot study examining the initial effectiveness of a brief acceptance-based behavior therapy for modifying diet and physical activity among cardiac patients[END_REF], toward healthier eating habits. Maladaptive or problematic eating behavior were shown to reduce in women with disordered eating behaviors [START_REF] Alberts | Dealing with problematic eating behaviour. The effects of a mindfulness-based intervention on eating behaviour, food cravings, dichotomous thinking and body image concern[END_REF] and in overweight and obese adults [START_REF] Spadaro | Effect of mindfulness meditation on short-term weight loss and eating behaviors in overweight and obese adults: A randomized controlled trial[END_REF] after 8 weeks of meditation training.

Moreover, positive effects of meditation have been observed for alcohol consumption, but mostly on young drinker or heavy social drinker adults (T. J. Murphy et al., 1986;[START_REF] Soriano-Ayala | Promoting a healthy lifestyle through mindfulness in university students: A randomized controlled trial[END_REF]. Meditation-based programs also improved smoking cessation rates (see (Levine et al., 2018) for review), reduced smoking, increased smoking abstinence rates (Davis et al., 2007;[START_REF] Soriano-Ayala | Promoting a healthy lifestyle through mindfulness in university students: A randomized controlled trial[END_REF]Tang et al., 2013), and improved rate of reduction in cigarette use in nicotine-dependent adults (Brewer et al., 2011).

Meditation seems therefore able to foster healthier lifestyle behaviors. These results are very encouraging, especially in light of the potential of these factors on dementia prevention (Livingston et al., 2020).

However, studies are not numerous and rarely addressed the effect of meditation on lifestyle factors in older adults without clinical conditions. Interventions vary between studies in training duration (mostly ~8-weeks), session length, sample size, follow-up, and often present risk of bias. Moreover, studies are not homogeneous in the approach used, which can present differences as to how mindfulness is conceptualized and practiced [START_REF] Chiesa | Mindfulness-based approaches: Are they all the same[END_REF][START_REF] Crane | What defines mindfulness-based programs? The warp and the weft[END_REF], as well as in content and aims, making direct comparisons between studies difficult. Data from randomized clinical trials with long interventions and large samples in older adults are lacking.

There is therefore a need to explore this issue in order to better understand the links between lifestyle and meditation and whether meditation-related improvement in lifestyle could influence cognitive and brain integrity in the elderly.

Despite the encouraging findings of research on meditation in the context of aging, further larger and rigorous randomized controlled trials are needed to confirm the efficacy of meditation in the elderly. The Age-Well clinical trial of the European research project Medit-Ageing has been designed to address this challenge by studying the effects of meditation practice on mental health and well-being in the aging population.

The recently published primary outcome paper of this project (Chételat et al., 2022) highlighted no difference between meditation practice and control groups (non-native language [i.e. English training] or no intervention) for changes in gray matter volume and brain perfusion of the anterior cingulate cortex and the insula in 137 cognitively unimpaired older adults. However, compared to non-native language training, 18 months of meditation training resulted in favorable changes in self-reported attention regulation and socioemotional capacities (Chételat et al., 2022). Further details on the intervention protocol are provided in the Experimental section (section 3).

EXPERIMENTAL DESIGN AND RESEARCH STUDIES

Research questions and objectives of the thesis

Lifestyle factors have been associated with reduced AD dementia risk and greater brain and cognitive integrity in older adults. Several neuroimaging studies have investigated the associations between lifestyle and brain measures. However, few studies examined the other risk and protective factors that could be linked to/or influence lifestyle variables, including cardiovascular risk factors, the APOE4 genotype and meditation.

Reviewed evidence suggests that cardiovascular risk factors strongly contribute to increase risk for AD dementia, and their reduction could mediate the impact of a healthy lifestyle on brain health. Moreover, the APOE4 genotype could interact with lifestyle factors to modulate their association with brain and cognitive markers of ageing and AD, such that a healthy lifestyle would mitigate the negative effect of APOE4 on brain and cognitive health. Finally, meditation practice could promote such healthy lifestyle behaviors, and represent a valid strategy against cognitive decline and dementia risk in the aging population. However, these previous works mainly focused on single lifestyle factors and rarely assessed multiple markers of brain integrity and cognition concurrently.

Therefore, the objective of this thesis was to better understand the role of lifestyle factors on brain integrity and cognition in healthy older adults. With this purpose, we investigated the links between lifestyle factors and other risk or protective factors (i.e., cardiovascular risk factors, AD genetic predisposition, meditation training) to better understand how they could mediate, modulate or influence the association between lifestyle and brain and/or cognitive markers of aging and AD.

Across three original studies we aimed:

-To assess the mediating role of cardiovascular risk factors in the association between physical activity and multimodal neuroimaging markers of brain integrity (i.e., gray matter volume, cerebral glucose metabolism, amyloid burden, white matter hyperintensities load, and white matter microstructure) in cognitively unimpaired older adults.

-To evaluate the modulating role of APOE4 status on the association between lifestyle factors (i.e., cognitive activity, physical activity, adherence to the Mediterranean diet)

and both neuroimaging (i.e., grey matter volume, glucose metabolism and perfusion of the Medial temporal lobe and amyloid load) and cognitive (i.e., global cognition, episodic memory, executive functions and attention) markers of aging and AD, and better understand the potential reserve mechanisms underlying these effect.

-To explore whether an 18-month meditation intervention can impact lifestyle behaviours (i.e., cognitive activity, physical activity, adherence to the Mediterranean diet) as compared to non-native language training or no intervention, and whether this effect is associated with improved cognitive outcomes in cognitively unimpaired older adults.

Context of the thesis

The current work has been realized in the context of the Age-Well protocol, coordinated by Dr Gaël Chételat and realized at the Cyceron Centre in Caen.

The Age-Well protocol

The three original studies of this thesis are based on data collected within the Age-Well study, as part of the Medit-Ageing European project (public name: Silver Santé Study;

Figure 18). This project also involves the "SCD-Well" study and a study on long-term expert meditators included in the "Age-Well" study that will not be covered in the context of this work. The scientific coordinator of the Age-Well is Dr Gaël Chételat, the physician principal investigator is Dr Vincent de la Sayette, and the sponsor is the Inserm.

Age-Well is a randomized clinical trial aiming at evaluating the effects of an 18-month meditation or non-native language (English) training interventions on behavioral, biological and neuroimaging measures in cognitively unimpaired participants aged 65 years and older ((details of the protocol are provided in the Annex 1; (Poisnel et al., 2018)). The general design is depicted in Figure 18 (right panel). During my PhD, I assisted participants for the organization of, and during, their examinations, and actively participated to data collection, as well as the administration and scoring of behavioral questionnaires, including lifestyle questionnaires of which I was specifically in charge.

Study 1: Association of physical activity with brain structure and function: Investigating the role of cardiovascular risk factors

Physical inactivity, particularly in later ages, is a major modifiable risk factor for AD (D. E. Barnes & Yaffe, 2011;Livingston et al., 2020). Greater involvement in physical activities has been related to reduced dementia risk and greater brain integrity (B. M. [START_REF] Brown | Multiple effects of physical activity on molecular and cognitive signs of brain aging: Can exercise slow neurodegeneration and delay Alzheimer's disease?[END_REF]B. M. Brown, Peiffer, Taddei, et al., 2013;F.-T. Chen et al., 2020;[START_REF] Domingos | Effects of physical activity on brain function and structure in older adults: a systematic review[END_REF][START_REF] Erickson | Physical activity and brain plasticity in late adulthood[END_REF]Erickson et al., , 2019;;[START_REF] Norton | Potential for primary prevention of Alzheimer's disease: An analysis of population-based data[END_REF][START_REF] Neth | Relationship between risk factors and brain reserve in late middle age: implications for cognitive aging[END_REF][START_REF] Okonkwo | [END_REF][START_REF] Sexton | A systematic review of MRI studies examining the relationship between physical fitness and activity and the white matter of the ageing brain[END_REF]. While evidence for this link is relatively robust, the mechanisms by which physical activity benefits brain health remain poorly understood. Some studies proposed an indirect beneficial effect of physical activity, via the reduction in cardiovascular risk factors (J. N. [START_REF] Barnes | Exercise improves vascular function, but does this translate to the brain?[END_REF][START_REF] Walhovd | Blood markers of fatty acids and vitamin D, cardiovascular measures, body mass index, and physical activity relate to longitudinal cortical thinning in normal aging[END_REF].

Nevertheless, only a few studies examined the role of cardiovascular risk factors on the association between physical activity and brain integrity, and most of them focused on only one marker of brain integrity, providing a fragmented picture of the issue (Castro et al., 2016;[START_REF] Hamer | Association of objectively measured physical activity with brain structure: UK Biobank study[END_REF]. In that context, the first study of this thesis aimed at assessing whether the association between physical activity and complementary measures of brain integrity (i.e., gray matter volume, brain glucose metabolism, amyloid burden, white matter hyperintensities volume, and white matter microstructure [mean kurtosis]), is mediated by cardiovascular risk factors in cognitively unimpaired older adults.

In this study we included 134 cognitively unimpaired older adults from the Age-Well trial, who underwent a physical activity questionnaire, cardiovascular risk factors collection (systolic blood pressure, BMI, current smoker status, HDL-cholesterol, total cholesterol, and insulin), and multimodal neuroimaging (structural and diffusion MRI, FDG-and Florbetapir-PET) at baseline. We performed multiple linear regressions to assess the association between physical activity, neuroimaging measures and cardiovascular risk factors. We then carried out mediation analyses to evaluate whether the associations between physical activity and neuroimaging were mediated by cardiovascular risk factors.

Results show that higher levels of physical activity were associated with higher gray matter volume and brain glucose metabolism but not with the other neuroimaging measures.

Moreover, higher physical activity was associated with lower insulin levels and BMI, but not with the other cardiovascular risk factors. In addition, lower insulin levels and lower BMI were associated with higher gray matter volume, but not with brain glucose metabolism. After controlling for insulin and BMI, the association between physical activity and brain glucose metabolism remained significant, while the association with gray matter volume became not significant. A mediation analysis further confirmed that insulin and BMI were mediators of the association between physical activity and gray matter volume. These analyses have been replicated within AD-vulnerable regions (gray matter volume in the hippocampus, brain glucose metabolism in temporo-parietal regions and the precuneus, and fractional anisotropy in the cingulum) and results remained similar.

These findings suggest that the association between physical activity and brain glucose metabolism could be direct and independent from changes in cardiovascular risk factors (or mediated by other -non-cardiovascular -mechanisms). Conversely, the association with gray matter volume was mediated by a reduction in cardiovascular risk factors, notably insulin and BMI. The practice of physical activity could therefore be beneficial for older adults' cardiovascular health, thanks to the preservation of a lower BMI and lower insulin levels, which could in turn foster structural brain integrity. This study allowed to better elucidate the direct and indirect mechanisms by which physical activity affect brain health.

This study has been presented with several oral communications during consortium meetings and international conferences, including at the annual Medit-Ageing Consortium

Methods

At baseline, participants from the Age-Well study completed a physical activity questionnaire and underwent cardiovascular risk factors collection (systolic blood pressure, body mass index [BMI], current smoker status, and high-density lipoprotein cholesterol, total cholesterol, and insulin levels) and multimodal neuroimaging (structural MRI, diffusion MRI, FDG-PET, and florbetapir PET). Multiple regressions were conducted to assess the association among physical activity, cardiovascular risk factors, and neuroimaging. Mediation analyses were performed to test whether cardiovascular risk factors mediated the associations between physical activity and neuroimaging.

Results

A total of 134 cognitively unimpaired older adults (≥65 years) were included. Higher physical activity was associated with higher gray matter (GM) volume (β =0.174,p =0.030)andcerebral glucose metabolism (β =0 . 2 4 7 ,p = 0.019) but not with amyloid deposition or white matter integrity. Higher physical activity was associated with lower insulin level and BMI but not with the other cardiovascular risk factors. Lower insulin level and BMI were related to higher GM volume but not to cerebral glucose metabolism. When controlling for insulin level and BMI, the association between physical activity and cerebral glucose metabolism remained unchanged, while the association with GM volume was lost. When insulinlevelandBMIwereenteredinthesamemodel, only BMI remained a significant predictor of GM volume. Mediation analyses confirmed that insulin level and BMI mediated the association between physical activity and GM volume. Analyses were replicated within Alzheimer disease-sensitive regions and results remained overall similar.

Discussion

The association between physical activity and GM volume is mediated by changes in insulin level and BMI. In contrast, the association with cerebral glucose metabolism seems to be independent from cardiovascular risk factors. Older adults engaging in physical activity experience cardiovascular benefits through the maintenance of a lower BMI and insulin level, resulting in greater structural brain integrity. This study has implications for understanding how physical activity affects brain health and may help in developing strategies to prevent or delay age-related decline.

Trial Registration Information

EudraCT: 2016-002,441-36; IDRCB: 2016-A01767-44; ClinicalTrials.gov Identifier: NCT02977819.

Physical activity is important inpreventingpathologicaging and dementia, including Alzheimer disease (AD). 1 Growing evidence indicates that older adults engaging in a higher amount of physical activity have greater brain integrity, 2,3 including increased gray matter (GM) volume, 4 cerebral glucose metabolism, 5-7 and white matter (WM) microstructural integrity, 8 along with reduced amyloid burden 6,7,9 and WM hyperintensities (WMH). 8 However, the relationship between physical activity and brain structure and function is still not fully understood as some inconsistencies remain 10 and the mechanisms by which physical activity exerts its benefits on brain health remain to be determined.

Animal studies suggest that physical activity promotes neurogenesis, cell survival, expression of neurotrophic factors, and synaptic plasticity, 3 while human studies also propose indirect effects of physical activity via a reduction in cardiovascular risk factors. 11,12 Physical activity has been proven to efficiently reduce cardiovascular risk factors, 13,14 which are known to increase dementia risk and negatively affect brain structure and function. 15 Nevertheless, the role of cardiovascular risk factors on the association between physical activity and brain integrity remains unknown. Most of the studies only controlled for cardiovascular risk factors and found no changes after such correction, 16 but contradictory findings have also been reported. 17 The scarcity of studies combining several neuroimaging modalities in the same sample and exploring the role of cardiovascular risk factors in the association between physical activity and neuroimaging biomarkers makes it difficult to understand how physical activity contributes to brain health. We investigated whether the association between physical activity and multimodal neuroimaging, including GM volume, cerebral glucose metabolism, amyloid burden, WMH load, and WM microstructure, is mediated by cardiovascular risk factors.

Methods

Participants

Participants from the baseline visit of the Age-Well randomized clinical trial (Medit-Ageing European Project) 18 were included (Figure 1). Individuals were recruited from the general population from November 2016 until March 2018. They were all native French speakers, retired for at least 1 year, had at least 7 years of education, and performed within the normal range on standardized cognitive tests. The main exclusion criteria were antecedent of major neurologic or psychiatric disorders (including alcohol or drug abuse), presence of a chronic disease or acute unstable illness (including cardiovascular and metabolic), and current or recent treatments that may interfere with cognitive functioning. All participants included underwent structural MRI, 18 Fflorbetapir-PET, and 18 F-fluorodeoxyglucose (FDG)-PET scans, along with a physical activity questionnaire, blood sampling, and a clinical examination including information on cardiovascular risk factors, within a 3-month period. High-resolution T1-weighted structural images using a 3D Image Processing T1-weighted MRIs were segmented using FLAIR images and normalized to the Montreal Neurologic Institute (MNI) space. GM normalized segments were modulated to correct for nonlinear warping effects using the Statistical Parametric Mapping (SPM12) software multiple channels segmentation procedure (fil.ion.ucl.ac.uk/spm/software/spm12).

Raw FLAIR images were coregistered onto their corresponding native space T1-weighted MRI and WMH were segmented by the lesion prediction algorithm (LPA) 19 implemented in the Lesion Segmentation Toolbox version 2.0.15 (statistical-modelling.de/lst.html) for SPM12. A minimum extend threshold of 0.01 cm³ was set. Lesion probability maps were binarized by applying a threshold of 0.5 and lesion masks were thus generated. Lesion masks were then visually inspected and corrected for false-positives in corticospinal tracts if necessary, using a specific corticospinal tract mask for each participant. 20 DKI images were corrected for susceptibility artifacts, eddy current distortions, and subject motion using Functional Magnetic Resonance Imaging of the Brain diffusion toolbox (FSL 5.0.9). DKI data were then processed using MATLAB R2012b (MathWorks) and diffusional kurtosis estimator software (DKE, version 2.6) to estimate the diffusional kurtosis tensor. 21 Images were smoothed with a 3.375 × 3.375 × 3.375 mm full-width at half-maximum Gaussian filter. Mean kurtosis (MK) and fractional anisotropy (FA) maps, reflecting WM microstructural integrity, 22 were then extracted from the DKE. These maps were coregistered to the T1-weighted MRI and normalized to the MNI template by applying the deformation parameters from the corresponding T1-weighted MRI.

PET data were coregistered onto their corresponding MRI, corrected for partial volume effects (PVE) using the Muller-Gartner method, and normalized using the deformation parameters defined from the T1-weighted procedure. Resulting images were quantitatively normalized using the cerebellar GM as the reference region.

Averaged global neuroimaging values were obtained by applying a binary mask of GM for preprocessed T1-weighted and PET images and a binary mask of WM for preprocessed DKI images. The cerebellum was excluded from both masks, and only voxels with a probability >60% of being GM and WM were included, to exclude non-GM or WM voxel and reduce the probability of overlap with other tissue classes.

For FLAIR data, the total volume of WMH was extracted, as fully described elsewhere. 20 To investigate how the results could apply to AD, neuroimaging values were also extracted in AD-sensitive regions.

More specifically, we extracted GM volume in the hippocampus (region of interest), glucose metabolism standardized uptake value ratio in the precuneus (from the automated anatomical atlas [AAL]) and in posterior cingulate and temporoparietal regions previously determined, 23 as well as FA in the cingulum (from the JHU WM atlas).

Physical Activity

Physical activity over the past 12 months was assessed using a French version of the Modifiable Activity Questionnaire, 24 adapted to be self-administered. 25 This version of the questionnaire allows assessing the amount of physical activity, including both leisure activities and work activities. Because participants were retired, only leisure-related physical activity was considered in the current study. Participants had to report, for each activity they did at least 10 times over the past 12 months (e.g., walking, hiking, biking, gardening, jogging), how much time they spent doing that activity (i.e., how many months per year, time per month, and minutes each time). The total physical activity score corresponds to the average hours per week of leisure-time physical activity over the past 12 months. The average hours per week was calculated for each activity as ([number of months per year] × [number of times per month] × [minutes per time]/60 [min])/52 (weeks per year) and summed to obtain a total score of physical activity.

Cardiovascular Risk Factors

Cardiovascular risk factor measures included insulin level, cholesterol (total and high-density lipoprotein [HDL]), systolic blood pressure, body mass index (BMI), and smoking habits.

Fasting blood samples were obtained from all participants.

The plasma concentration of insulin level (pmol/L) was performed by chemiluminescence assay on automated analyzer COBAS 6000 (Roche Diagnostics), using ready-made commercial reagent kits (insulin level; Roche). The quantitative determination of total cholesterol (mmol/L) and HDL cholesterol (mmol/L) concentrations in serum were carried out by an enzymatic staining test in Beckman Coulter Clinical Chemistry AU analyzers. Systolic blood pressure (SBP; mm Hg) was averaged over 3 consecutive assessments at 2 different times in a seated position at rest. The BMI was objectively obtained during the medical interview and was calculated as weight in kilograms divided by height in meters squared (kg/m 2 ). Participants were questioned on their smoking habits and were classified as current smokers (yes) or not (no).

Statistical Analysis

We carried out multiple linear regressions in order to assess whether there was a specificassociationbetween(1)physical activity and each neuroimaging value separately, ( 2) physical activity and each cardiovascular risk factor separately, and ( 3) cardiovascular risk factors and neuroimaging values that were significantly associated with physical activity. Next, to better understand the specificimplicationof each cardiovascular risk factor for these effects, we replicated the same multiple regression by including cardiovascular risk factors of interest (i.e.,f o u n dt ob ea s s o c i a t e di nt h e previous analyses) in the same model. All analyses were controlled for age, sex, and education. Analyses with insulin level, total and HDL cholesterol, and SBP were further controlled for glycemic, cholesterol, and blood pressure treatments, respectively.

Models with polynomial terms of different orders for physical activity were considered in order to assess which function best described the association between physical activity and neuroimaging global values (eMaterials, links.lww.com/WNL/ B888).

Analyses were conducted using R software (R Core Team; 2019) and considered significant at a p < 0 .05.

We used causal mediation analyses to examine whether the cardiovascular risk factors mediated these associations.

We tested the mediation effect using mediation analysis and reported the average direct effects and average causal mediation effect estimated using nonparametric bootstrapping based on 5,000 bootstrap samples (p < 0 .05).

Data Availability

Data are available on request following a formal data sharing agreement and approval by the consortium and executive committee. The data sharing request form can be downloaded online. 26 

Results

Data of 134 cognitively unimpaired older adults (≥65 years) were analyzed.

Participants' characteristics are detailed in Table 1. Because physical activity, insulin level, and BMI were not normally distributed, values were log-transformed. One participant had a physical activity score of 0, which cannot be log-transformed. As a result, to be able to include this participant in the analyses, a constant of 1 was added to all physical activity scores before transformation.

Association Between Physical Activity and Global Neuroimaging Measures

Higher physical activity was correlated to higher global GM volume (Figure 2A) and cerebral glucose metabolism (Figure 2B), but not amyloid burden, WMH volume, or WM microstructural integrity (MK; Table 2).

The association between physical activity and GM volume was best described by a linear function. The association between glucose metabolism and physical activity also seemed better described by a linear association, even though some indices suggest that the quadratic model cannot be completely rejected (eTable 1, links.lww.com/ WNL/B888).

Association Between Physical Activity and Cardiovascular Risk Factors

Higher physical activity was associated with lower insulin level (Figure 2C) and BMI (Figure 2D) but not with total and HDL cholesterol, SBP, or current smoker status (Table 2).

Results remained similar when further controlling for treatments (eTable 2, links.lww.com/WNL/B888).

When insulin level and BMI were entered in the same model, they were no longer associated with physical activity, suggesting that the link of physical activity with insulin level and BMI is not independent one from another. Consistently, insulin level and BMI were highly correlated.

Association Between Cardiovascular Risk Factors and Global Neuroimaging Measures

We then examined whether the cardiovascular risk factors (insulin level, BMI) and the global neuroimaging values (GM volume and cerebral glucose metabolism) found to be associated with physical activity were correlated to each other. Lower insulin level (Figure 2E) and BMI (Figure 2F) were both correlated with higher GM volume, but neither of them was associated with cerebral glucose metabolism (Table 3).

When BMI and insulin level were included in the same model, the correlation of GM volume with insulin level was lost, while the association with BMI remained unchanged, suggesting that the association between insulin level and GM volume was driven by BMI. Results remained similar when further controlling for treatments (eTable 1, links.lww.com/WNL/B888).

Influence of Cardiovascular Risk Factors on the Association Between Physical Activity and Neuroimaging

When the association between physical activity and GM volume was controlled for insulin level and BMI separately, or simultaneously, the association was lost. On the other hand, the association with cerebral glucose metabolism remained significant when controlling for insulin level, BMI or both.

Mediation Analyses

To directly assess whether the association between physical activity and global GM volume was mediated by insulin level and BMI, we performed mediation analyses. The relationship between physical activity and GM volume was fully mediated by insulin level (Figure 3, model 1) and BMI (Figure 3, model 2). The indirect effects of insulin level and BMI separately were significant (Table 4).

AD-Sensitive Region of Interest

To further investigate whether the effect of physical activity, cardiovascular risk factors, and the mediations were present in regions specifically involved in AD, analyses were replicated on GM volume, glucose metabolism, and WM microstructural integrity in AD-sensitive regions of interest.

As depicted in Table 1, higher physical activity was correlated to higher hippocampal volume and glucose metabolism in the precuneus (eFigure 1, A and B, links.lww.com/WNL/B888), but not to global glucose metabolism, suggesting that the link found in the main analyses involves AD-sensitive regions only in part.

We then examined whether the cardiovascular risk factors (insulin level, BMI) and the neuroimaging values (hippocampal volume and glucose metabolism of the precuneus) Insulin level, pmol/L 65. 08 ± 32.35 (14-201) BMI, kg/m 2 26.20 ± 4.31 (18.10-44.18) Total cholesterol, mmol/L 6.22 ± 1.14 (3.55-9.8) found to be associated with physical activity were correlated to each other. Lower insulin level and BMI were correlated with higher hippocampal volume (Table 2 and eFigure 1, C and D, links.lww.com/WNL/B888). Of note, when adding insulin level and BMI into the model, BMI was the best predictor of hippocampal volume. On the other hand, neither insulin level nor BMI was associated with glucose metabolism of the precuneus.

When insulin level and BMI were added separately or simultaneously (Table 2) in the regression model between physical activity and hippocampal volume, the association was no longer significant (although close to the threshold of 0.05).

Mediation analyses confirmed that insulin level (Figure 2, model 1) and BMI (Figure 2, model 2) fully mediated the association between physical activity and hippocampal volume. The indirect effects of insulin level and BMI separately were significant (Table 3).

Complementary Analyses

Analyses were replicated on FDG-PET data not corrected for PVE and show similar results (eTable 3, eTable 4, and eFigure 2, links.lww.com/WNL/B888).

In addition, to further investigate whether other lifestyle factors drive the association between physical activity and brain integrity, analyses were replicated adjusting for Mediterranean diet adherence and lifetime cognitive activity. Results remained similar (eTables 5 and 6, links. lww.com/WNL/B888), suggesting that the associations previously highlighted are not driven by other lifestyle factors. 

Discussion

Our multimodal neuroimaging study provides an integrated view of the differential association between physical activity and complementary measures of brain integrity. In cognitively unimpaired older adults, we found that physical activity was directly associated with cerebral glucose metabolism, whereas the association with global GM volume was mediated by cardiovascular The finding that physical activity is associated with higher GM volume is in line with previous literature in cognitively unimpaired older adults using self-reported physical activity and related measures such as exercise and fitness. 6,27-29 Importantly, this association was mediated by the effect of insulin level and BMI. These results tie well with prior studies showing that increased physical activity in older adults was accompanied by lower insulin level 9 and BMI 30 and other evidence showing that lower insulin level and BMI 31 were linked to greater GM volume in older adults. One conceivable explanation is that physical activity leads to better cardiovascular health, which could in turn lead to a greater preservation of brain structure. 32 Obesity and insulin level dysfunction may develop with aging 33 and are risk factors for brain atrophy, cognitive impairment, and dementia, including AD. 31,34 Obesity is the most common cause of insulin resistance 33,35 and they are both sources of inflammation and oxidative stress 36 that negatively affect brain health and increase AD risk. 37 Insulin action in the brain includes neuroprotective, neurotrophic, and neuromodulatory functions and its perturbation may accelerate brain atrophy in AD. 34 Insulin resistance is the main characteristic of type 2 diabetes, a disease associated not only with aging, obesity, and physical inactivity, 38 but also with brain atrophy and increased dementia risk. 39 Recently, active lifestyle has been found to protect against the deleterious effects of diabetes on dementia over 12 years, likely through its positive effects on reduced brain volume loss. 40 Insulin level and BMI were strongly associated in our study, and when insulin level and BMI were included in the same model to predict GM volume, BMI remained the only predictor. Therefore, maintenance of lower BMI through physical activity could help prevent disturbed insulin metabolism observed in aging, thus promoting brain health.

To date, only one study specifically looked at and found insulin sensitivity to mediate the relation between physical activity and anterior cingulate cortex volume. 41 Our study extends these results to a global measure of GM volume. Only a small number of studies accounted for the effect of BMI on the association between physical activity and GM volume, 6,16,28 but they failed to find a dependent effect of BMI on this association. This contradictory finding might be due in part to shorter physical activity assessment periods (e.g., 7 days) considered in other research, 16 which may have hampered an effect on BMI and, by extension, any possible mediation on the link between physical activity and GM volume. Others included a smaller 28 or younger sample than the one included here. 6 Our findings go beyond previous reports, providing evidence of indirect, cardiovascular risk factor-dependent association between physical activity and GM volume.

As a second key finding, physical activity was associated with greater cerebral glucose metabolism in a subsample of 92 participants, in agreement with FDG-PET neuroimaging modality, 5-7 but see also reference 10. The relation between physical activity and cerebral glucose metabolism did not depend on insulin level or BMI. The benefits of physical activity on cerebral glucose metabolism may rather act through more direct neuronal effects, such as increased neurogenesis, cell survival, expression of neurotrophic factors, and synaptic plasticity. 3 The increased nutrient and energy demands of these neural processes are met with increased expression of enzymes implicated in glucose use and metabolism. 13 Alternatively, benefits of physical activity on cerebral glucose metabolism could be mediated by other factors not measured here. With regards to insulin level, the literature is controversial. Some animal studies highlighted the role of insulin in the regulation of brain glucose uptake and metabolism. 42 However, evidence in humans is contradictory, with studies reporting an association of brain glucose uptake with insulin 43 and insulin resistance, 44 whereas others found no correlation. 45 Our results align with prior observations showing that neuron glucose uptake, transport, and use can be influenced by, but would not depend on, insulin. 34 Similarly, evidence on the link between BMI and cerebral glucose metabolism in aging individuals is weak and heterogeneous. Higher BMI has been found to be associated with both increased 46 and reduced 5 cerebral glucose metabolism, preventing clear conclusions. Only a few studies previously examined the association between physical activity and In models 1 and 2, GM volume was entered as the dependent variable and physical activity as the independent variable. In models 3 and 4, hippocampal volume was the dependent variable. Insulin level and body mass index were the mediators of models 1 and3 andmodels 2 and4 cerebral glucose metabolism in older participants. 5-7 Among them, none controlled for insulin level, making it difficult to assess whether it might have influenced that relationship. On the other hand, in the studies controlling for BMI, the association between physical activity and cerebral glucose metabolism remained significant. 16 Overall, it remains unclear how much insulin level and BMI are involved in the regulation of cerebral glucose metabolism. In the current study, we did not find these cardiovascular risk factors to be related to cerebral glucose metabolism or to mediate the link between physical activity and cerebral glucose metabolism.

Taken together, these 2 key findings are important to help our understanding of the mechanisms by which physical activity benefits brain health. As a plausible interpretation, some authors proposed that direct and indirect mechanisms are likely interconnected via the modulation of growth factor signaling. 13 Accordingly, physical activity directly induces the release of neurotrophic factors, which are supposed to activate a cascade of brain responses (i.e., neurogenesis, synaptic plasticity) that independently protect the brain. Physical activity also helps reduce proinflammatory conditions (induced by risk factors such as obesity and related insulin disturbances), which in turn indirectly improves growth factor signaling 13 and mitigates their deleterious effects on brain health. 37 Nevertheless, whereas the results discussed were all statistically significant, they were of relatively modest magnitude (small effect sizes).

Our multimodal study suggests that self-reported physical activity is associated with GM volume and cerebral glucose metabolism but does not correlate with amyloid or markers of WM integrity (WMH and WM microstructure). Even if the effect size (β coefficient) of the link between physical activity and WMH was close to that of the link with GM volume, they did not reach the statistical threshold selected inthisstudy.Previousliterature has produced mixed results. 8,10 Methodologic differences with our study, 6-9 including instruments (fitness test, accelerometry, exercise interventions), time intervals (physical activity in the past 7 days), and mean age of participants (younger than our sample) could possibly explain the divergent findings. Moreover, whereas higher physical activity was associated with reduced insulin level and BMI, we found no associations with SBP, total and HDL cholesterol, or smoking status. Despite prior studies suggesting benefits of physical activity on SBP, total and HDL cholesterol, 14 and smoking habits, 47 evidence in older individuals is scarce 48 and conflicting data have been also reported. 14 Furthermore, only a minority of studies examined these cardiovascular risk factors as primary outcomes. Further research is warranted to disentangle the influence of physical activity on amyloid burden, WM integrity, and cardiovascular risk factors.

Results were also present when focusing on AD-sensitive brain regions. More specifically, physical activity was associated with higher hippocampal volume. This is in agreement with previous literature in cognitively unimpaired older adults using both self-reported and objective measures of physical activity. 7,16 Physical activity was also associated with cerebral glucose metabolism in the precuneus, which is in line with previous studies. 49 Our study further indicates that the association between physical activity and hippocampal volume is mediated by a reduction in insulin level and BMI, whereas it was not the case for glucose metabolism in the precuneus. This suggests that results previously discussed for global neuroimaging measures could be extended to AD-sensitive regions. However, physical activity was not associated with temporo-parietal cerebral glucose metabolism or with WM integrity of the cingulum (FA), suggesting that the results could not be generalized to all AD-related regions.

Our study has some limitations. First, we used a subjective (selfreported questionnaire) instead of an objective measure of physical activity. However, self-reported physical activity has been extensively used in the literature and questionnaires have an acknowledged clinical validity. The one that we used in this study evaluates physical activity over the past year, whereas objective measures often assess physical activity over a short time interval, which might not be enough to detect changes in the variables examined. Even though imprecision in the measure is likely to occur, validity and reliability of the questionnaire have been previously established. 24 In addition, as participants are cognitively unimpaired, it seems unlikely that major recollection issues affected the questionnaire. Second, we used BMI as indicator of obesity, in line with most of the studies. However, controversy exists in the literature; BMI might not be a sensitive index at older ages as it could be protective. 50 BMI is nonetheless considered a valuable measure that is widely used, allowing for better comparison with previous studies. Third, the cross-sectional nature of the design prevents us from inferring causal relationships regarding the association of physical activity with GM volume and cerebral glucose metabolism. Thus, we cannot exclude that older adults with better brain health stay more physically active. Although mediation analyses provide statistical support to theoretically driven hypotheses, they do not explain the biological mechanisms underlying these associations. Studies including longitudinal and interventional designs should facilitate answering these questions and further understanding of the factors explaining the effects of physical activity on brain health.

Accumulating evidence highlights the effects of midlife cardiovascular risk factors on brain health. However, we did not address this issue, because only current cardiovascular risk factors were available. 51 The population of our study is relatively healthy, with no severe cardiovascular risk factors. This could prevent generalizability of the results and explain discrepancy with previous studies including individuals with more severe cardiovascular diseases. Finally, no correction was made for multiple comparisons.

Overall, our results suggest that the associations between physical activity and global GM including hippocampal volume are mediated by changes in insulin level and BMI. Thus, older adults practicing physical activity receive cardiovascular benefit through the maintenance of lower insulin level and BMI, which could in turn promote greater structural brain integrity. In contrast, the association with global and precuneus cerebral glucose metabolism seems to be independent of cardiovascular risk factors. This study has strong implications into understanding how physical activity affects brain health and may aid with development of strategies to prevent or delay age-related brain decline.
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Model selection for the association between physical activity and global neuroimaging values

We assessed the linearity of the association between physical activity and neuroimaging global values by using models with polynomial terms of different orders. The physical activityterm was modelled with a polynomial of degree from 1 to n+1 where n is the best-fit degree.

Different model types were considered to estimate the best fit model of GM volume and cerebral glucose metabolism. The candidate models were tested from the simplest to the most complex. A model type was kept as a potential candidate when likelihood ratio test (i.e., polynomial of degree n vs. polynomial of degree n-1) and physical activity-term coefficients were significant using t-statistic (P<0.05). Candidate models were compared using the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC) according to Burnham criteria. 1 When interpretations were not straightforward, the ratio likelihood test was preferred to test whether the more complex model was significantly better at capturing the data than the simpler model.

As depicted in eTable 1, GM volume is linearly associated with physical activity. The quadratic term coefficient (ĉ2) and the p-value of the likelihood ratio test were not significant, and the AIC/BIC of the linear model was the lowest.

On the other hand, for glucose metabolism, the linear association was significant but the quadratic term coefficient (ĉ2) did not reach significance and the AIC/BIC ratio was very small. This suggests that the association between glucose metabolism and physical activity was better described by a linear association. However, the p-value of the likelihood ratio test was significant, suggesting that the quadratic model cannot be completely rejected.

Therefore, for glucose metabolism, results should be interpreted with caution, and this even more as AIC and BIC tend towards divergent conclusions (probably because BIC penalizes model complexity more heavily).

FDG-PET data uncorrected for partial volume effects

We replicated our main analyses with PVE-uncorrected cerebral glucose metabolism. As depicted in eTable 3, higher physical activity was associated with higher PVE-uncorrected cerebral glucose metabolism (eFigure 2). However, none of the cardiovascular risk factors (i.e. insulin and BMI) previously found to be associated with physical activity were associated with PVE-uncorrected cerebral glucose metabolism (eTable 4).

Role of other lifestyle factors

To further investigate whether other lifestyle factors drive the association between physical activity and brain integrity, we analyzed whether physical activity was associated with other lifestyle factors available in our cohort (i.e., The Mediterranean Diet Adherence Screener (MEDAS) questionnaire, 2 assessing adherence to the Mediterranean diet, and the Lifetime Cognitive Activity questionnaire, 3 evaluating participation in cognitive activities). As depicted in eTable 5, physical activity was associated with adherence to the Mediterranean diet, but not with cognitive activity. Results from the multiple linear regression models testing the association between physical activity and the neuroimaging measures remained unchanged when adding these additional lifestyle factors (eTable 6). This suggests that the associations previously highlighted are specific to physical activity.

We further assessed whether other lifestyle factors could influence the associations between physical activity and the AD-sensitive regions (eTable 6).

When adherence to the Mediterranean diet was added as a covariate, the association between physical activity and glucose metabolism in the precuneus was not significant anymore. However, as adherence to the Mediterranean diet was not directly associated with glucose metabolism in the precuneus, it seems unlikely that diet mediates the association. 

Study 2: Interaction between APOE4 and lifestyle on neuroimaging and cognitive outcomes

As previously detailed (section 2.2.2), AD development and progression is influenced by a combination of genetic and environmental risk factors. APOE4 is the main genetic risk factor for sporadic AD [START_REF] Corder | Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer's disease in late onset families[END_REF] and has been associated with an increased odd of cognitive impairment and AD dementia [START_REF] Honea | Impact of APOE on the healthy aging brain: A voxel-based MRI and DTI study[END_REF][START_REF] Zhang | Leisure Activities, APOE ε4, and Cognitive Decline: A Longitudinal Cohort Study[END_REF]Y. Zhang, Jin, et al., 2021). Interestingly, lifestyle factors could modulate the association between APOE4 and brain and cognitive markers of ageing and AD, in the sense that a healthy lifestyle could particularly benefit APOE4 carriers [START_REF] Kivipelto | Apolipoprotein E 4 magnifies lifestyle risks for dementia: a population-based study[END_REF]. In other word, some evidence suggests that lifestyle could help counteracting the deleterious effects of the APOE4 allele on brain and cognitive health. However, contradictory findings exist as no interactive effects of lifestyle and APOE4 status on brain and cognitive measures or greater effect in APOE4 non-carriers have also been reported [START_REF] Hill | Adherence to the Mediterranean Diet Is not Related to Beta-Amyloid Deposition: Data from the Women's Healthy Ageing Project[END_REF][START_REF] Jeon | Midlife Lifestyle Activities Moderate APOE ε4 Effect on in vivo Alzheimer's Disease Pathologies[END_REF][START_REF] Martin-Willett | The influence of a 16-week exercise program, APOE status, and age on executive function task performance: A randomized trial[END_REF]. Such contradictory findings could be due to the inclusion of distinct lifestyle factors (most of the time only one of them) and a partial assessment of brain and cognitive outcomes (most of the time only one marker, and without including brain and cognitive measures concurrently) across studies. A comprehensive evaluation of the interplay between lifestyle factors and genetic predisposition to AD, and their links with multiple measures of brain and cognitive integrity in as same population is therefore lacking. 3,4 while studies on gray matter volume (GMvol), glucose metabolism and perfusion are more discordant, showing either greater alterations, 5,6 greater integrity in APOE4-carriers, 7,8,9 or no differences between groups. 3,10,11 Beyond genetics, increasing evidence highlights the importance of lifestyle factors in brain integrity and cognitive performance. Cognitive activity, 12,13,14 adherence to the Mediterranean diet 15,16,17 and physical activity 14,18,19for review have been associated with greater cognition and brain integrity in cognitively unimpaired older adults, although contradictory findings exist. 20 Interestingly, APOE4 genotype and lifestyle factors might interact on cerebral and cognitive markers of ageing and AD. More specifically, a healthy and stimulating lifestyle could particularly benefit APOE4-carriers. 21 For instance, previous studies highlighted an interaction between APOE4 status and cognitive activity on amyloid and cognition, such that higher cognitive activity was associated with lower amyloid deposition 22 and higher cognitive scores 23 in APOE4-carriers when compared to non-carriers. APOE4-carriers with higher adherence to the Mediterranean diet also demonstrated increased cognitive functions. 24 Additionally, physical activity was more strongly related to increased hippocampal volume, 25 reduced amyloid deposition 26for review and cognitive decline 27 in APOE4-carriers compared to non-carriers. However, negative findings have also been reported with no interactive effects or greater effect in APOE4-non-carriers for cognitive activity, 28,27 adherence to the Mediterranean diet 29,15,30 and physical activity. 28,31,32 Notably, one study found that with higher cognitive activity, APOE4-carriers had smaller hippocampal volumes than non-carriers. 28 While such negative association might suggest a detrimental effect of cognitive engagement in APOE4-carriers, it could alternatively indicate the existence of compensation mechanisms, helping these individuals to remain cognitively normal despite brain alterations (i.e., resilience). The paucity of cognitive and neuroimaging outcomes concurrently prevents from interpreting the results in terms of underlying reserve mechanisms and notably to differentiate these two opposite possible interpretations.

In that context, the aim of this study was to provide a comprehensive assessment of the interplay between APOE4 genotype and various lifestyle factors (i.e., cognitive activity, adherence to the Mediterranean diet and physical activity) on multimodal neuroimaging markers and cognition in cognitively unimpaired older adults. By combining multimodal neuroimaging and cognition, we aim to better understand the mechanisms by which lifestyle could mitigate the effect of APOE4. For neuroimaging, we focused on AD-sensitive markers including neocortical amyloid burden, as well as GMvol, perfusion and glucose metabolism in the Medial Temporal Lobe (MTL), known to be the first site of neurodegeneration in the course of AD 33 and to be frequently affected in APOE4-carriers. 34 Based on the existing resistance/resilience framework, 35 we hypothesized three distinct scenarios (Figure 1). In these scenarios, APOE4-non-carriers are an optimal reference for healthy ageing (i.e., optimal brain and cognitive outcomes), in whom lifestyle is associated with mild to moderate increase in brain integrity and cognition. First, lifestyle could confer resistance to APOE4-carriers, allowing them to maintain brain integrity and avoid pathology.

In this case, we expect healthier lifestyles in APOE4-carriers to be associated with greater brain integrity and cognitive function (i.e., Resistance; Figure 1A). Second, lifestyle could allow APOE4-carriers to better cope with brain aging and pathology. In this scenario, healthier lifestyles would be associated with equal or improved cognition in APOE4-carriers despite reduced brain integrity and/or greater pathology (i.e. Resilience; Figure 1B). A third hypothesis would be that lifestyle can be equally beneficial in carriers and non-carriers or cannot counteract the deleterious effect of APOE4 carriage. In this case, no interactions between APOE4 status and lifestyle would be evidenced in terms of both brain and cognitive outcomes (Figure 1C).

METHODS

Participants

We IDRCB: 2016-A01767-44; ClinicalTrials.gov Identifier: NCT02977819) and a written informed consent was obtained from each participant prior to examinations.

Neuroimaging acquisitions

All participants were assessed on the same magnetic resonance imaging (MRI; Philips Achievia 3.0T scanner) and positron emission tomography (PET; Discovery RX VCT 64 PET-CT scanner, General Electric Healthcare) cameras in separate sessions at the Cyceron Center (Caen, France). A high-resolution T1-weighted structural image and a 3D fluidattenuated inversion recovery image were acquired in all participants. FDG-and Florbetapir-PET scans were acquired on two separate days (n=92 and n=134, respectively). For Florbetapir-PET, each participant underwent a dual phase scan, an early acquisition beginning immediately after the injection, used as a proxy of brain perfusion (n=133), and a late acquisition (50-min post-injection) to obtain a measure of amyloid burden (n=134).

Details on acquisition parameters and procedures are provided in eMethods.

Neuroimaging processing

Gray matter volume, perfusion and metabolism of the Medial Temporal Lobe

The hippocampus (anterior and posterior), entorhinal, perirhinal (Brodmann areas 35 and 36) and parahippocampal cortices were automatically segmented from T1-weighted MRI with the Automatic Segmentation of Hippocampal Subfields (ASHS) software, 37 using the ASHS-T1 atlas (ashsT1_atlas_upennpmc_07202018). 38 For each participant, segmentation of each MTL sub-region was visually inspected. Failed segmentations were manually edited when possible, or excluded. After exclusion of failed segmentations, resulting number of participants for the GMvol of the perirhinal cortex was 131. The whole hippocampus volume was calculated as the sum of anterior and posterior hippocampus volumes while the perirhinal cortex volume was obtained by summing Brodmann areas 35 and 36 volumes.

Finally, left and right volumes were averaged and normalized by the total intracranial volume (TIV, estimated using SPM12) to account for inter-individual variability in head size (normalized volume = raw volume x 1000 / TIV).

Early Florbetapir-PET was reconstructed from 1 to 6 min for a better approximation of brain perfusion. FDG and early Florbetapir-PET images were coregistered to each subject's T1weighted native space using rigid registration in Advanced Normalization Tools (ANTs) and then quantitatively normalized using the cerebellar cortex as a reference. ASHSs segmentations were used as regions-of-interest to extract MTL sub-regional glucose metabolism (FDG-PET) and perfusion (early Florbetapir-PET) standardized uptake value ratio (SUVr) in the resulting PET images.

Amyloid burden

Florbetapir-PET late acquisition images were processed as previously described, to obtain a global neocortical measure of amyloid burden. 39 Briefly, T1-weighted MRI images were segmented using FLAIR images and spatially normalized to the Montreal Neurological Institute (MNI) space using the Statistical Parametric Mapping (SPM12) software's multiple channels segmentation procedure (http://www.fil.ion.ucl.ac.uk/spm/software/spm12).

Florbetapir-PET data were coregistered onto their corresponding T1-weighted MRI and normalized to the MNI space using the parameters from the segmentation procedure.

Resulting images were quantitatively normalized using the cerebellar gray matter uptake as a reference. Global neocortical amyloid SUVr was then extracted from these images using a predetermined neocortical mask including the entire gray matter, except the cerebellum, occipital and sensory motor cortices, hippocampi, amygdala and basal nuclei. 40

APOE genotyping procedure

Fasting blood samples were obtained for all participants. APOE genotype was identified by restriction isotyping from genomic DNA extracted from frozen leucocytes, amplified by PCR, and restricted with Hhal. 41 APOE4-carriers were defined as carriers of one or two ε4 alleles.

Individuals with no ε4 allele were defined as APOE4-non-carriers.

Lifestyle assessment

Cognitive and complex mental activities

Frequency of participation in leisure cognitive activities was assessed using an adapted and French translated version of the Cognitive Activities questionnaire (CAQ) 42 and the Lifetime of Experiences Questionnaire (LEQ). 43,44 In this study we focused on current lifestyle.

Therefore, while both questionnaires assessed lifetime activities, only the current period of the CAQ and the late-life sub-score of the LEQ were used.

The CAQ assesses the frequency of participation in cognitive activities involved in seeking or processing information (e.g., reading books or newspapers, writing letters or emails, playing games or going to the library), relatively common and with minimal demands or requirements to participation, across different age epochs: 6, 12, 18, 40 years and the current period. 1 For each type of activity, participants are invited to report its frequency using a 5-point response scale (1-once a year or less, 2-several times a year, 3-several times a month, 4-several times a week, 5-every day). The CAQ current period sub-score was obtained by averaging the 5 items referring to the current period, with higher scores representing a greater engagement in cognitive activities.

The LEQ assesses complex mental activity through 3 life periods: young adulthood (13-30 years), mid-life (30-65 years), and late-life (from 65 years to present date). Each life period includes a specific (e.g., education, occupational complexity) and a non-specific (e.g., visits to family or friends, music practice, writing, reading, physical activities, travelling) components, which are summed up to obtain one global score per period. Late-life LEQ (specific + non-specific) was used in the present study, with higher scores representing greater engagement in complex mental activities.

Adherence to the Mediterranean diet

Adherence to the Mediterranean diet was measured using the self-administered Mediterranean Diet Adherence Screener (MEDAS). 45 This questionnaire includes 14 questions. (12 questions on food consumption frequency, and 2 questions on food intake habits) which are considered critical to assess adherence to the traditional Mediterranean diet (e.g., "do you use olive oil as the principal source of fat for cooking?", "do you prefer to eat chicken, turkey or rabbit instead of beef, pork, hamburgers or sausages?"). One point was given to answers that were favorable to the Mediterranean diet, and 0 point to answers that were not favorable. The MEDAS score ranges from 0 to 14, with higher scores indicating higher adherence to the Mediterranean diet.

Physical activity

We assessed physical activity with the Modifiable Activity Questionnaire (MAQ), 46 using the French version adapted to be self-administered. 6 Briefly, the questionnaire evaluates the frequency and duration of leisure and work-related physical activities over the past 12 months. As all participants were retired, only the leisure activity score was considered.

Participants had to select from a list all activities they did at least 10 times over the past 12 months (e.g. gardening, walking, hiking, jogging, biking), and estimate the amount of time they spent doing each activity (i.e., how many months per year, time per month and minutes each time). For each activity, the average number of hours of physical activity per week was obtained as follows: [(number of months per year) x (number of times per month) x (minutes per time) / 60 (min)] / 52 (week per year). These scores were then summed to derive a total score. The total physical activity score reflects the average hours per week of leisure-time physical activity over the past 12 months. MAQ data was missing for one participant.

Cognitive assessment

The 

Statistical analysis

First, APOE4 carriers and non-carriers characteristics were compared using two-sample ttests. General linear models were then used to assess i) the associations of APOE4 and lifestyle factors separately with each neuroimaging and cognitive measure, and ii) the interactions between each lifestyle factor and APOE4 on each neuroimaging and cognitive measure. All analyses were controlled for age, sex and education. In complementary analyses, the interactions between lifestyle factors and APOE4 on neuroimaging or cognition were further controlled for the other lifestyle factors.

Analyses were conducted using the R software (R Core Team, 2019) and results considered significant at p<.05. Considering the exploratory nature of this work, no correction for multiple comparisons was applied.

The MAQ (physical activity) score was not normally distributed. Therefore, MAQ values were log-transformed after the addition of a constant of 1 to each score (as values of 0 cannot be directly log-transformed).

RESULTS

Participants' characteristics

Participants' characteristics are detailed in Table 1. The 36 APOE4-carriers did not differ from the 99 non-carriers in terms of age, education, female/male ratio or lifestyle.

Due to missing data (see Methods), sample size slightly varies across analysis. Final sample size per neuroimaging modality is summarized in eTable 2.

Association of APOE4 status with neuroimaging and cognition

APOE4-carriers had higher global amyloid burden compared to non-carriers (β=0.24, p=0.006). No associations were found between APOE4 status and MTL subregions volume, metabolism, perfusion, nor with cognitive functions (all ps>0.05; eTable 3).

Association of lifestyle factors with neuroimaging and cognition

Higher CAQ was associated with reduced GMvol in the parahippocampal cortex (β=-0.2, p=0.02). No associations were found between the CAQ and the other MTL subregions or neuroimaging modalities, nor between the LEQ, MAQ or MEDAS and neuroimaging measures (all ps>0.05; eTable 4).

Higher CAQ was associated with higher PACC-5 (β=0.23, p=0.004), executive function (β=0.24, p=0.003) and attention (β=0.25, p=0.002). Higher LEQ was associated with higher PACC-5 (β=0.2, p=0.01) and episodic memory (β=0.21, p=0.01). The MEDAS and MAQ

were not associated with cognition (all ps>0.05; eTable 5).

Interactions between APOE4 status and lifestyle factors

Full statistics are reported in Table 2.

Interactions between APOE4 status and cognitive activity

CAQ: An interaction between APOE4 status and the CAQ was found for GMvol in the parahippocampal cortex (β=-1.01 p=0.02), and for perfusion in the entorhinal and perirhinal cortices (β=-1.08, p=0.02 and β=-1.08, p=0.02, respectively) such that, in APOE4-carriers higher CAQ was associated with lower GMvol and perfusion compared to non-carriers (Figure 2A). We found no interactions between APOE4 status and the CAQ on cognition, suggesting that the better cognition associated with higher CAQ (see paragraph 3.3) did not differ between APOE4-carriers and non-carriers (Figure 2B).

LEQ:

We found a significant interaction between APOE4 status and the LEQ for perfusion in the parahippocampal cortex (β=-1.26, p=0.02), such that with higher LEQ, APOE4-carriers had lower perfusion compared to non-carriers (Figure 2A). A trend was found in the same direction for the parahippocampal cortex metabolism (β=-1.32, p=0.05). No interactions were found between APOE4 status and the LEQ on cognition, suggesting that the positive association previously evidenced between the LEQ and cognition (see above) did not differ between APOE4-carriers and non-carriers (Figure 2B).

Interactions between APOE4 status and adherence to the Mediterranean diet

We found an interaction between APOE4 status and the MEDAS on hippocampal and entorhinal cortex metabolism (β=0.76, p=0.02 and β=0. 93, p=0.006, respectively), such that, compared to non-carriers, APOE4-carriers showed a higher metabolism with higher MEDAS (Figure 3A). Similarly, an interaction between APOE4 and the MEDAS was found on attention (β=0.52, p=0.05; Figure 3B), revealing better attention as a function of MEDAS in APOE4-carriers, compared to non-carriers. No interactions were found for the other neuroimaging or cognitive measures (Table 2 for details).

Interactions between APOE4 status and physical activity

An interaction between APOE4 status and the MAQ was found on hippocampal perfusion (β=-0.51, p=0.04; Figure 4A) and amyloid deposition (β=0.53, p=0.03; Figure 4B). The interactions were such that, compared to APOE4-carriers, non-carriers with higher MAQ scores showed higher perfusion and lower amyloid deposition. No interactions were found on the other neuroimaging or cognitive measures (Table 2).

Complementary analyses

Interaction analyses were replicated while controlling for the other lifestyle factors and results remained similar, except for the interaction between APOE4 status and the LEQ on parahippocampal cortex metabolism that became significant (β=-1.56, p=0.026), while the interaction between APOE4 status and the MEDAS on attention was attenuated (β=0.45, p=0.07) (eTable 6).

Discussion

Our study provides insights on the complex interactive effects of genetics and lifestyle factors on complementary cerebral and cognitive outcomes in cognitively unimpaired older adults.

Cognitive activity was associated with lower gray matter volume and perfusion within the MTL in APOE4 carriers only, but higher cognitive performance in both APOE4 carriers and non-carriers. Adherence to the Mediterranean diet showed a greater positive association with both cerebral glucose metabolism and cognition (i.e. attention scores) in APOE4 carriers when compared to non-carriers. By contrast, physical activity was associated with higher MTL perfusion and lower global amyloid load in APOE4 non-carriers only, with no effects on cognition.

In this study, APOE4 carriage was associated with greater amyloid deposition. This finding is consistent with a large body of evidence showing increased amyloid burden in APOE4carriers. 3,4 However, APOE4 was not associated with GMvol, metabolism or perfusion of the MTL, or with cognition. While deleterious effects of the APOE4 allele on these measures have been evidenced, 5,6,48,49 the literature provides mixed results. 9,11,10,3,50,51 These inconsistencies could reflect the fact that, except for amyloid deposition, effects of APOE4 in cognitively unimpaired individuals are more subtle. 3,52 Differences in methodology and sample characteristics across studies, including differences in lifestyle and cognitive reserve, might also explain these discrepancies.

Concerning lifestyle factors, only cognitive activity was directly associated with differences in neuroimaging markers and cognition. More particularly, higher cognitive activity was associated with lower GMvol in the parahippocampal cortex, which contrasts with previous research showing positive associations between cognitive activity and GMvol, including in the MTL. 14 On the other hand, cognitive activity was associated with greater cognitive performance (i.e., global cognition, episodic memory, executive function and attention), in line with existing literature. 23,53 The association between higher cognitive activity and greater atrophy, lower perfusion and higher cognitive performance could suggest the existence of compensation mechanisms. Specifically, compensation mechanisms may be promoted by a greater engagement in cognitive activities, reflecting a resilience mechanism (Figure 1B). 35 The interaction between APOE4 status and cognitive activity suggests that this effect was mainly driven by APOE4-carriers.

Previous literature has highlighted interactions between APOE4 status and cognitive activity such that cognitive activity could limit the deleterious effect of APOE4 on AD biomarkers. 22,54 Conversely, a study showed that with higher cognitive activity, APOE4-carriers had smaller hippocampal volume than non-carriers. 28 According to the authors, this result could reflect the existence of compensatory mechanisms in APOE4-carriers allowing them to maintain levels of cognitive performance comparable to non-carriers. Our findings support this view showing an interaction between APOE4 and cognitive activity on volume and perfusion of the MTL, such that with higher engagement in cognitive activity APOE4-carriers had lower GMvol and perfusion, but increased cognition, similar to non-carriers. This result suggests that higher cognitive activity could promote resilience and help APOE4-carriers to cope with brain alterations, possibly via greater efficiency of cognitive processes 55 (Figure 1.B).

The same pattern of interactions was replicated using two different and complementary measures of cognitive engagement (i.e., the CAQ and the LEQ), even though they concerned partially different neurodegeneration markers and cognitive domains. Specifically, APOE4 interacted with the CAQ on parahippocampal cortex volume, entorhinal and perirhinal cortices perfusion and with the LEQ on parahippocampal cortex perfusion (and metabolism, to a lesser extent). This suggests the existence of common mechanisms, supported by different types of cognitive activities that could influence complementary markers of cognitive and brain integrity.

In the current study, adherence to the Mediterranean diet was not directly associated with any of the neuroimaging or cognitive parameters considered, in contrast with most prior research. 15,16,17 However, there was an interaction with APOE4 status on hippocampal and entorhinal cortices metabolism and attention scores. More specifically, APOE4-carriers with higher adherence to the Mediterranean diet showed higher metabolism and cognitive performance compared to non-carriers. These results align with previous evidence suggesting that dietary adjustments could be of particular importance to mitigate the deleterious effects of APOE4 on brain and cognition in carriers. 56,57 However, prior studies provide mixed results. 15,29,24,30,58 Methodological differences between studies (e.g., sample size, mean age, sex ratio, design) might explain these discrepancies and would require further investigations.

The association of a greater adherence to Mediterranean diet with both higher MTL metabolism and attention scores in APOE4-carriers (in the absence of negative associations with other brain outcomes that would suggest the existence of greater brain alterations) aligns with the hypothesis of a protective effect of lifestyle that would help to limit brain changes (here neurodegeneration), in line with the concept of resistance (Figure 1A). Therefore, the Mediterranean diet would promote reserve in APOE4-carriers through mechanisms that are different from those outlined for cognitive activity, potentially by supporting brain maintenance.

Lastly, we found an interaction between APOE4 status and physical activity on hippocampal perfusion and global amyloid burden, such that higher levels of physical activity were associated with higher perfusion in the hippocampus and lower amyloid load in non-carriers only. While this finding is in agreement with another study showing more prominent effects of exercise on AD biomarkers in APOE4-non-carriers, 59 most studies report greater effects in APOE4-carriers. 26 for review Previous studies reporting a beneficial effect of physical activity on hippocampal cerebral blood volume 60 and perfusion 61 did not investigate the modulating role of APOE4 on these associations. Our results suggest that such effects could be driven by APOE4-non-carriers, in whom physical activity would support mechanisms particularly efficient to promote brain integrity.

On the other hand, physical activity was not associated with cognition, nor interacted with APOE4 on cognition. Previous results are mixed, showing greater beneficial effect of physical activity in APOE4-carriers, 27 in non-carriers, 31,62 in both groups, 63 no effect, 64 or decreased cognitive abilities in APOE4-carriers. 32 These contradictory findings need to be further explored in order to clarify the mechanisms involved. Our results suggest that, contrary to cognitive activity and diet, physical activity was not associated with higher reserve in APOE4-carriers (Figure 1C), but was specifically associated with greater brain outcomes in non-carriers.

The strengths of this study include the assessment of multiple lifestyle factors within the same individuals, allowing investigations into the relative effect of different lifestyle factors on brain and cognitive integrity. Multimodal neuroimaging, including state-of-the-art assessment of MTL structures, combined with cognitive assessments allows a better approach to studying the reserve mechanisms underlying the moderating effect of lifestyle on APOE4related changes. This study also has some limitations, including a relatively modest sample size when splitting by APOE4 status. The use of questionnaires to assess lifestyle factors only allows the estimation of lifestyle behaviors and can be biased by individuals' perception and memory. Nevertheless, these questionnaires are widely used and their validity and reliability have been previously reported. 42,43,46,45 Moreover, only current lifestyle was evaluated in individuals without cognitive impairments, limiting the likelihood of major recollection biases. Due to the exploratory nature of the study, no corrections were made for multiple comparisons and further replication will be needed to address the robustness of these findings. Finally, the cross-sectional design prevents evaluating the reserve mechanisms' dynamically in APOE4-carriers as brain alterations progress. Longitudinal studies, including interventional studies, would enhance our understanding of the complex interactions between APOE4 status and lifestyle.

Overall, our study demonstrates that APOE4 genotype interacts with lifestyle to influence brain integrity and cognition with different patterns of association depending on the lifestyle factor. Our results suggest that higher cognitive activity could promote resilience, while higher adherence to the Mediterranean diet might instead promote resistance in APOE4carriers. On the other hand, physical activity had a beneficial effect only in APOE4-noncarriers. Our findings highlight a complex interplay between genetics and lifestyle, which differentially help APOE4-carriers to resist or cope with brain alterations and postpone cognitive decline. In the absence of a treatment for AD, these results may deepen our understanding of how lifestyle interacts with AD genetic risk to alter the pathological phenotype and help provide lifestyle recommendations for personalized interventions to prevent or delay AD. FDG-and Florbetapir-PET scans were acquired with a resolution of 3.76×3.76×4.9mm3
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(FOV: 157mm). Forty-seven planes with a voxel size of 1.95×1.95×3.27mm3 were obtained.

A transmission scan was performed before each PET acquisition for attenuation correction.

For FDG-PET, participants (n=92) were fasted for at least 6 hours before scanning. After a 30-min resting period in a quiet and dark environment, ~180MBq of 18F-fluorodeoxyglucose were intravenously injected as a bolus and a 10-min PET acquisition scan was acquired 50 minutes after the injection. For Florbetapir-PET, each participant underwent two 10-min acquisitions, the first one beginning immediately after the intravenous injection of ~4MBq/Kg of Florbetapir, to be used as a proxy of brain perfusion (i.e. early acquisition; n=133), while the second one began 50 minutes after injection to obtain a measure of amyloid burden (n=134).

Cognitive composite scores

Global cognition (PACC-5):

The whose role for physical and mental health in aging has been increasingly recognized [START_REF] Firth | A meta-review of "lifestyle psychiatry": the role of exercise, smoking, diet and sleep in the prevention and treatment of mental disorders[END_REF][START_REF] Lianov | Physician Competencies for Prescribing Lifestyle Medicine[END_REF][START_REF] Sapranaviciute-Zabazlajeva | Lifestyle factors and psychological well-being: 10year follow-up study in Lithuanian urban population[END_REF], may be particularly effective for AD prevention (Norton et al., 2014). In this sense, mindfulness meditation constitutes a valid and powerful approach, as it could enhance healthy and reduce risky lifestyle behaviors (Lutz et al., 2021), and in turn decrease dementia risk (Livingston et al., 2020).

Existing literature targeting the effect of meditation practice on lifestyle behaviors is limited and gave mixed results. Large methodological differences, including type of approach (often incorporating mindfulness to other behavioral techniques), duration of interventions (relatively short and mainly ~8 weeks), sample characteristics (mostly young or middle-aged adults, and often with chronic medical conditions), and inclusion or not of control groups, may possibly explain the conflicting findings. Most importantly, no studies have been specifically

addressed to target older adults.

Therefore, accurate and careful evaluation of the impact of a long meditation practice on lifestyle behaviors versus active and passive control conditions in the elderly is still lacking.

As The results of this study showed within-group differences in physical activity level (and more specifically household physical activity) in the meditation group only, after the intervention.

Physical activity increased in this group from baseline to post-intervention, and this increase was associated with higher time of informal meditation practice during the intervention (nonsignificant without adjusting for waves), increased constructive meditation abilities (i.e. socioemotional capacities), and greater global cognition. However, this effect did not statistically differ from the other groups, and no between-group differences in changes in physical activity, adherence to the Mediterranean diet and cognitive activity have been detected after the intervention, limiting the robustness of our findings.

Overall, total and household physical activities increased in the meditation training group after 18 months of meditation intervention, suggesting a protective effect of meditation on physical activity. Meditation may therefore represent a valid strategy to induce healthy physical activity behaviors in older adults, and their combined effect might reduce cognitive impairment in aging. Faced with the lack of differences in lifestyle changes between intervention arms, further longitudinal studies with longer intervention periods and more diverse populations could allow a better understanding of the influence of meditation practice on lifestyle behaviors.

The article corresponding to this study is currently in preparation. 

INTRODUCTION

The number of older people is increasing worldwide, and strategies to promote healthy aging are urgently needed. This includes lowering dementia risk, which is considered one of the leading causes of disability and dependency among the elderly, according to the World Health Organization. Growing evidence acknowledges the relevance of healthy lifestyle factors for mental health and well-being in the aging population [START_REF] Firth | A meta-review of "lifestyle psychiatry": the role of exercise, smoking, diet and sleep in the prevention and treatment of mental disorders[END_REF][START_REF] Lianov | Physician Competencies for Prescribing Lifestyle Medicine[END_REF][START_REF] Sapranaviciute-Zabazlajeva | Lifestyle factors and psychological well-being: 10year follow-up study in Lithuanian urban population[END_REF], and non-pharmacological interventions targeting lifestyle behaviors represent a powerful approach for Alzheimer's disease (AD) prevention (Norton et al., 2014).

Mindfulness meditation is receiving increasing attention because of its potential for mental health and well-being in the aging population (Chételat et al., 2018;Lutz et al., 2021). It has been hypothesized that mindfulness could reduce AD risk and cognitive decline (see [START_REF] Berk | Can mindfulness-based interventions influence cognitive functioning in older adults? A review and considerations for future research[END_REF]Whitfield et al., 2022) by reducing stress and strengthening attention, and emotion self-regulation skills (Lutz et al., 2021). The development of mindfulness capacities could in addition enhances healthy lifestyle behaviors (Lutz et al., 2021). In fact, mindfulness practice has been suggested to increase adaptive and inhibit maladaptive lifestyle behaviors [START_REF] Roychowdhury | Moving mindfully: The role of mindfulness practice in physical activity and health behaviours[END_REF] by reinforcing awareness of unhealthy behaviors and the ability to choose and sustain healthy habits (Lutz et al., 2021;[START_REF] Schuman-Olivier | Mindfulness and Behavior Change[END_REF][START_REF] Victorson | Mindfulness Meditation to Promote Wellness and Manage Chronic Disease: A Systematic Review and Meta-Analysis of Mindfulness-Based Randomized Controlled Trials Relevant to Lifestyle Medicine[END_REF]. Such changes could be particularly important in the context of aging as it has been suggested that promoting enriched or healthy lifestyle could help reducing dementia risk (Livingston et al., 2020).

Studies assessing the effect of mindfulness-based intervention (MBI) programs on lifestyle factors are mixed. In some studies [START_REF] Goodwin | A pilot study examining the initial effectiveness of a brief acceptance-based behavior therapy for modifying diet and physical activity among cardiac patients[END_REF][START_REF] Jalambadani | Examining the effect of mindfulness-based art therapy (MBAT) on stress and lifestyle of Iranian pregnant women[END_REF][START_REF] Salmoirago-Blotcher | Mindfulness-Based Stress Reduction and Change in Health-Related Behaviors[END_REF], including RCTs (An et al., 2021;[START_REF] Butryn | A Pilot Study of Acceptance and Commitment Therapy for Promotion of Physical Activity[END_REF][START_REF] Moffitt | The efficacy of a self-managed Acceptance and Commitment Therapy intervention DVD for physical activity initiation[END_REF][START_REF] Tapper | Exploratory randomised controlled trial of a mindfulness-based weight loss intervention for women[END_REF][START_REF] Younge | Web-based mindfulness intervention in heart disease: A randomized controlled trial[END_REF], mindfulness or comparable practices have been found to increase physical activity levels, or improve physical activity compared to active or passive controls, in various populations (i.e., healthy adults and individuals with hypertension, heart disease, type 2 diabetes, chronic pain or fibromyalgia, and with, or at risk for, cardiovascular disease). Other ones (including RCTs) failed to show an improvement [START_REF] Grossman | Mindfulness-Based Intervention Does Not Influence Cardiac Autonomic Control or the Pattern of Physical Activity in Fibromyalgia during Daily Life[END_REF][START_REF] Lucas | A Mindfulness-Based Lifestyle Intervention for Obese, Inactive Endometrial Cancer Survivors: A Feasibility Study[END_REF][START_REF] Meyer | Benefits of 8-wk Mindfulness-based Stress Reduction or Aerobic Training on Seasonal Declines in Physical Activity[END_REF][START_REF] Miller | Comparative Effectiveness of a Mindful Eating Intervention to a Diabetes Self-Management Intervention among Adults with Type 2 Diabetes: A Pilot Study[END_REF][START_REF] Van Berkel | Effectiveness of a worksite mindfulness-based multi-component intervention on lifestyle behaviors[END_REF][START_REF] Vanbuskirk | Physical activity of patients with chronic pain receiving acceptance and commitment therapy or cognitive behavioural therapy[END_REF]. Effects of MBI on diet quality are also contradictory. Studies in young and middle-aged adults with or without cardiovascular disease, hypertension, obesity, breast cancer, or disordered eating behaviors [START_REF] Alberts | Dealing with problematic eating behaviour. The effects of a mindfulness-based intervention on eating behaviour, food cravings, dichotomous thinking and body image concern[END_REF][START_REF] Goodwin | A pilot study examining the initial effectiveness of a brief acceptance-based behavior therapy for modifying diet and physical activity among cardiac patients[END_REF][START_REF] Jalambadani | Examining the effect of mindfulness-based art therapy (MBAT) on stress and lifestyle of Iranian pregnant women[END_REF][START_REF] Salmoirago-Blotcher | Mindfulness-Based Stress Reduction and Change in Health-Related Behaviors[END_REF], including RCTs (An et al., 2021;[START_REF] Sant'anna | Mindfulness-based program to support lifestyle modification and weight loss in infertile women: randomized controlled trial[END_REF][START_REF] Soriano-Ayala | Promoting a healthy lifestyle through mindfulness in university students: A randomized controlled trial[END_REF][START_REF] Spadaro | Effect of mindfulness meditation on short-term weight loss and eating behaviors in overweight and obese adults: A randomized controlled trial[END_REF], showed improvements in dietary habits compared to active or passive controls, while others showed no effect [START_REF] Hebert | Changes in women's diet and body mass following intensive intervention for early-stage breast cancer[END_REF][START_REF] Van Berkel | Effectiveness of a worksite mindfulness-based multi-component intervention on lifestyle behaviors[END_REF]) [START_REF] Lucas | A Mindfulness-Based Lifestyle Intervention for Obese, Inactive Endometrial Cancer Survivors: A Feasibility Study[END_REF]. Notably, a pilot study found that a group of 6 elderly expert meditators (> 10.000 h of practice) had greater early-life leisure cognitive activity as compared to 67 elderly controls (Chételat et al., 2017). To the best of our knowledge, the effect of MBI on cognitive activities has not been further addressed.

Overall, studies addressing the effect of meditation practice on lifestyle behaviors are scarce and provide heterogeneous findings. Most previous studies used different therapeutic approaches that include additional components to mindfulness meditation, rendering unclear what are the active elements of each intervention [START_REF] Chiesa | Mindfulness-based approaches: Are they all the same[END_REF][START_REF] Crane | What defines mindfulness-based programs? The warp and the weft[END_REF]. Interventions differ across studies in terms of duration, sessions' length, sample size, and often present risk of bias. Results interpretation are further limited by the fact that intervention duration is overall relatively short (mostly ~8 weeks), ranging from a few sessions to, more rarely, several months, and control groups are not always included.

Notably, previous studies have not been specifically designed for older adults, in whom increasing evidence highlight the importance to reduce lifestyle risk factors to promote healthy aging (Livingston et al., 2020). More rigorous research with longer interventions, comparing meditation practice against matched-active and -passive control conditions in older adults are needed to establish the effect of meditation on lifestyle behaviors.

Facing these limitations, the Age-Well RCT of the Medit-Ageing European project aimed at evaluating the effects of an 18-month meditation intervention on mental health and wellbeing in the ageing population, compared to a non-native language intervention and a nointervention group, in cognitively unimpaired older adults (Poisnel et al., 2018). This long RCT was designed to assess whether meditation could promote adaptive health behaviors (Lutz et al., 2021) and offers a rare opportunity to better understand the effect of meditation practice on lifestyle.

The 

METHODS

Participants and study design

Participants of the Age-Well randomized clinical trial (RCT; Medit-Ageing European Project)

were cognitively unimpaired older adults. The general design of the study has been fully described elsewhere (Chételat et al., 2022;Poisnel et al., 2018) Steering Committee. This resulted in a total of 135 participants included in the present study (Figure 1). At follow-up, one death not related to the study (myocardial infarction) was reported, and one participant has communicated not having attended her/his allocated arm (she/he was randomized to no intervention but followed non-native language training arm and was analyzed as part of the non-native language training arm). Resulting number of participants per arm was N = 45 for the meditation group, N = 45 for the non-native language training group and N = 46 for the no intervention group (Figure 1).

Within a maximum of 3 months before (i.e. baseline visit) and after the intervention (i.e. postintervention visit), all participants completed lifestyle questionnaires, psychological self-report measures of meditation-related mechanism (combined into a meditation composite score) (Schlosser et al., 2022), and underwent detailed cognitive assessments. Additional measures were acquired during the intervention to assess the amount of time participants spent practicing.

Interventions

Interventions were presented in details elsewhere (Poisnel et al., 2018). Briefly, the Age-Well In the no intervention group (passive control), participants were asked not to change their life habits and continue living as they used to before engaging in the study and until the end of the study. Specifically, they were requested not to attend any mediation or non-native language training.

Standard Protocol Approvals, Registrations, and Patient Consents

The Age-Well randomized clinical trial was approved by local ethics committee (Comité de Protection des Personnes Nord-Ouest III, Caen, France; trial registration number: EudraCT:

2016-002441-36; IDRCB: 2016-A01767-44; ClinicalTrials.gov Identifier: NCT02977819) and written informed consent was given by all participants before the examinations.

Lifestyle assessment

Self-reported questionnaires were used to assess physical activity, adherence to the Mediterranean diet and cognitive activity.

Physical activity

Frequency of participation in physical activity was assessed using the Physical Activity Scale in the Elderly (PASE) questionnaire [START_REF] Washburn | THE PHYSICAL ACTIVITY SCALE FOR THE ELDERLY (PASE): DEVELOPMENT AND EVALUATION[END_REF]. The PASE is a 12-item self- with balance, grip strength, leg strength and health status [START_REF] Washburn | THE PHYSICAL ACTIVITY SCALE FOR THE ELDERLY (PASE): DEVELOPMENT AND EVALUATION[END_REF].

PASE leisure-time activities sub-score data was missing for seven participants (2 at baseline, 5 at 18 months), PASE housework activities sub-score data was missing for four participants (3 at baseline, 1 at 18 months), PASE voluntary-work activities sub-score data was missing for two participants (1 at baseline, 1 at 18 months), and the total PASE score data was missing for eleven participants (6 at baseline, 5 at 18 months; for number or participants per arms for each lifestyle questionnaire see Figure 1). In all of these cases, PASE values were considered to be "missing at random".

Adherence to the Mediterranean Diet

We assessed adherence to the Mediterranean by using the Mediterranean Diet Adherence Screener (MEDAS; (Schröder et al., 2011)). This self-administered questionnaire includes 14 questions (12 questions on frequency of food consumption, and 2 questions on habits of food intake) which are considered crucial to estimate adherence to the traditional Mediterranean diet (e.g., "do you use olive oil as main culinary fat?", "How many vegetable servings do you consume per day?"). One point was assigned to answers that were favorable to the Mediterranean diet, and 0 point to answers that were not favorable. The points were then summed to obtain a final MEDAS score, which ranges from 0 to 14, with higher scores indicating higher adherence to the Mediterranean diet.

Cognitive activity

We measured frequency of participation in current leisure cognitive and complex mental activities using a French translated and adapted version of the Cognitive Activities questionnaire (CAQ; (Wilson et al., 2003)) and of the Lifetime of Experiences Questionnaire (LEQ; (Ourry et al., 2021;Valenzuela & Sachdev, 2007)).

The CAQ evaluates cognitive activities involved in seeking or processing relatively common information (e.g., reading books or newspapers, playing games, or writing letters or emails), with minimal demands or requirements to participation (Wilson et al., 2003). Participants were invited to report, at baseline, frequency of current engagement in each type of activity using a 5-point response scale (1-once a year or less, 2-several times a year, 3-several times a month, 4-several times a week, 5-every day). At follow-up, participants were invited to report frequency of engagement in each type of activity over the last 9 months using a 4point response scale (2-once a month or less several times a year, 3-several times a month, 4-several times a week, 5-every day). As baseline and post-intervention scales slightly differed (i.e. "1-once a year or less" was not a valid response post-intervention), scores were homogenized so that any frequency being less than several time a month would be scored 2 (i.e. "once a year or less" and "several times a year" for baseline responses and "once a year or less" for baseline responses were all scored 2). Analyses were conducted both using the homogenized score and the original ones (see Statistical analyses). The CAQ score was computed by averaging the 5 items and higher scores reflected a greater engagement in cognitive activities.

The LEQ assesses current engagement in complex mental activities (Valenzuela & Sachdev, 2007). At baseline, participants filled the original questionnaire assessing early, mid and latelife activities, including both activities specific to each period and non-specific questions. In its original form, late-life assessment covered the period from 65 years to present date. Postintervention, questionnaire was adapted to assess engagement in 4 specific (leisure and information-seeking behaviors) and 5 non-specific (e.g., reading, art leisure, music practice, visit to family or friends) activities over the last 9 months. Only questions present both at baseline and post-intervention were considerer and responses were summed to obtain a LEQ global score, comparable between time points. Higher scores represent greater engagement in complex mental activities.

Of note, the LEQ includes one question on second language practice. Because the learning and practice of a second language is the target of the non-native language intervention arm, we excluded this question from both the baseline and post-intervention questionnaires for all participants.

Responders

Participants were classified as intervention 'responders' or 'non-responders', based on a scale completed by facilitators assessing their perception of each participant's intervention benefit. For the non-native language training group, improvement on an English language test was considered alongside facilitators' ratings. See eMethods in Supplementary Materials for further details.

Intervention-related parameters

Practice

Personal practice of meditation or non-native language has been captured with the following variables: total practice, home practice, subdivided in formal and informal practice.

Total practice was calculated by combining the number of minutes spent in class (i.e., 60 minutes per session) with the number of minutes participants reported engaging in formal practices outside of classes (see below for details).

Home practice captures the number of minutes participants engaged in meditation or second language practice at home. Participants in both intervention groups were provided with a homework log and asked to record the amount of time they spent engaging with formal and informal practice each day for the duration of the trial.

Formal meditation practice involves setting aside other activities to engage in contemplative practice. Formal practice in the English intervention referred to completion of English homework as requested by the English teachers.

Meditation informal practice involves weaving a meditative stance within the course of participants' ordinary daily activities (e.g., intentionally choosing to be present and mindful while walking, breathing or talking, or taking the opportunity of a social encounter or a disturbing emotion to practice loving-kindness and compassion). Non-native language informal practice refers to the the spontaneous practice of non-native language (i.e., English) in daily life during conversations, or while reading books or watching movies.

Meditation composite score

The development of the meditation composite scores was based on a theoretical framework categorizing meditation practices into attentional, constructive, and deconstructive types based on the cognitive mechanisms these practices primarily target or necessitate (Dahl et al., 2015). A detailed description of the composite development process has previously been published (Schlosser et al., 2022). Briefly, the composite score was developed using psychological self-report scales. The attentional sub-score includes five items from the Multidimensional Assessment of Interoceptive Awareness (MAIA; i.e., Noticing, attention regulation, emotional awareness, self-regulation, and body-listening; [START_REF] Mehling | The Multidimensional Assessment of Interoceptive Awareness (MAIA)[END_REF])

and two items from the 15-item Five Facet Mindfulness Questionnaire (FFMQ-15; i.e., body listening, observe, acting with awareness; [START_REF] Baer | Using self-report assessment methods to explore facets of mindfulness[END_REF]). The constructive sub-score includes the Compassion for Others Scale (COS-7; [START_REF] Schlosser | The psychometric properties of the compassionate love scale and the validation of the English and German 7-item compassion for others scale (COS-7)[END_REF]), two items of the Interpersonal Reactivity Index (IRI; i.e., empathic concern, perspective taking; [START_REF] Davis | Measuring Individual Differences in Empathy: Evidence for a Multidimensional Approach[END_REF])), and the Prosocialness Scale [START_REF] Caprara | A new scale for measuring adults' prosocialness[END_REF]. The deconstructive sub-score includes the Drexel Defusion Scale (DDS; [START_REF] Forman | The Drexel defusion scale: A new measure of experiential distancing[END_REF]), two items from the FFMQ (i.e., Nonjudging and non-reactivity), and the distress item of the IRI.

Each composite sub-score was computed by averaging its respective standardized scale scores. In other words, each scale score was first standardized using its baseline mean and standard deviation, and the sum of the standardized scale scores was then divided by the number of scales included in this composite. Participants with missing data were not included. Further, no participant data were excluded based on very high or low scores on the psychological self-report scales.

Higher (attentional, constructive, and/or deconstructive) composite scores are associated with higher capacities in the psychological processes characterizing the (attentional, constructive, and/or deconstructive) meditation type(s). For participants that are naïve to meditation, the meditation composite scores should be used with great caution, as reflecting possible cognitive dispositions for these psychological processes.

Cognitive assessment

The 

RESULTS

Participants' characteristics

Participants' characteristics are described in Table 1. There were no major differences in any demographic characteristics between groups.

Effects of the intervention on change in lifestyle factors

LMMs did not show an interaction between visit and trial arm for the CAQ, the LEQ, the MEDAS, or the PASE total score and sub-scores (Table 2, Table 3).

We had a strong a priori hypothesis for a meditation effect on lifestyle factors. Therefore, despite the lack of interactive effects between visit and trial arm, we further explored the impact of the intervention within each group. Pairwise comparisons shown that there was an increase in the PASE total score (β = -21.84, 95% CI [-41.6, -2.09], p = 0.031), and the PASE household activities sub-score (β = -22.8, 95% CI [-35.4, -10.19], p < 0.001; Table 3) from baseline to post-intervention in the meditation training arm only. No other changes in lifestyle were evidenced within arms, excepted for a non-significant increase in the PASE household activities sub-score in the no intervention arm (β = -12.1, 95% CI [-24.8, 0.64], p = 0.063; Table 3).

Association between change in physical activity and practice of meditation

Correlations between change in PASE total score and PASE household sub-score and the individual practice of meditation were also explored within the meditation training arm.

We found a non-significant (i.e. trend) association between change in PASE total score and minutes of reported informal meditation practice at home (β = 0.00, 95% CI [-0.00, 0.01], p = 0.067). No significant associations were found between practice and the change in PASE household sub-score (Table 4). 4).

Association between change in physical activity and change in cognitive composite scores

To [3.76, 34.64], p = 0.016), but not with the other cognitive composite scores (Table 4).

Complementary analyses

Sensitivity analyses were performed to assess between-arm differences in lifestyle factors changes from baseline to post-intervention following i) additional adjustment for the recruitment/intervention waves (N = 3), to control for possible seasonal-effects on lifestyle variables; ii) the exclusion of 'non-responders' (e Table 4). Results remained overall similar. ).

DISCUSSION

Our study investigated the effects of an 18-month meditation-based intervention on multiple lifestyle behaviors in cognitively unimpaired older adults, including self-reported engagement in cognitive activities, adherence to the Mediterranean diet, and physical activity. Results revealed within-group in physical activity only after the meditation intervention, such that physical activity, and more specifically total and household physical activities, increased after 18 months only in participants from the meditation training arm. This increase in physical activity after meditation training was associated with higher informal meditation practice during the 18 months (non-significant without controlling for waves), a greater increase in constructive meditation abilities (i.e. socio-emotional capacities), and a greater improvement in global cognition. However, no between-arm differences in lifestyle changes have been observed after the intervention.

The increase in total and household physical activities after the 18-month meditation training is particularly relevant in the context of aging and dementia. Indeed, physical inactivity impacts older adults' psychological and physical well-being [START_REF] Bae | Physical Activity Levels and Well-Being in Older Adults[END_REF][START_REF] Delle Fave | Promoting well-being in old age: The psychological benefits of two training programs of adapted physical activity[END_REF][START_REF] Whitehead | Daily Well-Being Benefits of Physical Activity in Older Adults: Does Time or Type Matter?[END_REF] and represents a major risk factor for dementia risk (Livingston et al., 2020). Therefore, improving engagement in physical activity in older adults could be particularly efficient for healthy aging promotion.

Previous research on this issue is heterogeneous. Several studies (including RCTs) found greater physical activity outcomes thanks to MBIs as compared to control [START_REF] Schneider | The role of mindfulness in physical activity: a systematic review[END_REF]. For example, greater increase in physical activity or exercise capacities has been evidenced after online mindfulness training [START_REF] Younge | Web-based mindfulness intervention in heart disease: A randomized controlled trial[END_REF] or acceptance and commitment therapy (ACT) interventions, an approach designed to enhance psychological flexibility [START_REF] Hayes | Acceptance and Commitment Therapy, Relational Frame Theory, and the Third Wave of Behavioral and Cognitive Therapies[END_REF])), compared to control groups (Meghan L Butryn et al., 2011;[START_REF] Tapper | Exploratory randomised controlled trial of a mindfulness-based weight loss intervention for women[END_REF]. Other research reported a positive impact of MBIs (e.g., 8-week MBSR program or a 4-session acceptance-based behavior therapy intervention) on physical activity without including active or passive comparison conditions [START_REF] Goodwin | A pilot study examining the initial effectiveness of a brief acceptance-based behavior therapy for modifying diet and physical activity among cardiac patients[END_REF][START_REF] Salmoirago-Blotcher | Mindfulness-Based Stress Reduction and Change in Health-Related Behaviors[END_REF]. However, other research found no significant changes in physical activity outcomes after MBIs [START_REF] Lucas | A Mindfulness-Based Lifestyle Intervention for Obese, Inactive Endometrial Cancer Survivors: A Feasibility Study[END_REF]) [START_REF] Miller | Comparative Effectiveness of a Mindful Eating Intervention to a Diabetes Self-Management Intervention among Adults with Type 2 Diabetes: A Pilot Study[END_REF][START_REF] Van Berkel | Effectiveness of a worksite mindfulness-based multi-component intervention on lifestyle behaviors[END_REF]) [START_REF] Grossman | Mindfulness-Based Intervention Does Not Influence Cardiac Autonomic Control or the Pattern of Physical Activity in Fibromyalgia during Daily Life[END_REF][START_REF] Vanbuskirk | Physical activity of patients with chronic pain receiving acceptance and commitment therapy or cognitive behavioural therapy[END_REF]) [START_REF] Meyer | Benefits of 8-wk Mindfulness-based Stress Reduction or Aerobic Training on Seasonal Declines in Physical Activity[END_REF]. Divergent findings in the literature could be possibly due to important methodological differences between the studies. Most studies used approaches that incorporate mindfulness to other behavioral therapeutic techniques, such as ACT, with various contents and aims [START_REF] Chiesa | Mindfulness-based approaches: Are they all the same[END_REF][START_REF] Crane | What defines mindfulness-based programs? The warp and the weft[END_REF]. Moreover, participants were mainly young or at least younger than the participants included in our study, and no study specifically targeted older adults, making direct comparisons between our and the previous studies difficult. Our results support the potential of mindfulness-based approaches to promote physical engagement in older population.

The finding that household physical activity increased in the meditation training group is of particular interest, especially for older adults, who tend to spend up to 72% of their time at home [START_REF] Spalt | Timelocation patterns of a diverse population of older adults: The Multi-Ethnic Study of Atherosclerosis and Air Pollution (MESA Air)[END_REF]. Household activities could decrease sedentarism naturally by doing everyday tasks, including light or heavy housework, home repairs, lawn work, gardening, or caring for another person. For older persons, home ensures a sense of comfort, stability and control over their daily lives, and is a ground where cultivating identity, self-esteem, and self-expression [START_REF] Hatcher | Exploring the Perspectives of Older People on the Concept of Home[END_REF][START_REF] Van Dijk | The ideal neighbourhood for ageing in place as perceived by frail and non-frail community-dwelling older people[END_REF]. Meditation practice could therefore benefit home-related physical activities by leveraging on the feelings of independence and anchoring-self that taking care of their own home (e.g., by doing house chores) would convey. In addition, caring for another person (e.g., a children or a dependent family member -another aspect of household activities) demands the execution of various physical tasks, including dressing, bathing, feeding, nursing, assisting with walking, bed and wheelchair transfers, and could be motivated by meditation practice, notably loving kindness and compassion meditation that nurtures other-compassion and pro-social attributes (Dahl et al., 2015).

Interestingly, previous studies indicate that older adults engaging in higher amount of household physical activity had reduced frailty [START_REF] Podewils | Physical activity, APOE genotype, and dementia risk: Findings from the Cardiovascular Health Cognition Study[END_REF][START_REF] Stephan | A high level of household physical activity compensates for lack of leisure time physical activity with regard to deficit accumulation: Results from the KORA-Age study[END_REF], a condition often associated with cognitive decline and risk of AD [START_REF] Wallace | Relationship between frailty and Alzheimer's disease biomarkers: A scoping review[END_REF]. By encouraging household activities and thus reducing physical inactivity, meditation could then preserve older adults from age-related physiological deficits and increase well-being.

In this study, the increase in physical activity (total score) after meditation practice was associated with meditation-related practice or outcomes. Indeed, the change in physical activity was stronger in individuals who reported a higher level of informal home practice during the study (i.e., practice outside meditation classes). While this association reached significance only while controlling for waves (a trend was found without this covariate), it suggests that people who were more engaged in meditation practice, especially outside of the formal/requested practice, are the ones who were able to show such behavior changes toward a greater engagement in physical activity. Possibly, longer and/or more intense practice of meditation would be needed to increase adaptive and inhibit maladaptive lifestyle behaviors, as previously hypothesized (Lutz et al., 2021;[START_REF] Roychowdhury | Moving mindfully: The role of mindfulness practice in physical activity and health behaviours[END_REF][START_REF] Schuman-Olivier | Mindfulness and Behavior Change[END_REF][START_REF] Victorson | Mindfulness Meditation to Promote Wellness and Manage Chronic Disease: A Systematic Review and Meta-Analysis of Mindfulness-Based Randomized Controlled Trials Relevant to Lifestyle Medicine[END_REF]. However, this interpretation should be taken carefully as the association was not robust (significance levels changed depending on the covariates), and causality should be further explored.

Beyond practice itself, the increase in total physical activity in the meditation arm was associated with an increase in meditation-targeted capacities. More specifically, participants who showed greater increase in physical activity were those who also had a greater improvement in the constructive constituent of the meditation composite score, which captures socio-emotional capacities (Schlosser et al., 2022). This aligns with the hypothesis that mindfulness capacities might help promoting healthy lifestyle behaviors, even if causality remains to be clearly demonstrated. Specifically, the constructive component of meditation reflects the development of psychological habits that foster wellbeing by replacing maladaptive self-schema (i.e., latent beliefs about the self that inform thought and emotions)

with more adaptive self-concepts, promoting pro-social and healthy interpersonal relationships, and reinforcing ethical values (Dahl et al., 2015). Cognitive reappraisal (i.e., changing how we think about situations) and perspective taking (i.e., consider how a person would feel in a certain situation) are core mechanisms of constructive meditation, and are thought to reinforce adaptive psychological habits toward the self and the others (Dahl et al., 2015). Interestingly, physical activity has been previously related to more positive social interactions and increased self-compassion, possibly thanks to the enhancement of feelings of self-efficacy and body compassion that would in turn promote a positive concept of the self [START_REF] Teixeira | Successful behavior change in obesity interventions in adults: A systematic review of self-regulation mediators[END_REF][START_REF] Wong | Examining the exercise and selfesteem model revised with self-compassion among hong kong secondary school students using structural equation modeling[END_REF][START_REF] Wong | The Association between Physical Activity, Self-Compassion, and Mental Well-Being after COVID-19: In the Exercise and Self-Esteem Model Revised with Self-Compassion (EXSEM-SC) Perspective[END_REF]. By targeting such psychological factors to reduce barriers to behavior change [START_REF] Hayes | Acceptance and Commitment Therapy, Relational Frame Theory, and the Third Wave of Behavioral and Cognitive Therapies[END_REF][START_REF] Hayes | Acceptance and Commitment Therapy: Altering the Verbal Support for Experiential Avoidance[END_REF], mindfulness might increase adherence to physical activity. Accordingly, meditation would influence a physically active lifestyle, by cultivating distancing from demotivating thoughts and feeling, acceptance of internal experiences (e.g., discomfort, body shame), and satisfaction, while engaging in activities aligned with one's values (Blair Kennedy & Resnick, 2015; M.L. Butryn et al., 2011[START_REF] Butryn | Measuring the ability to tolerate activity-related discomfort: Initial validation of the physical activity acceptance questionnaire (PAAQ)[END_REF][START_REF] Goodwin | A pilot study examining the initial effectiveness of a brief acceptance-based behavior therapy for modifying diet and physical activity among cardiac patients[END_REF][START_REF] Schneider | The role of mindfulness in physical activity: a systematic review[END_REF].

Finally, we found that enhanced household physical activity levels after the meditation intervention were associated with increased global cognition from baseline to postintervention. This suggests that participants from the meditation arm who increased their physical activity level also had greater benefits on cognitive measures. Interestingly, increasing evidence from observational and intervention studies suggest that both physical activity (Erickson et al., 2019) and meditation practice (Whitfield et al., 2022) [START_REF] Berk | Can mindfulness-based interventions influence cognitive functioning in older adults? A review and considerations for future research[END_REF]Whitfield et al., 2022) for review), notably memory and attention (Fountain-Zaragoza & Prakash, 2017; Gard et al., 2014;[START_REF] Geiger | Mindfulness-Based Interventions for Older Adults: a Review of the Effects on Physical and Emotional Well-Being[END_REF]Marciniak et al., 2014;[START_REF] Van Leeuwen | Age effects on attentional blink performance in meditation[END_REF], but also executive functions and global cognition (Gard et al., 2014;[START_REF] Moynihan | Mindfulness-Based Stress Reduction for Older Adults: Effects on Executive Function, Frontal Alpha Asymmetry and Immune Function[END_REF]. A recent metaanalysis reported an effect of meditation on cognitive functions, especially on executive functions and working memory, and mainly in cognitively healthy older adults (Whitfield et al., 2022). Our results suggest that mindfulness might promote cognition through an improvement in physical activity levels, themselves known to be associated to better cognitive outcomes. Although we hypothesize that the increased cognitive score was driven by improvements in physical activity after the meditation intervention, this effect could also result from the combined effect of both meditation practice and physical activity, or could be driven by another independent factor responsible for the different changes. Further studies should be designed to directly assess these hypotheses, including the brain mechanisms that could underlie these associations.

While we found a change in physical activity level within the meditation training group, this effect did not statistically differ from the other groups (no intervention arm x time interaction).

This indicates that superiority of meditation intervention as compared to active or passive control conditions cannot be claimed, requiring prudence in the interpretation of these findings. Moreover, no between or withing-group differences were found in adherence to the Mediterranean diet and cognitive activity scores after the intervention. Prior studies on dietary habits reported inconsistent results (An et al., 2021;[START_REF] Hebert | Changes in women's diet and body mass following intensive intervention for early-stage breast cancer[END_REF][START_REF] Lucas | A Mindfulness-Based Lifestyle Intervention for Obese, Inactive Endometrial Cancer Survivors: A Feasibility Study[END_REF][START_REF] Spadaro | Effect of mindfulness meditation on short-term weight loss and eating behaviors in overweight and obese adults: A randomized controlled trial[END_REF], and interventions varied considerably between studies (i.e., training delivery methods, content of the intervention, sample characteristics -mostly including individuals with medical conditions), while studies on cognitive activity are almost inexistent (Chételat et al., 2017). The large variability in study designs and populations makes it difficult to directly compare these results and our findings. The intervention in our study was possibly not sufficiently long to induce lifestyle modifications in a healthy, highly educated, active and motivated population such the one that we included in our study. Future longer intervention studies, with a less selected sample are needed to replicate and better understand these findings.

This study has several strengths. It is a large-scale interventional study with a large sample, proposing a long intervention (18 months), and including both active and passive control conditions. This RCT was one of the first studies specifically designed to investigate the effect of meditation and non-native language training on lifestyle behaviors in an aging population. The high adherence and very low attrition (Chételat et al., 2022) supports the feasibility of this approach in cognitively unimpaired older adults.

Several limitations must also be acknowledged, including a relatively modest sample size when considering within arm associations. By using self-reported questionnaires as a measure of lifestyle factors we could not objectively capture lifestyle behaviors, but only an estimation that could be biased by subjective memories and perception. Nonetheless, these questionnaires are commonly used and their validity and reliability have been previously confirmed (Schröder et al., 2011;Valenzuela & Sachdev, 2007;[START_REF] Washburn | THE PHYSICAL ACTIVITY SCALE FOR THE ELDERLY (PASE): DEVELOPMENT AND EVALUATION[END_REF]Wilson et al., 2003), In addition, we assessed current lifestyle in individuals without cognitive impairments, which reduces the likelihood of major recollection biases. Notably, the participants included in our study were highly educated, healthy, and active, and highly motivated to participate in this study. Such characteristics might have left limited space for the meditation intervention to induce changes in lifestyle behaviors in older adults with an already positive lifestyle.

Finally, we must acknowledge that effects are overall subtle, maybe due to a lack of power in the present study, with no corrections for multiple comparisons. All interpretations should therefore be taken with caution and results will require further replication to address the robustness of these findings.

Overall, this 18-month meditation-based intervention showed an increase in total and household physical activities in the meditation training group. Although this effect was subtle, it suggests a protective effect of meditation on physical activity. The enhanced physical activity level in the meditation training group was related to higher informal practice and greater constructive meditation composite sub-score, and was associated with a greater increase in global cognition post-intervention. These results align with the idea that meditation-based approaches could foster adherence and maintenance of a physically active lifestyle in the aging population by directly targeting meta-awareness, attention control, emotional balance and pro-social capacities (Lutz et al., 2021), which could, in turn, help promoting healthy cognitive aging. Because no interaction between intervention arm and time on lifestyle factors has been evidenced, further studies, with longer interventions, and larger and more diverse samples would allow to shed light on the effects of meditation practice on lifestyle behavior change and to identify their mechanisms. eMethods.

'Responders' and 'non-responders'

Across both intervention groups, whether, and the degree to which participants responded to their assigned intervention was assessed. Specifically, a dichotomous variable classifying participants as either intervention 'responders' or 'non-responders', and a continuous measure of responsiveness were computed.

For the meditation training group, data gathered from facilitators at the end of the 18-month intervention period was used to classify participants as either 'responders' or 'nonresponders'. Specifically, facilitators were jointly asked to rate the extent to which they believed each participant benefited from the intervention on a Likert scale which ranged from 0 ('pas du tout significative' [translation: 'not significantly at all']) to 5 ('énormément'

[translation: 'very much']). Participants who received a score of 0 or 1 were classified as 'non-responders'.

For the non-native language training group, participants performance on an English language test and facilitator ratings were utilized to classify participants as either 'responders' or 'nonresponders'. Specifically, a participant was considered a 'non-responder' if they received an average facilitator rating score of 0 or 1, and their improvement on an English language test (i.e., delta score created by subtracting V1 scores from V3 scores) was less than 1 point.

Cognitive composite scores

Global cognition (PACC-5):

The We then took the unweighted average of these five z-scores, yielding the PACC-5. To facilitate longitudinal data interpretation, we re-standardised the PACC-5; longitudinal changes thus reflect changes in standard deviation units.

Episodic memory

A verbal episodic memory composite was created from two established measures of episodic memory: The California Verbal Learning Test, second edition (CVLT-II) and the WMS IV Logical Memory, Story B. We first standardised the scores for each of their constituent parts. For the CVLT-II this included the sum of trials 1-5, immediate free recall, delayed free recall. For Logical Memory this included immediate and delayed free recall. The unweighted average of these five z-scores yielded the Episodic Memory Composite score. Further to ease longitudinal data interpretation, we re-standardised each composite score so that longitudinal changes in each composite score reflect changes in standard deviations units.

Executive functions and attention

Two cognitive composite scores were computed by averaging outcomes measures of each neuropsychological test using mean and standard deviation of the entire group (Zscores). 

GENERAL DISCUSSION

Summary of the results

AD pathology is likely influenced by a complex combination of non-modifiable (genetic predisposition) and modifiable (environmental) risk factors. In the absence of a cure for AD, a crucial focus of research is the implementation of strategies for dementia prevention. As mentioned before (see section 2.2.2.2), it has been estimated that ~40% of dementia cases could be attributable to modifiable risk factors, including lifestyle, cardiovascular and psychoaffective factors (Livingston et al., 2020). Understanding the influence of lifestyle factors on brain and cognitive integrity before the onset of clinical symptoms is a promising avenue for dementia prevention, especially for older adults at risk for AD, as it could help designing effective lifestyle risk-reduction programs.

With the aim to provide a more comprehensive and integrated approach of the links between lifestyle and markers of ageing and AD dementia, the objective of this work was to shed light on the effect of lifestyle factors on brain integrity and cognitive function in the aging population. In particular, we tried to better understand the factors that could mediate and moderate their association with brain and cognitive integrity, and those that could induce behavior changes toward the adoption of a healthy lifestyle. To do so, we explored the relationship between lifestyle and other dementia risk factors. In particular, we explored whether cardiovascular risk factors and genetic risk could respectively mediate and modulate the associations between lifestyle factors and brain and/or cognitive markers of aging and AD, and whether a meditation-training intervention could influence healthier lifestyle habits that could in turn benefit cognition.

Overall, this work showed that different biological, genetic and socio-emotional factors mediate and modulate the association between lifestyle factors and brain and/or cognitive measures, or influence lifestyle behavior changes, increasing reserve in the elderly. The results of the three studies conducted during this PhD are summarized in Figure 19. More specifically, the three studies demonstrated that:

• In cognitively healthy older adults, the association between physical activity and markers of brain integrity was mediated by a reduction in cardiovascular risk factors.

Notably, the link with total gray matter volume was mediated by a reduction in insulin levels and BMI. On the other hand the association with cerebral glucose metabolism was direct and independent from cardiovascular risk factors.

• In the same participants, different patterns of association were found between APOE4 carriers and non-carriers. Higher cognitive activity was associated with lower brain integrity but increased cognitive performance in APOE4 carriers as compared to non-carriers, helping APOE4 carriers to compensate for the presence of brain alterations (resilience). Higher adherence to the Mediterranean diet was associated with both greater brain and cognitive integrity in APOE4 carriers, protecting from brain and cognitive decline (resistance). Conversely, higher physical activity was associated with greater brain integrity in APOE4 non-carriers only.

• In cognitively unimpaired older adults, an 18-month meditation intervention increased physical activity in the meditation training group from baseline to post-intervention, as compared to non-native language training or no intervention. This change in physical activity was stronger in individuals who engaged more in informal meditation practice and who showed a greater improvement in meditation-related (i.e. socio-emotional) capacities. Interestingly, this increase of physical activity was also associated with a greater improvement in global cognition post-intervention. However, no differences in lifestyle changes were found between groups.

We will discuss the results of this work covering i) the association between physical activity and brain health; ii) the different but complementary mechanisms of reserve promoted by various lifestyle factors (cognitive activity and Mediterranean diet); iii) the effect of a meditation intervention on lifestyle factors. We will finally address the clinical implications of our findings, as well as the limitations and the possible perspectives of this work. 

The association between physical activity and brain health: protective effects and role of other risk factors

Physical activity is amongst the major modifiable risk factors for cognitive decline and dementia (D. E. Barnes & Yaffe, 2011;Livingston et al., 2020). However, its effects on brain and cognitive health are not fully understood. Previous literature provides some inconsistencies, and the mechanisms underlying the link between physical activity and markers of brain and/or cognitive integrity are yet to be clarified.

Across the first two studies of this thesis, we demonstrated that physical activity correlates and interacts with other risk factors (cardiovascular risk factors and genetic predisposition to AD) to benefit brain integrity in healthy older adults.

The results of the first study showed that in cognitively unimpaired older adults, the association between physical activity and global gray matter volume was mediated by a reduction in cardiovascular risk factors, namely insulin levels and BMI, suggesting that increased physical activity reduces cardiovascular risk (Carroll & Dudfield, 2004;Pedersen, 2017), which in turn protects the brain from structural alterations [START_REF] Ho | The effects of physical activity, education, and body mass index on the aging brain[END_REF]. We replicated similar indirect effects on hippocampal volume, suggesting that the mediating role of insulin and BMI was also present in AD-sensitive regions.

Our findings suggest that the physical activity-related decrease in BMI was likely driving the mediating effect of insulin on the association between physical activity and gray matter volume. Obesity is one of the main causes of hyperinsulinemia and insulin resistance [START_REF] Ryan | Insulin level resistance with aging[END_REF][START_REF] Sripetchwandee | Links between obesity-induced brain insulin level resistance, brain mitochondrial dysfunction, and dementia[END_REF]. We thus argued that physical activity could help maintaining a normal BMI, which in turn could prevent the dysfunction of insulin metabolism in aging, promoting structural brain integrity. Obesity ( [START_REF] Raji | Brain structure and obesity[END_REF]; see (Kloppenborg et al., 2008;Profenno et al., 2010) for review)) and hyperinsulinemia [START_REF] Arnold | Brain insulin level resistance in type 2 diabetes and Alzheimer disease: concepts and conundrums[END_REF][START_REF] Crane | Glucose levels and risk of dementia[END_REF]Luchsinger et al., 2004) are indeed important risk factors for cognitive decline and AD [START_REF] Ryan | Insulin level resistance with aging[END_REF][START_REF] Sripetchwandee | Links between obesity-induced brain insulin level resistance, brain mitochondrial dysfunction, and dementia[END_REF], possibly due to increased inflammation and oxidative stress [START_REF] Corlier | Systemic inflammation as a predictor of brain aging: contributions of physical activity, metabolic risk, and genetic risk[END_REF][START_REF] Shin | How does obesity and physical activity affect aging? Focused on telomere as a biomarker of aging[END_REF][START_REF] Sripetchwandee | Links between obesity-induced brain insulin level resistance, brain mitochondrial dysfunction, and dementia[END_REF].

In our study, physical activity seemed therefore to protect against structural brain changes via the reduction of cardiovascular risk factors (i.e., insulin and BMI).

By contrast, the association between physical activity and cerebral glucose metabolism was independent from changes in cardiovascular risk factors in our study. The benefits of physical activity on cerebral glucose metabolism possibly acted through direct neuronal effects (or alternatively, were mediated by other -non-cardiovascular -mechanisms). Of note, physical activity was not associated with cerebral glucose metabolism in posterior cingulate and temporo-parietal cortices, suggesting that this association does not specifically involve AD hypometabolic-regions.

A direct neuroprotective effect of physical activity on brain function is supported by animal studies that reported an increased release of neurotrophic factors after exercise, activating a cascade of neuronal responses (e.g., neurogenesis and synaptic plasticity) (see [START_REF] Cotman | Exercise builds brain health: key roles of growth factor cascades and inflammation[END_REF][START_REF] Erickson | Physical activity and brain plasticity in late adulthood[END_REF]Erickson et al., , 2022) ) for review) involving the expression of enzymes implicated in glucose use and metabolism [START_REF] Cotman | Exercise builds brain health: key roles of growth factor cascades and inflammation[END_REF]Ding et al., 2006;Tong et al., 2001). Therefore, by inducing such protective neuronal processes, physical activity would promote brain functional integrity.

Our study showed that physical activity has a beneficial effect on gray matter volume (direct)

and on cerebral glucose metabolism (direct). The link between physical activity and amyloid pathology is instead more complex, and previous literature provide contradictory results (B.

M. [START_REF] Brown | [END_REF][START_REF] Norton | Potential for primary prevention of Alzheimer's disease: An analysis of population-based data[END_REF][START_REF] Okonkwo | [END_REF].

Interestingly, while our studies showed no association between physical activity and amyloid load when considering the entire sample of participants (study 1), a link was evidenced when participants were stratified by APOE4 genotype (study 2).

Indeed in our second study, higher level of physical activity was associated with reduced global amyloid load in APOE4 non-carriers as compared to carriers.

In this study, we hypothesized that physical activity would have interacted with the APOE4 genotype to counteract its deleterious effects on brain integrity and cognition. However, we found physical activity to be more beneficial to APOE4 carriers only, promoting resistance against pathology accumulation.

Although speculative, the benefits of current physical activity on amyloid burden were possibly attenuated by pre-existing or ongoing detrimental effects of APOE4 in carriers. In agreement with a large body of evidence (M. [START_REF] Fouquet | Imaging Brain Effects of APOE4 in Cognitively Normal Individuals Across the Lifespan[END_REF][START_REF] Gonneaud | Relative effect of APOE e4 on neuroimaging biomarker changes across the lifespan[END_REF][START_REF] Jansen | Prevalence of cerebral amyloid pathology in persons without dementia: A meta-analysis[END_REF]Jansen et al., , 2022)) (Thambisetty et al., 2010;Wierenga et al., 2013). While the early increase has been proposed to reflect compensation for the cerebrovascular damage induced by the APOE4 allele in brain regions at risk for AD, the later decrease would reflect a failure of this compensatory attempt (Dai et al., 2009;Hays et al., 2016;Koizumi et al., 2018;Wierenga et al., 2012). Hypothetically, physical activity could have been more effective in counteracting the deleterious effects of APOE4 on hippocampal perfusion earlier in life.

Thanks to the multimodal neuroimaging design of our studies, we highlighted complementary effects of physical activity on brain structural and functional integrity in regions specific to AD, but also (for cerebral glucose metabolism) in regions not related to the AD pathological process. This suggests that physical activity could increase reserve against disease-related brain alterations, but also protect from brain changes occurring in normal aging, independent from AD.

Different but complementary mechanisms of reserve promoted by various lifestyle factors

The results of our second study highlighted a complex interplay between lifestyle factors and AD genetic predisposition (i.e., the APOE4 genotype) to influence brain and cognitive measures in cognitively unimpaired older adults.

We found that APOE4 genotype interacted with lifestyle factors with different patterns of association depending on the lifestyle variable, revealing the existence of different reserve mechanisms that could help APOE4 carriers to resist or cope with brain alterations and postpone cognitive decline.

Cognitive activity promotes mechanisms of resilience

In our study, higher cognitive activity was associated with lower gray matter volume and perfusion of the parahippocampal cortex, and lower perfusion of the entorhinal and perirhinal cortices in APOE4 carriers as compared to non-carriers. A trend was also found in the same direction for cerebral glucose metabolism in the parahippocampal cortex.

This finding contrasts with previous studies that reported a more favorable profile of AD biomarkers, including amyloid load [START_REF] Wirth | [END_REF], with higher cognitive activity in APOE4 carriers compared to non-carriers, which suggested beneficial effects of higher engagement in cognitive activity, particularly in APOE4 carriers.

By contrast, one study found that with greater cognitive activity, APOE4 carriers had lower hippocampal volume than non-carriers [START_REF] Jeon | Midlife Lifestyle Activities Moderate APOE ε4 Effect on in vivo Alzheimer's Disease Pathologies[END_REF], indicating the probable existence of compensatory mechanisms in carriers, that would help them to maintain normal levels of cognitive performance despite greater hippocampal atrophy [START_REF] Jeon | Midlife Lifestyle Activities Moderate APOE ε4 Effect on in vivo Alzheimer's Disease Pathologies[END_REF].

In our study, higher cognitive activity was associated with higher scores in several cognitive domains, namely global cognition, episodic memory, executive function and attention, in line with existing literature [START_REF] Carlson | Midlife activity predicts risk of dementia in older male twin pairs[END_REF][START_REF] Pellegrini-Laplagne | Acute Effect of a Simultaneous Exercise and Cognitive Task on Executive Functions and Prefrontal Cortex Oxygenation in Healthy Older Adults[END_REF]. Nevertheless, cognitive activity did not interact with APOE4 genotype on these cognitive measures, suggesting that cognitive performance increased in both APOE4 carriers and non-carriers.

This further confirmed that greater cognitive activity could promote compensation mechanisms, more particularly in APOE4 carriers, who have lower brain outcomes but preserved cognition.

Thanks to the concurrent evaluation of both brain and cognitive measures in our study, our findings revealed that higher cognitive activity was associated with better cognition in the whole group of participants. Most importantly, this effect was mainly driven by APOE4 carriers, in whom higher engagement in cognitive activity could help coping with the presence of brain alterations and remaining cognitively normal (i.e. performing similar to noncarriers in cognitive tests), promoting resilience (E.M. Arenaza-Urquijo & Vemuri, 2018).

To explain the role of cognitive activity on brain and cognitive health, animal studies showed that a cognitively enriched environment (i.e., increased cognitive stimulation through wheels, mazes, toys) (Nithianantharajah & Hannan, 2006) induces the expression of neurotrophic factors responsible for the decrease or even reversal of neurodegeneration (see (Valenzuela et al., 2007) for review). Notably, this neuroprotective mechanism is very similar from what described above for physical activity. This suggests that a healthy and active lifestyle might promote neuroplasticity, irrespective of the lifestyle factor studied, and delay the aging process.

In the presence of brain alterations (such as what we observed for APOE4 carriers with greater cognitive activity), engagement in cognitive activities would promote compensatory mechanisms at the cortical level (Haier et al., 1992;Moore et al., 2006;Olesen et al., 2004) to support cognitive performance while counterbalancing the effects of brain alterations (Valenzuela et al., 2007;[START_REF] Brickman | Aging and memory in humans[END_REF]Stern, , 2012;;Stern et al., 2023).

We can therefore assume that in our study, greater cognitive activity allowed APOE4 carriers to adapt their cognitive strategies through such compensatory mechanisms to cope with the presence of brain atrophy and lower perfusion and postpone cognitive decline (resilience) [START_REF] Stern | Whitepaper: Defining and investigating cognitive reserve, brain reserve, and brain maintenance[END_REF].

Future studies using other neuroimaging techniques would possibly enable a more reliable comprehension of the mechanisms underlying this hypothesized compensatory process related to cognitive activity in APOE4 carriers. For instance, functional MRI could provide useful information to identify the functional brain changes related to cognitive performance.

Previous studies reported increased activation of memory-related brain regions in APOE4 carriers compared to non-carriers during memory tasks (see (Trachtenberg et al., 2012;Wierenga & Bondi, 2007) for review), including in young cognitively unimpaired adults (Filippini et al., 2009). This increased activity is generally interpreted as neural compensatory recruitment to maintain cognitive performance (Gallagher & Koh, 2011).

Adherence to the Mediterranean diet promotes resistance

In our second study, we also showed an interactive effect between APOE4 status and adherence to the Mediterranean diet. However, the reserve mechanism that explains this interaction differs from the one observed for cognitive activity. We observed that with higher adherence to the Mediterranean diet, APOE4 carriers had higher cerebral glucose metabolism in the hippocampus and entorhinal cortex and higher attention scores when compared to non-carriers. We interpreted this result as the reflex of greater resistance in APOE4 carriers promoted by the Mediterranean diet that would help APOE4 carriers to resist to neurodegeneration and cognitive decline (E.M. Arenaza-Urquijo & [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]Vemuri, , 2020)).

Prior reports suggested that healthy dietary habits could attenuate the negative impact of APOE4 on brain health and cognitive functions [START_REF] Fote | A Scoping Review of Dietary Factors Conferring Risk or Protection for Cognitive Decline in APOE ε4 Carriers[END_REF][START_REF] Yassine | APOE Alleles and Diet in Brain Aging and Alzheimer's Disease[END_REF].

The Mediterranean diet in particular seems highly protective against AD (Caracciolo et al., 2014). Animal models suggest that flavonoids (found in elevated concentration in the Mediterranean diet) exert a neuroprotective effect via the modulation of a cascade of neurotrophic responses responsible for neuronal differentiation, survival and death (Nones et al., 2010), but also via their benefits on the peripheral and cerebral vascular system ((Spencer, 2009); see (Spencer et al., 2009) for review).

Alike physical activity, the Mediterranean diet can indeed also increase cardiovascular health. Reduced cholesterol, insulin levels and insulin resistance have indeed been found in middle-and/or older-aged individuals with metabolic syndrome (Esposito et al., 2004) and hypercholesterolemia (Jula et al., 2002), after respectively 2 years or 12 weeks of a

Mediterranean-style diet. The reduced cardiovascular burden could possibly mediate the cognitive and neuroprotective effects of the Mediterranean diet (Caracciolo et al., 2014;Frisardi et al., 2010).

Conceivably, the association that we evidenced between adherence to the Mediterranean diet and APOE4 carriers' brain and cognitive markers could act via a reduced cardiovascular risk. Testing the hypothesis of a mediating cardiovascular effect on this link as a function of APOE4 status, could help clarifying the underlying neuroprotective mechanisms.

Rather than fostering alternative and more adaptable cognitive strategies as we observed for cognitive activity (resilience), the Mediterranean diet would help promoting reserve by maintaining brain function in APOE4 carriers (i.e., brain maintenance). Thanks to the neuroprotective function of its components, the Mediterranean diet could therefore contribute to higher resistance to brain changes and cognitive decline, especially in older adults at genetic risk for AD.

Complementary effects of different lifestyle factors

In our first two studies, we highlighted that different lifestyle factors have distinct beneficial effects on brain and cognitive health. Across the same population of cognitively unimpaired older adults, physical activity, cognitive activity and adherence to the Mediterranean diet influenced brain and/or cognitive integrity via multiple, but likely complementary, mechanisms.

From the available literature, we could infer that healthy dietary habits and physical activity influence common neuroplastic changes, as well as anti-inflammatory processes of cardiovascular nature (Phillips, 2017). This suggests that consuming foods rich in antioxidant (such as the ones found in the Mediterranean diet) and having a physically active lifestyle protects brain and cognitive health in aging. This neuroprotective effect would prevent or delay age-or disease-related brain and cognitive decline (resistance) possibly via the reduction of cardiovascular risk factors, and by counterbalancing the detrimental effects of the APOE4 genotype on brain and cognitive markers. Accordingly, in our studies we found reduced atrophy, including in the hippocampus, and amyloid load (in APOE4 non-carriers only), with greater physical activity. Additionally, with higher physical activity and adherence to the Mediterranean diet, cerebral glucose metabolism and perfusion in AD-sensitive regions (MTL) increased, even though with partially different results as a function of APOE4 status.

On the other hand, cognitive activity could be particularly efficient to promote compensatory processes. Consistently, cognitive activity was associated with increased cognitive performance in cognitively unimpaired older adults in our study, but most importantly this compensatory mechanism would allow APOE4 carriers to delay cognitive impairment.

Varying effects have been therefore evidenced, in particular as a function of APOE4 status, which appears to differentially interact with lifestyle factors to help both APOE4 carriers and non-carriers to resist or cope with brain alterations and postpone cognitive decline. A better comprehension of the mechanisms involved in these complex interactive effects is needed to ensure personalized lifestyle recommendations tailored on the individuals' risk profile.

Effect of a meditation intervention on lifestyle factors

Lifestyle factors convey beneficial effects on brain and cognitive health thanks to the contribution of distinct and likely complementary mechanisms. A crucial issue that remains to be established is the identification of strategies to encourage and facilitate lifestyle behaviors change toward healthier habits. Despite the compelling evidence that lifestyle factors impact health, well-being, and quality of life at short-and long-term [START_REF] Firth | A meta-review of "lifestyle psychiatry": the role of exercise, smoking, diet and sleep in the prevention and treatment of mental disorders[END_REF][START_REF] Lianov | Physician Competencies for Prescribing Lifestyle Medicine[END_REF][START_REF] Sapranaviciute-Zabazlajeva | Lifestyle factors and psychological well-being: 10year follow-up study in Lithuanian urban population[END_REF], progress in helping older adults in the adoption of positive lifestyle habits is difficult to attain, because unhealthy and maladaptive behaviors are often difficult to eradicate (Lloyd-Jones et al., 2010).

Focusing on psychoaffective factors, which are themselves linked to dementia risk (Livingston et al., 2020), could represent a promising avenue. We hypothesized that meditation practice, by targeting psychological and emotional aspects, could influence healthy lifestyle behaviors and thus increase well-being in the aging population (Lutz et al., 2021). Importantly, meditation practice could foster healthy lifestyle behaviors via the development of self-regulation abilities (e.g., stress management, attention regulation and emotional balance) (Lutz et al., 2021) that could in turn protect against cognitive decline and dementia risk in older adults (Livingston et al., 2020).

We directly assessed this hypothesis in our third study. More specifically, we evaluated the effects of an 18-month meditation training intervention on lifestyle factors change (i.e., selfreported engagement in cognitive activity, adherence to the Mediterranean diet, and physical activity), as compared to non-native language training and no intervention, in cognitively unimpaired older adults.

We found that total and household physical activities increased in the meditation training group after the meditation intervention. This result is of great importance in the context of aging, because physical inactivity is one of the main modifiable risk factors for AD risk (D. E. Barnes & Yaffe, 2011;Livingston et al., 2020), and, as shown in multiple studies [START_REF] Erickson | [END_REF], including the two other studies of this work, is related to brain health in cognitively unimpaired elderly.

The enhanced household physical activity level is particularly interesting for older adults, who tend to spend much time at home [START_REF] Spalt | Timelocation patterns of a diverse population of older adults: The Multi-Ethnic Study of Atherosclerosis and Air Pollution (MESA Air)[END_REF]. Being an integral part of daily life, household activities could decrease sedentary behaviors naturally by doing activities of daily living. Meditation may foster these activities by increasing the positive feelings derived by caring about its own home [START_REF] Hatcher | Exploring the Perspectives of Older People on the Concept of Home[END_REF][START_REF] Van Dijk | The ideal neighbourhood for ageing in place as perceived by frail and non-frail community-dwelling older people[END_REF], and the compassionate commitment (Dahl et al., 2015) to providing care for someone (e.g., a dependent relative).

In our study, increased total physical activity after meditation training was stronger in participants who spent greater time in a meditative everyday-life attitude (informal practice)

during the intervention (only significantly when adjusting for waves), and increased their socio-emotional abilities (i.e., had higher constructive meditation composite sub-score) after the intervention. Interestingly, the development of these abilities and attitude could encourage adherence to a physically active lifestyle (Butryn et al., 2011[START_REF] Butryn | Measuring the ability to tolerate activity-related discomfort: Initial validation of the physical activity acceptance questionnaire (PAAQ)[END_REF][START_REF] Goodwin | A pilot study examining the initial effectiveness of a brief acceptance-based behavior therapy for modifying diet and physical activity among cardiac patients[END_REF][START_REF] Hayes | Acceptance and Commitment Therapy, Relational Frame Theory, and the Third Wave of Behavioral and Cognitive Therapies[END_REF][START_REF] Hayes | Acceptance and Commitment Therapy: Altering the Verbal Support for Experiential Avoidance[END_REF][START_REF] Kennedy | Mindfulness and Physical Activity[END_REF][START_REF] Schneider | The role of mindfulness in physical activity: a systematic review[END_REF].

Importantly, greater increase in household physical activity in the meditation training group was associated with increased global cognition after the intervention.

Growing literature indicates that meditation practice is linked to greater cognition and decreased cognitive impairment in cognitively unimpaired older adults (see [START_REF] Berk | Can mindfulness-based interventions influence cognitive functioning in older adults? A review and considerations for future research[END_REF]Whitfield et al., 2022) for review). While the improvement that we reported might be mediated by the effect of meditation on stress and attention regulation, another (non-exclusive)

hypothesis would be that meditation practice could have promoted cognition thanks to the improvement in lifestyle behaviors (Lutz et al., 2021), themselves expected to positively impact brain health and cognition (Livingston et al., 2020).

In our study, the meditation-related increased physical activity levels (and especially household physical activity), which is itself a crucial factor against age-related cognitive decline (Erickson et al., 2019), could have favoured such an increase in cognitive outcomes.

The increased meditation-related capacities (informal practice and socio-emotional abilities) could be the key elements supporting the mechanisms by which meditation influences physical activity and in turn benefits cognition (Figure 20); their possible mediating role deserves further investigations. Alternatively, enhanced cognition could also be induced by the joint effect of meditation training and augmented physical activity or by additional variables that impact all these factors independently. Therefore, specific relationship between the meditation-induced increase in physical activity and the increase in global cognition cannot be taken for granted. Furthermore, an inverse relationship could also be assumed, as older adults with improved cognition could stay more physically active. These questions merit future research. results between studies on diet. In addition, as most studies focused on young to middleaged adults, often having a medical condition (cardiovascular disease, eating disorder, etc.), direct comparisons between our and the other studies is difficult.

Diet assessment including dietary intake information (average daily intake of a nutrient) could allow tracking more specific dietary changes [START_REF] Spadaro | Effect of mindfulness meditation on short-term weight loss and eating behaviors in overweight and obese adults: A randomized controlled trial[END_REF]. Moreover, thanks to their emotional nature, the evaluation of nutrition-related attitudes (emotions, beliefs, motivations) [START_REF] Alberts | Dealing with problematic eating behaviour. The effects of a mindfulness-based intervention on eating behaviour, food cravings, dichotomous thinking and body image concern[END_REF][START_REF] Soriano-Ayala | Promoting a healthy lifestyle through mindfulness in university students: A randomized controlled trial[END_REF][START_REF] Spadaro | Effect of mindfulness meditation on short-term weight loss and eating behaviors in overweight and obese adults: A randomized controlled trial[END_REF] could possibly be more susceptible to meditation-induced changes. With regard to cognitive activity, emphasizing more intimate experiences of daily living (managing personal, social, and financial matters) (Leoń et al., 2014) could be more sensitive to meditation practice.

Absence of effects in our study could also be due to a lack of power. Although longer than Evaluating the effects of meditation on lifestyle habits in elderly expert meditators could bring interesting elements as to how long-term meditation practice could influence more enduring lifestyle behaviors changes. Preliminary evidence reported higher cognitive activity in a small group of older expert meditators compared to meditation-naïve elderly (Chételat et al., 2017).

This result should be probed in larger samples (i.e., study on long-term expert meditators included in the "Age-Well" study -see section 3.2.1, Figure 17).

In order to uncover the mechanisms underlying the benefits of meditation practice on lifestyle and cognition in aging, an interesting focus of research would be the comprehension of the brain mechanisms underlying these effects. Several neuroimaging studies highlighted a link between meditation practice and structural and functional brain measures in regions sensitive to both meditation training (frontal and limbic regions, and the insula) (Fox et al., 2014(Fox et al., , 2016;;Tang et al., 2015), and aging (see (Chételat et al., 2018;Lutz et al., 2021) for review) or in AD-sensitive regions (anterior cingulate and ventro-medial prefrontal cortices, insula, temporo-parietal junction and the posterior cingulate cortex) (Chételat et al., 2017).

However, the Age-Well RCT by Chételat et al., 2022 found no differences in volume, and a non-significant difference in perfusion of the anterior cingulate cortex and the insula, between meditation training and control groups (non-native language training or no intervention) (Chételat et al., 2022).

A key aspect that would be interesting to explore, is whether expected effects of meditation practice on brain measures are modulated (i.e., potentiated) by lifestyle factors in cognitively unimpaired older experts and naïve meditators.

Clinical implications

Across the studies of this work, we highlighted that different factors link lifestyle to brain and cognitive health in cognitively unimpaired older adults. A comprehensive understanding of the factors that influence the impact of lifestyle on brain and cognition is crucial towards the design of personalized preventive approaches against brain aging and AD development.

Since interventions are likely most effective in the early asymptomatic phases of AD, the preclinical stage of AD holds special relevance for disease modification because it is when the greatest gains could be achieved. This highlights the importance of identifying specific risk factors that could be the target of preventive strategies before the manifestation of clinical symptoms [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF][START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. Among them, lifestyle and cardiovascular risk factors considerably contribute to risk for AD, and acting on their reduction represents a true opportunity for non-pharmacological programs aiming at the preservation of well-being and mental health in the aging population (Livingston et al., 2020;[START_REF] Yaffe | Modifiable Risk Factors and Prevention of Dementia: What Is the Latest Evidence?[END_REF].

The finding that cardiovascular risk factors, namely insulin and BMI, mediate the association between physical activity and brain structural integrity, suggests that understanding how physical activity affects brain health may help developing measures to prevent or delay agerelated brain decline. As important modifiable risk factors for cognitive decline and dementia (Livingston et al., 2020), cardiovascular risk factors should be a primary target of preventive measures. Public health programs and individualized interventions should focus on lowering these factors across the life course, and our studies suggest that this would be crucial even in late-life.

Importantly, cardiovascular factors such as obesity and insulin deregulation can be prevented or minimized through lifestyle interventions. In particular, physical activity represents a pillar in the primary prevention of many health conditions, including cardiovascular disease (Carroll & Dudfield, 2004). Normal levels of insulin and insulin-related proteins (i.e., proinsulin) conferred the greatest attenuation of the sedentary behaviorsassociated risk of cardiovascular disease mortality at age 50 to 70 (Byberg et al., 2001).

Sustaining physical activity at older ages should be thereby a fundamental aspect of therapeutic lifestyle change interventions to protect against cardiovascular risk and, subsequently, preserve brain health (Carroll & Dudfield, 2004;[START_REF] Yaffe | Modifiable Risk Factors and Prevention of Dementia: What Is the Latest Evidence?[END_REF].

In line with previous evidence (D. E. Barnes & Yaffe, 2011) Policies should then address high-risk groups to increase cognitive activity and healthy dietary habits (Livingston et al., 2020). This is particularly true, given that risk factors are related to and promote each other.

In our three studies, we evaluated only current (late-life) lifestyle. If our results seem to suggest that it is never too late for healthy lifestyle habits to impact brain and cognitive health, for certain factor, or in certain conditions, stronger effects could be obtained in earlier life periods (e.g., physical activity may promote resistance in APOE4 carriers at earlier stages, before the onset of amyloid pathology). Similarly, only late-life cardiovascular risk factors were available in our first study, but growing evidence highlights the role of cardiovascular risk in mid-life [START_REF] Debette | Midlife vascular risk factor exposure accelerates structural brain aging and cognitive decline[END_REF]. In future studies, it will be important to assess lifestyle across the life course to better understand the optimal time window for its effects. The availability in the Age-Well project of retrospective lifestyle assessment will allow such investigation.

To obtain lifestyle behavior changes in the long-term, health care professionals should characterize the most effective behavioral approach for lifestyle management. Meditation is garnering increased attention as a promising candidate in the quest for efficacious, accessible and inexpensive measures for long-lasting lifestyle behavior modification to promote mental health and well-being (Lutz et al., 2021). Possibly, a meditation-based intervention would be more effective than -or add effectiveness to -classic lifestyle programs in implementing such changes [START_REF] Moffitt | The efficacy of a self-managed Acceptance and Commitment Therapy intervention DVD for physical activity initiation[END_REF].

From a clinical perspective, by improving physical activity and cognitive functions, meditation could have beneficial repercussions on general health and well-being, and promote brain and cognitive reserve increasing protection against dementia (Chételat et al., 2018;Lutz et al., 2021;Norton et al., 2014). Health policies should then facilitate the incorporation of meditation practice into lifestyle-based prevention programs for older adults.

To conclude, establishing innovative lifestyle-and meditation-based interventions to increase exposure to a healthy lifestyle represents an important challenge for the health care and medical communities. In the optic of lifestyle medicine (Rippe, 2019), encouraging healthy habits in older adults (e.g., being physically and cognitively active, making healthy dietary choices, managing cardiovascular risk) is relatively inexpensive and has no adverse effects [START_REF] Yaffe | Modifiable Risk Factors and Prevention of Dementia: What Is the Latest Evidence?[END_REF], and should be thus integrated into the daily medicine practice for the development of personalized preventive approaches to promote healthy aging.

Limitations and perspectives

This work has several strengths and some limitations.

The assessment of multiple lifestyle and other risk factors within a same population of cognitively unimpaired older adults is a crucial strong point of this work. It allowed the investigation of the relative effect of each lifestyle factor on brain and/or cognitive integrity, but also to better account for the effects of other modifiable and non-modifiable factors on these associations. In addition, we demonstrated distinct contributions of the lifestyle variables to healthy brain and cognitive aging through separate but possibly complementary mechanisms.

The multimodal neuroimaging design allowed the identification of complementary effects of lifestyle factors in both AD-sensitive and -non sensitive regions. This suggests that the potential of healthy lifestyle behaviors to increase reserve is broad, covering brain aging in the context of dementia but also independent from the AD pathological process. cholesterol, insulin, obesity) or inflammatory markers in the study design may also add essential information for the understanding of our findings, as cardiovascular disease and inflammation seem closely linked to both the APOE4 genotype and AD dementia [START_REF] Corlier | Systemic inflammation as a predictor of brain aging: contributions of physical activity, metabolic risk, and genetic risk[END_REF]Tao et al., 2018;Yamazaki et al., 2019).

The use, in all of the three studies, of self-reported lifestyle questionnaires instead of more objective methods is a limitation because the subjective nature of these measures only allows the estimation of lifestyle behaviors. Even though lifestyle has been evaluated in individuals without cognitive troubles, thus limiting the likelihood of major recollection biases, measurements can be biased by individuals' memory, introspective capacity, awareness, perception, and honesty. The use of more objective measures should be included in future investigations. It is however important to note that such perspectives represent a certain challenge. Indeed, objective assessment techniques are available for physical activity (e.g., accelerometers and cardiorespiratory fitness), but methods for objective measurements of diet and cognitive activity are so far limited or inexistent. For instance, while blood or urine biomarkers can be applied in diet assessment to objectively measure true intake for energy and nutrients (Kaaks et al., 2002), they do not provide information on what food or drink people consume, limiting the usefulness for research aiming at examining eating patterns and how to alter them.

The population included in our studies is characterized by healthy, highly educated, and active participants, with low likelihood of cognitive decline. These very motivated individuals, that were selected to participate in the Age-Well protocol, are not representative of the general aging population, preventing generalizability of the results. The over-selection of our sample might have reduced the space for lifestyle behaviors changes following meditation practice. More diverse populations including at risk-individuals (e.g., with cardiovascular risk) could possibly benefit more from such intervention programs.

Finally, another limitation of this work is the cross-sectional design of the first two studies, which prevented from drawing causal relationships of the associations. Mediation analyses were used to explore the association between physical activity and measures of brain integrity. However, such statistical techniques only provide support to theory-based hypotheses without ensuring causality. Therefore, we cannot rule out that healthier lifestyle habits are a consequence of greater cognitive and brain integrity (i.e., individuals with greater brain and cognitive outcomes are those who are able and/or motivated to stay physically and cognitively active, and follow a healthy and balanced diet). The cross-sectional design further prevents assessing the dynamics of reserve mechanisms in APOE4 carriers (e.g. changes from resistance to resilience). Further longitudinal cohort and interventional studies would enhance our understanding of the trajectories of these links by exploring the associations between lifestyle factors and brain and cognitive changes over time, and will shed light on the dynamic of the compensatory and protecting processes related to APOE4 status.

Conclusion

This work highlights the importance of lifestyle factors on brain health and cognition in cognitively unimpaired older adults. Throughout the three studies, we identified some of the factors that could mediate, modulate and influence the link between a healthy lifestyle and brain and/or cognitive integrity, providing a more comprehensive understanding of reserve and resilience in aging.

More specifically, we showed that, while cardiovascular risk factors (i.e., insulin and BMI) mediated the association between physical activity and gray matter volume, the association with cerebral glucose metabolism possibly acted via more direct neuronal mechanisms. We also evidenced a protective role of physical activity on global amyloid load and MTL perfusion in APOE4 non-carriers only. Differently from what we observed for physical activity, cognitive activity and adherence to the Mediterranean diet had greater associations with brain integrity and cognition in APOE4 carriers, helping them to better cope with (resilience) and resist to (resistance) brain alterations, respectively. Moreover, physical activity, and more specifically household physical activity, could be improved following 18-month meditation training. This increase was accompanied by higher informal meditation practice, and an increase in socio-emotional capacities and global cognition.

The main interest of the findings of this work lies on the identification of some of the mechanisms that could explain how a healthy lifestyle may positively impact brain health and cognition in the aging population.

Most importantly, our results pave the way to future interventional studies and lifestylemedicine strategies targeting lifestyle factors to prevent age-or disease-related brain and cognitive decline in older adults.

The Age-Well protocole (Poisnel et al., Alzheimers

Dement (NY) 2018)

Featured Article

The Age-Well randomized controlled trial of the Medit-Ageing European project: Effect of meditation or foreign language training on brain and mental health in older adults

Introduction

As the number of older people grows, increasing healthy life years is a priority. The main drivers of decreased mental health and well-being in aging populations include dementia, depression, anxiety, insomnia, and even subclinical conditions such as stress, worry, sleep disturbances, and cognitive decline [1,2]. Moreover, these conditions interact and promote each other. For instance, anxiety, depression, and sleep difficulties are associated with increased risk of Alzheimer's disease (AD).

The reduction of modifiable risk factors represents a true opportunity to prevent AD [3,4]. Indeed, around a third of AD cases may be attributable to potentially modifiable risk factors, and the future prevalence of AD could be reduced by 8% to 15% if each of the main risk factors (e.g., cardiovascular risk factors, depression, physical, and cognitive inactivity) is reduced by 10 to 20% [3,5]. Several lifestyle interventions in nondemented older adults have thus been investigated with mixed results before largerscale trials with long-term (.1 year) follow-up and using multidomain interventions simultaneously targeting various risk factors were launched [6]. Examples of such multidomain prevention randomized controlled trials (RCTs) include the Multidomain Alzheimer Prevention Trial (MAPT) [7], the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) trial [8], and the Prevention of Dementia by Intensive Vascular Care (PreDIVA) trial [9]. Positive effects on cognitive function were found in Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability [10], which has evolved toward a worldwide consortium, World Wide Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability, including, for example, the U.S. equivalent U.S. POINTER (https://alz.org/us-pointer/). These trials target most of the main modifiable risk factors (cardiovascular risk factors, physical and cognitive inactivity). Yet although very important, psychoaffective risk factors have so far not been directly targeted.

A promising way of targeting psychoaffective risk factors consists in mental training for the reduction of stress, the regulation of attention and the cultivation of positive emotions through meditation practice. Such interventions might be beneficial to improve mental health and well-being in the aging population and reduce AD risks. Promising evidence exists that mindfulness meditation improves cognition in young adults (mainly attention, metacognition and memory, which are cognitive processes sensitive to aging and AD) [11][12][13], and reduces stress, anxiety, depression, insomnia [14][15][16][17] and cardiovascular risk factors [18,19]. Moreover, meditation has also been associated with brain structural and functional changes that persist beyond the time of actual practice and mainly impact frontal and limbic networks [20][21][22][23]. In a recent cross-sectional pilot study, we showed that elderly expert meditators had higher gray matter volume and/or fluorodeoxyglucose metabolism compared with age-matched non-meditators in frontal, insula and posterior associative regions [24]. These findings suggest that meditation might have a beneficial effect in brain regions sensitive to aging and AD and subtending reserve processes, thereby reducing the risk or delaying the onset of dementia/AD.

To test this hypothesis, we need an RCT including an adequate active control comparison condition to estimate the specific effects of a meditation intervention. The duration of the intervention should exceed that of the commonly used 8-week mindfulness-based stress reduction program to demonstrate an effect not only on behavioral, but also on protracted age-related biological processes. Moreover, complementary outcome measures allowing to investigate the mechanisms of action and to assess the multidimensional aspect of aging should be used.

Medit-Ageing (public name: Silver Sant e Study; www. silversantestudy.eu) is a European research project focusing on mental health and well-being in aging populations. It includes two independent clinical studies (SCD-Well and Age-Well) and the Age-Well study includes an RCT and an observational cross-sectional study on older expert long-term meditators. The present article will focus on the design and progress of the Age-Well RCT.

The Age-Well RCT is the first trial addressing the emotional and cognitive dimension of aging with a longterm nonpharmacological approach and including both an active and a passive control conditions. A complete set of unique measurements will be used to investigate the mechanisms of action, including cognitive tests particularly focusing on memory and attention, scales and questionnaires assessing well-being, quality of life, psychoaffective factors and lifestyle, but also complementary neuroimaging measures of brain structural and functional integrity, emotion and attention-related neural activity, biological blood measures and gold-standard measures of sleep with polysomnography. Finally, on the level of social relations, measurements in participants' partners will allow to investigate their perception of the participant's changes and their own perceived social support. Objective biomarkers of brain integrity will be used as primary outcomes.

We hypothesize that meditation training will be associated with an increase in positive emotions and improved cognitive control which will in turn enhance health and well-being, and promote brain and cognitive reserve processes that are protective of dementia. Qualitative and quantitative differences are expected in the effects of meditation versus foreign language training interventions as they are thought to involve overlapping but partly distinct mechanisms (Fig. 1).

Methods/design

Clinical trial setting and design

The Age-Well clinical trial is a monocentric, randomized, controlled superiority clinical trial with blinded endpoint assessment and with three parallel arms: an 18-month meditation arm, an 18-month foreign language (English) training intervention arm (the active control) and a nointervention passive control arm. The Age-Well RCT includes 137 cognitively unimpaired older adults. Participants were recruited in three successive cohorts of 43, 50 and 44 participants, respectively, spaced about 6 months apart. The general design of the trial is depicted in Fig. 2 and the different steps are detailed in the Supplementary Material. In brief, participants were recruited from the general population, prescreened, and then invited to a screening visit (V0) at which the diagnostic battery depicted in Table 1 was performed. Participants fulfilling eligibility criteria (Table 2) were invited to the baseline pre-intervention visit (V1), then randomized to one of the three arms (groups) at a ratio of 1:1:1, and the 18-month intervention period starts. A midintervention intermediate visit (V2) is performed 9 months after the start of the intervention, and the post-intervention visit (V3) is performed at the end of the 18-month intervention period.

Measures collected at the baseline and follow-up visits (V1, V2, and V3)

V1 and V3 comprise a multidisciplinary assessment of a wide range of behavioral and biological measures collected within a maximum of 3 months before (V1) and after (V3) the start of the intervention. The detailed biological, behavioral, neuroimaging and sleep measures collected at the pre-intervention and post-intervention visits (V1 and V3) are listed in Table 3; the mid-intervention intermediate visit (V2) includes a selected set of the behavioral measures collected at V1 and V3 as indicated in Supplementary Table 1. Briefly, behavioral measures are neuropsychological tests assessing different cognitive functions (e.g. episodic memory, attention, executive function), scales and questionnaires assessing, for example, sleep quality, lifetime and current engagement in cognitive, social and physical activities; Mediterranean diet adherence, health-related behaviors such as self-medication, smoking and alcohol consumption, quality of life and well-being, psychoaffective factors such as anxiety and depression, and prosocialness (Supplementary Table 1 for details). Some of the questionnaires are also given to a participant's close relative or friend (subsequently referred to as the "partner"). Neuroimaging measures include a series of structural and functional (resting-state and task-related) MRI scans, fluorodeoxyglucose (Glucotep) and florbetapir (AV45, Amyvid) positron emission tomography scans, and resting-state electroencephalography and auditory event related potential recording (Supplementary Table 2 for details). Objective measures of sleep include actigraphy, an ambulatory monitoring device using heart rate and body movements to score sleep (SomnoArt) and polysomnography. Biological measures are obtained from blood sampling (Supplementary Table 3). All procedures for data acquisition were discussed and audited by experienced and skilled study staff to ensure standardization of the procedures.

Interventions

The 18-month intervention period starts just after the randomization step for each of the three cohorts of 43, 50, and 44 participants, each subdivided in three groups (meditation, foreign language, control) of 14-17 participants.

During the study, participants are strongly encouraged not to practice the activity proposed in the other arms (groups). The meditation and the foreign language training interventions are structurally equivalent in overall course length, class time, and home activities and matched in administration, dosage, and duration. The number of teachers per class and their level of expertise are equal in both interventions. Participants are encouraged to participate in all those activities during the whole period of the intervention (i.e., 18 months).

In addition to being structurally equivalent, we actively tried to balance researcher allegiance to the two interventions as this might have significant impact on the findings [4][5][6]32,33]. A well-designed control should also include a rationale for the positive expectation for intervention success by both the teachers and participants [34]. We thus tried to keep all communications about the study fully balanced as regard to expected effects of both the meditation and the foreign language training interventions and underpinning the equipoise regarding their use. To assess participants' expectations regarding the intervention, a questionnaire was proposed to them at the beginning of the intervention (Credibility and Expectancy questionnaire, [35]).

For both the meditation-based and the foreign language training interventions, participants follow:

-2-hour weekly group sessions, -daily home practice (at least 20 minutes per day), -one day of more intense practice during the intervention (5 hours during the day).

Both interventions have been fully described a priori in respective manuals. are dedicated to the teaching of the meditation on loving kindness and compassion. Each session contains moments of group meditation, sitting, or walking and moments of sharing and teaching. The foreign language training program is a cognitively stimulating intervention structurally matched to the meditation intervention and hypothesized to have no specific effect on emotional measures. It consists of English exercises designed to reinforce each participant's abilities in understanding, writing and speaking. Sessions are held by mixing oral comprehension and expression activities to work in priority, the acquisition of new vocabulary and new grammatical structures.

Participants in the passive control group are requested not to change their habit and continue living as they used to before engaging in the study and until the end of V3. They are specifically asked not to engage in meditation or foreign language training.

More details on the interventions can be found in the Supplementary Material.

Outcome measures

The main objective of the Age-Well RCT is to test, whether an 18-month meditation-based intervention in cognitively unimpaired older adults is superior to i) a passive control group on changes in volume and perfusion of the anterior cingulate cortex (ACC); ii) an 18-month foreign language training program on changes in volume and perfusion of the insula. Accordingly, the primary outcomes are the mean change in the volume and perfusion of both the ACC and the insula, as measured with structural T1-weighted MRI and early florbetapir positron emission tomography scan respectively from the baseline pre-intervention to the 18-month post-intervention follow-up visits.

The secondary objectives will focus on the effects of the interventions on cognition, well-being, quality of life, psychoaffective factors and lifestyle; complementary neuroimaging measures of brain integrity, emotion and attention-related neural activity; sleep quality with polysomnography; and biological blood measures in the aging population. Sex-specific effects of the interventions and effects on participants' partners (perception of participant's changes and their own perceived social support) will also be assessed, together with exploratory analyses unrelated to the clinical trial intervention (e.g., aiming to further understand the impact of lifestyle factors and the physiopathological mechanisms of AD). The secondary outcomes used to assess these questions are listed in Table 3. Adverse events and measures collected during the intervention by the teachers and self-report of participants will be used to assess safety, acceptance and adherence.

Statistical considerations 2.5.1. Sample size calculation

The comparison of the meditation versus passive control arms will focus on the mean change in (1) volume and ( 2) perfusion of the ACC from the baseline pre-intervention visit to the end of the 18-month intervention, with an expected relevant effect size of 0.75, as suggested by a metaanalysis of meditation effects on neuroimaging markers grade-included) -Registered to the social security system -Motivated to effectively participate in the project and signing the informed consent form -Performance within the normal range on standardized cognitive tests according to agreed study-specific standards (age, sex and education level when available) -Native French speaker -Available to attend the intervention for the trial duration (24 months) -Retired for at least one year -No strong preference or aversion for an intervention group -No present or past regular or intensive practice of meditation or comparable practices; the practice is considered as regular and/or intensive if i) it occurs more than one day per week for more than six consecutive months over the last 10 years, and/or in case of more than five consecutive days of intensive practice (internship or retreat) over the past 10 years, and/or of more than 25 days of retreats (cumulatively) within the last 10 years -Not speaking fluent English -Safety concerns in relation to MR scanning (claustrophobia, ferromagnetic object) or PET scanning (blood sampling to check hepatic and renal functions are performed before the PET scans; known hypersensibility to Amyvid or Glucotep) -Presence of a major neurological or psychiatric disorder (including an addiction to alcohol or drugs) -History of cerebral disease (vascular, degenerative, physical malformation, tumor, or head trauma with loss of consciousness for more than an hour) -Presence of a chronic disease or acute unstable illness (respiratory, cardiovascular, digestive, renal, metabolic, hematologic, endocrine or infectious) -Current or recent medication that may interfere with cognitive functioning (psychotropic, antihistaminic with anticholinergic action, anti-Parkinson's, benzodiazepines, steroidal anti-inflammatory long-term treatment, antiepileptic or analgesic drugs), the interfering nature of the different treatments being at the discretion of the investigating doctor -Being under legal guardianship or incapacitation -Participation in another biomedical research protocol including the injection of radiopharmaceuticals -Physical or behavioral inability to perform the follow-up visits as planned in the study protocol [20]. To demonstrate an effect size of 0.75 for each of the four comparisons, with 80% power and a two-sided type I error of 1.25% (Bonferroni correction for test multiplicity), 42

participants per arm (126 in total) need to be included. The total number of participants included in the Age-Well RCT (n 5 137) is higher than this required minimum of 126. Behavioral measures (Supplementary Table 1 for details): Series of neuropsychological tests,scales and questionnaires selected as they are particularly sensitive to aging and AD (e.g., assessing episodicmemory, attention, executive functions and metacognition) and/or meditation practices (e.g., assessing mindfulness, compassion, and interoception), emotions (e.g., assessing anxiety, depression, empathy, emotion regulation, positive and negative emotions), or as they allow to assess different aspects of sleep quality, lifestyle, wellbeing, prosociality, loneliness, social support and quality of life. Questionnaires are also proposed to a partner (i.e., a participant's close relative or friend) to assess how the partner perceives the mindfulness, compassion, depression, anxiety, and prosocialness of the participant as well as questions on the social support and the role ofan informal carer of the partner.

Composite scores and raw individual measures of cognitive performance, well-being, mindfulness and meta-cognition, emotion-related questionnaires, altruism, prosociality, sleep quality, lifestyle, and quality of life of the participants. Partner perception of the participant's mindfulness, compassion, depression, anxiety, and prosocialness as well as questions on the social support and the role of an informal carer of the partner.

Neuroimaging measures (Supplementary Table 2 for The AX-CPT task [30] ii) The SoVT-Rest task 3) Resting-state EEG 4) Auditory event-related potential (ERP) using a mismatch negativity protocol sensitive to aging [31] 5) PET scans a) FDG (Glucotep) PET scan b) Florbetapir (AV45, Amyvid) PET scan -Gray and white matter volumes -White matter lesions (number and size per type and location) -Hippocampal subfield volumes -Fractional anisotropy and mean diffusivity -Magnetic susceptibility index -Brain functional connectivity -Behavioral and brain activity measures associated with attentional processes (alertness, inhibition, sustained attention) -Behavioral and brain activity and connectivity changes associated with emotions and emotional inertia -Resting-state spontaneous oscillatory activity -ERP measures of brain activity associated with auditory mismatch negativity -Resting-state brain glucose consumption -Brain perfusion from early florbetapir-PET acquisition -Brain amyloid load from late florbetapir-PET acquisition Biological measures from blood (Supplementary Table 3 for details):

Fasting sampling performed in the morning and after one day of diet excluding ich food (tomatoes, avocados, pineapple, chocolate, bananas.). 18 tubes (68 mL) of blood collected at V1 and 16 tubes (62 mL) at V3.

-Global health: blood count, glucose, cholesterol/lipid profile, urea, creatinine, Gamma-GlutamylTransferase, Glutamic Oxaloacetic Transaminase, Glutamic Pyruvic Transaminase, Brain Natriuretic Peptide, Thyroid Stimulating Hormone, -Stress/inflammation: high-sensible C-Reactive Protein, cytokines, cortisol, Superoxide Dismutase -Aging/AD (telomere length, telomerase activity, b-amyloid (Ab) 1-40/42, Total Tau, Phospho-Tau, tissue Plasminogen Activator, Plasminogen Activator Inhibitor-1, Brain Derived Neurotrophic Factor, insulin, Insulin Growth Factor-1, lymphocyte immunophenotyping, Repressor Element 1-Silencing Transcription factor, Neurofilament, -Mood: serotonin, -Sex/gender: bioavailable testosterone, estradiol, Sex Hormone Binding Globulin, DeHydroEpiAndrosterone Sulfate -Genetic: Apolipoprotein E, Genome Wild Association Study -Epigenetics Objective measures of sleep:

1) 1-week wrist actigraphy recording 2) 2-nights at-home polysomnography with 2D-object location task performed before and after night sleep 3) 5-nights recording with Somno-Art -Indices of mean sleep duration, sleep fragmentation and regularity of the rest-activity cycle -Multiple indices of sleep quality derived from EEG analyses and behavioral measures of overnight memory consolidation -Indices of night-to-night variability of sleep quality and quantity.

Statistical analyses

The planned statistical analyses are detailed in a statistical analysis plan and summarized in the Supplementary Material. Briefly, statistical analyses related to the primary outcome will be conducted on an intent-to-treat principle and missing primary endpoint data will be handled with a "missing 5 failure" strategy. Additional analyses conducted on both primary and secondary outcomes will include sensitivity analyses, per-protocol analyses and analyses of exposure/dose effects.

Ethics, safety, and study monitoring

The Age-Well RCT was approved by the ethics committee (Comit e de Protection des Personnes CPP Nord-Ouest III, Caen; trial registration number: EudraCT: 2016-002441-36; IDRCB: 2016-A01767-44; ClinicalTrials.gov Identifier: NCT02977819) and adheres to Standard Protocol Items: Recommendations for Interventional Trials guidelines for clinical trial protocols [36].

The management structure of Medit-Ageing is illustrated in Fig. 3 and includes the coordinator (G.C.), the executive committee and 9 work packages (including the management work package). In addition, the sponsor (Inserm) has established a trial steering committee in line with Good Clinic Practice guidelines, and an external Data and Safety Monitoring Board, independent of the sponsor, was appointed.

More details on ethics and safety, study governance and monitoring, as well as study progress can be found in the Supplementary Material.

Clinical trial progress

From May 2016 to May 2018, about 900 individuals came to public conferences and filled in the online prescre-ening questionnaire. Among those, 157 participants were screened. Thirteen did not fulfill the inclusion criteria (the main reason being abnormal performance in the diagnostic battery), 6 participants were excluded during V1 because of artifacts or claustrophobia attack during the MRI scan or high level of glycemia and 1 participant withdrew. Finally, 137 participants (40/60% men/women) were randomized to the three experimental groups. Participants from the first and second cohort had their 9-month intermediate follow-up visit-at that time only 1 participant dropped out (death).

The 18-month follow-up post-intervention visits will end in early 2020. Electronic data entry, monitoring and processing are currently ongoing.

Discussion

Age-Well is the first RCT to comprehensively assess the long-term efficacy of meditation on well-being and aging through a multidisciplinary approach. The strength and originality of the Age-Well RCT relies, first, in the nature, dose and duration of the proposed interventions. Thus, this meditation intervention is especially designed to target not only cognitive control via the regulation of attention, but also psychoaffective factors through the reduction of stress and the cultivation of positive emotions. This is crucial as stress, anxiety and depression significantly contribute to reduced quality of life and increased risk for dementia in older adults [2]. Current lifestyle preventive trials tend to include multidomain interventions as recommended [6] but most often do not focus on the emotional dimension of aging; thus they target the main risk factors for dementia (cardiovascular risk, diet, cognitive and physical activity) except the psychoaffective ones (e.g., depression). Moreover, interventions G. Poisnel et al. / Alzheimer's & Dementia: Translational Research & Clinical Interventions 4 (2018) 714-723 in Age-Well include weekly 2-h group practice monitored by highly experienced teachers and daily individual home practice collected over the 18 months of the interventions. They might have the potential to induce long-term effects on brain and biological markers of healthy aging.

Second, the Age-Well RCT assesses a wide range of complementary outcomes including cognitive tests, scales and questionnaires assessing well-being, quality of life, psychoaffective factors and lifestyle, but also complementary MRI and positron emission tomography neuroimaging measures of brain structural and functional integrity, emotion and attention-related neural activity, biological blood measures and gold-standard measures of sleep with polysomnography. In addition to being useful to provide a comprehensive overview of the effects and to monitor the effectiveness of the intervention [6], this multidisciplinary approach will allow for the investigation of mechanisms underlying the possible effects of the intervention. A better understanding of the mechanisms of action of meditation will facilitate sensitivity to intervention analysis and help refine and tailor future meditation-based interventions. The Age-Well RCT is monocentric thus avoiding intersite variability, which often limits the inclusion of certain biomarkers in multisite clinical trials.

A further strength of this study to estimate specific meditation effects is the ability to use the foreign language intervention as an active control condition. Many of the previous studies of mindfulness-based interventions have suffered from a lack of an adequate comparison condition. As mindfulness-based interventions contain a number of nonspecific elements, such as social interaction, light exercise, or the provision of treatment expectancies, the use of an active control condition is important. Foreign language training was selected as the active control condition for several reasons. Like meditation, it involves cognitive mental training. It can easily be matched structurally to the meditation intervention (e.g., group sessions and daily practices with audio and video supports). Positive effects are expected given that the learning of a new language has been shown to impact on cognitive functions and brain structures sensitive to aging and AD [33,34]. In addition to being useful as an active control condition, this intervention has its own scientific interest as the first RCT to date on language training in older adults over 18 months and with multidisciplinary outcomes including multimodal neuroimaging. Note that, while both interventions are expected to have a positive impact in aging populations, they are expected to target distinct aspects of mental health and well-being and to involve distinct mechanisms (Fig. 1). In particular, foreign language training is not expected to directly impact on emotional states, contrary to meditation training. It will thus be interesting to compare the relative effects of both interventions on the different outcome measures.

As for the choice of the primary endpoint, most previous long-term preventive trials used clinical/cognitive measures.

Here we think that the use of neuroimaging biomarker is more appropriate as we are interested in the earliest stages where clinical and cognitive decline is not expected to be significant within 18 months, while neuroplasticity is likely to occur and be translated in measurable brain changes. Neuroimaging biomarkers are increasingly used in ongoing trials, especially in preventive trials or early disease stages and when the goal is to show an effect on the pathophysiology of the disease [37]. More specifically, the ACC and insula emerge as the most appropriate endpoints for the following reasons: the ACC is both i) a brain area with known relevance to maintain cognitive function in older people [36][37][38][39] and ii) one of the brain regions most sensitive to meditation [20,22]. The insula has been selected to assess the effects of the meditation intervention compared with the foreign language training intervention as it is a region related to interoceptive awareness, emotional and empathic processing, also most frequently involved in meditation studies [20,22] but less likely to be involved in cognitive training and to be impacted by the foreign language training intervention.

A side effect of most clinical studies and especially those that are highly demanding (in terms of examinations and intervention), is that individuals interested in participating are likely to be particularly active and educated. They might thus not be representative of the general population. Future studies should develop specific strategies to stimulate enrollment of under-represented populations in such clinical trials and increase generality of findings. In addition, the Age-Well RCT is interested in assessing the effects of the interventions on brain structure and function and investigating the mechanisms underlying these effects. Future studies could focus on estimating impact on clinical outcomes such as conversion to mild cognitive impairment or dementia using comparative trials with a sufficient duration of follow-up.

The results of the Age-Well RCT are expected to further the understanding of the factors preventing and delaying age-related diseases and disabilities to promote healthy aging and older adults' well-being and to propose innovative therapeutic approaches. Our objectives are expected to reduce stress, to improve the maintenance of cognitive abilities and the regulation of emotion in older adults through meditation practice, to establish a preventive strategy favoring the emotional dimension of healthy aging and to reduce the negative impact of mental conditions and disorders. The Age-Well RCT, and Medit-Ageing at large, should help shape and optimize future lifestyle-based and meditation-based clinical trials and facilitate the integration of meditation practice into existing and future prevention programs and clinical interventions in older people. Future trials would be needed to confirm the long-term clinical impact on aging populations.

Lepetit, Rhonda Smith, Charlotte Reid, Marie Saville, Dr Alain Manrique, Inserm administrative financial and legal departments, Euclid team, the sponsor (Pôle de Recherche Clinique at Inserm), Inserm Transfert (Delphine Smagghe), the Cyceron staff and the participants in the Age-Well RCT. The Age-Well RCT is part of the Medit-Ageing project funded through the European Union's Horizon 2020 research and innovation programme related to the call PHC22 "Promoting mental well-being in the aging population" and under grant agreement N 667696. Inserm, R egion Normandie, Fondation d'entreprise MMA des Entrepreneurs du Futur also contribute to fund parts of the Medit-Ageing project not initially included in the initial grant (not covered by the European Union funding). Funding sources are not involved in the study design, data acquisition, data analysis, data interpretation or manuscript writing.
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.trci.2018.10.011. 

RESEARCH IN CONTEXT

Interpretation: Age-Well is the first RCT in aging to

propose a long-term intervention addressing the plasticity of emotional and cognitive dimensions during aging. It will assess the effects and mechanisms of a long-term meditation-based intervention compared with a foreign language training and a passive control condition on behavioral, neuroimaging, sleep and biological blood markers of mental health and well-being in the aging population.

3. Future directions: The Age-Well clinical trial might facilitate the integration of meditation practice and foreign language learning into existing and future preventive programs in older people and contribute to the design of larger multinational prevention RCTs. 

Collaboration in studies published in international journals

CONCLUSIONS AND RELEVANCE

The study findings confirm the feasibility of meditation and non-native language training in elderly individuals, with high adherence and very low attrition. Findings also show positive behavioral effects of meditation that were not reflected on volume, and not significantly on perfusion, of target brain areas.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCT02977819 S trategies to prevent dementia are urgently needed. In later life, the main risk factors for dementia include smoking, depression, social isolation, physical inactivity, air pollution, and diabetes. There is also evidence for other potentially modifiable risk factors, including hearing loss, poor diet, anxiety, neuroticism, repetitive negative thinking, and sleep disorders. -Recent and ongoing lifestyle-based multidomain interventions thus include cognitive stimulation, physical activity, diet, and cardiovascular recommendations. - However, psychoaffective risk factors, including depression, stress, and anxiety have not been directly targeted, to our knowledge.

Mental training that targets stress and attention regulation has the potential to improve both cognitive and emotional aspects of aging. , Previous studies have shown that mindfulness meditation improves cognition, specifically in older adults across multiple domains including attention, executive functions, and self-awareness or meta-cognition. - Mindfulness meditation can also reduce stress, anxiety, and depression, -including in older adults. Moreover, meditation in young adults has been associated with brain structural and functional changes mainly in frontal and limbic networks, , with the insula and anterior cingulate cortex (ACC) being the most sensitive regions to meditation training according to a recent meta-analysis. These interconnected brain regions form the salience network and are particularly involved in self-awareness, , attentional, emotional and empathic processing, and self-regulation of attention and emotion. , They are consistently reported in task-related functional magnetic resonance imaging (MRI) studies on meditation, , showing increased activity during mindfulness and/or compassion meditation. Interestingly, these brain areas are also particularly sensitive to aging. -Studies on meditation in elderly populations are sparse, with high risk of bias, and there are no randomized clinical trials (RCTs) with large samples. The RCTs in older adults with neuroimaging end points used -week training and reported conflicting findings. -Two cross-sectional studies assessing elderly expert meditators showed more age-preserved gray matter volume and/or glucose metabolism in various brain regions including the ACC and insula compared with nonmeditators. , Thus, meditation appears to be a promising approach to preserve brain structure and function as well as cognition and thus to reduce dementia risk by directly targeting psychoaffective factors. Faced with methodological limitations in previous or ongoing studies, the Age-Well RCT of the Medit-Aging European project was designed to investigate the impact of an -month meditation intervention on the volume and perfusion of the ACC and insula (coprimary outcomes) compared with active (non-native language training) and passive (no intervention) control groups, respectively, and on a self-report-based global composite score capturing attention regulation, socioemotional, and self-knowledge capacities and its constituent subscores (main secondary outcomes) compared with the active control group to test for meditation-specific effects.

Methods

Study Design and Participants

The design and method of Age-Well have been described previously. The trial protocol and statistical analysis plan are available in Supplement .Brief ly ,ourstudywasanmonth monocentric, randomized, observer-blind controlled superiority clinical trial with parallel groups: group with a meditation-based training (intervention group), group with structurally matched non-native language training (English learning = active control group), and group with no intervention (passive control group). Participants fulfilling eligibility criteria were invited to the baseline preintervention visit and then randomized. Participants were enrolled between November ,

, and March , . The -month intervention period started just after randomization, and participants had amidinterventionvisitat months and a postintervention visit at the end of the intervention. Participants were years or older, community-dwelling, native French speakers, retired for at least year, had years or more of education, and performed within the normal range for age and educational level on standardized cognitive tests (see Tables andin Poisnel et al for details). They had no evidence of major neurological or psychiatric disorders, no history of cerebrovascular disease, chronic disease or acute unstable illness, and no current medication that could interfere with cognitive functioning. Full eligibility criteria are listed in eAppendix in Supplement . All participants gave their written informed consent to participate in the study. The Age-Well RCT, sponsored by Institut National de la Santé et de la Recherche Médicale (INSERM), was approved by the ethics committee (CPP Nord-Ouest III, Caen).

Detailed biological, behavioral, neuroimaging, and sleep measures were collected in Caen, France, at the preintervention and postintervention visits (the full list is available from Poisnel et al and eAppendix in Supplement ), including the structural T -weighted MRI and early F-florbetapir (Amyvid; Lily Diagnostics) positron emission tomography (PET) scan, used for the primary outcomes, and the self-reported measures used to compute the global composite score and subscores used as the main secondary outcomes.

Key Points

Question Could meditation, a mental training approach toward attention and emotion regulation, preserve brain structure and function in cognitively unimpaired older adults? Findings In this randomized clinical trial that included 137 cognitively unimpaired community-dwelling older individuals, the 18-month meditation-based intervention did not significantly modify the volume of the anterior cingulate cortex and insula compared with a passive or active control, respectively.

Meaning Future analyses on secondary outcomes will determine the measures most sensitive to meditation training and the factors associated with responsiveness to the intervention.

Randomization and Masking

Eligible participants from each of the waves were randomized after their baseline assessment. They were randomly assigned ( : : ) to the meditation, non-native language training (active control), or no intervention (passive control) arm according to a randomization list with permuted blocks of varying size ( and ), which was generated centrally by a biostatistician at the EUCLID clinical trials platform. All study personnel, including the investigators and outcome assessors, were masked to treatment allocation. Only the meditation and non-native language teachers and the trialindependent statisticians and data monitoring infrastructure staff were unmasked or partially unmasked. See further details in eAppendix in Supplement .

Interventions

The meditation and non-native language training interventions were structurally equivalent in overall course length, class time, and home activities, as well as level of expertise and number of teachers per class. Thus, they had -hour weekly group sessions, daily home practice (minimum minutes), and -day intensive practice ( hours) during the intervention. During the study, participants were strongly encouraged not to practice the activity proposed in the other group(s).

For each intervention, a manual describing the detailed procedure was written before the study started. Both interventions have been described in detail previously. Briefly, the meditation intervention consisted of a secular program of meditation training labeled the Silver Santé Study Meditation Programme especially designed for this study, based on preexisting interventions, and composed of mindfulness and loving kindness and compassion meditations. The nonnative language training program consisted of English language exercises designed to reinforce each participant's abilities in comprehension, writing, and speaking. Participants in the passive control group were requested not to change their habits, ie, continue living as they used to before entering the study.

Outcomes Measures

The coprimary outcomes were ( )f o rt h ec o m p a r i s o nb etween meditation and no intervention groups, the -month changes in ACC volume and perfusion (from pre-to postintervention) and ( ) for the comparison between meditation and non-native language training groups, the -month changes in insula volume and perfusion. These brain regions were selected as they are known to be particularly sensitive both to aging and to meditation practice (see Introduction and Lutz et al ). The ACC was expected to be modified by both interventions (compared with no intervention), as this structure is considered a brain signature of cognitive reserve and brain maintenance in general, and to be more resistant to aging with bilingual experience in particular. In contrast, the insula was expected to be modified specifically in the meditation compared with the non-native language training group, given its role in emotional and empathic processing.

The ACC and insula volume and perfusion measures were obtained from T -weighted MRI and early F-florbetapir PET scans, respectively. Note that while early-phase florbetapir has been shown to be highly correlated with fludeoxyglucose-, arterial spin-labeled-, and H O-PET, it remains a surrogate marker of perfusion and glucose metabolism. The procedure is detailed in eAppendix in Supplement and described elsewhere. Briefly, T -weighted images were segmented, normalized, and corrected for nonlinear warping so that values were corrected for brain size. Early F-florbetapir-PET images were normalized and scaled by the white matter to obtain standardized uptake values ratio. Averaged gray matter volume and perfusion values were extracted from the resulting images in our regions of interest.

The main secondary outcomes have been defined after trial commencement so as to select, among the huge amount of secondary outcomes (eAppendix in Supplement ), the most relevant according to the goal and hypotheses of the Age-Well RCT. They consisted of the comparison between meditation and non-native language training on changes from baseline to months in a self-report-based global composite score and its constituent subscores capturing ( )a t t e n t i o n regulation (ie, attentional subscore), ( )socioemotionalcapacities (ie, constructive subscore), and ( )self-kno wledg e capacities to understand one's own psychological processes (ie, deconstructive subscore). This global score and its subscores, recently operationalized, , draw on self-report measures used in Age-Well (eAppendix in Supplement ). Each composite subscore was computed by averaging the z scores of the scales that were assigned to the respective composite, while the global composite score corresponded to the mean of the composite subscores.

Adverse events and serious adverse events were recorded throughout the study when reported by the participants and systematically at each study visit during a consultation with a physician.

Sample Size

The trial was powered to detect a relevant effect size of . for the meditation intervention, as suggested by a metaanalysis of meditation effects on morphometric neuroimaging markers. To detect an effect size of . for each of the comparisons, with % power and a -sided type I error of . % (Bonferroni correction for test multiplicity), participants per arm ( in total) were required. To account for analyses on secondary outcomes, a total sample size of participants was fixed. A statistical analysis plan was developed and validated by the trial steering committee before database lock and analyses.

Statistical Analyses

The primary outcome analysis was performed according to an intention-to-treat principle, including all randomized participants, as planned in the statistical analysis plan. Missing data on neuroimaging markers were handled using a missing = failure strategy, where missing values were replaced by the most detrimental value of change observed in all groups combined for a given outcome. Outcomes were compared between groups using a linear regression model adjusted for baseline prognostic factors (sex, median-centered age, level of education, and Mini-Mental State Examination) and baseline outcome value. Comparisons were made with a . type I error rate. Additional analyses were performed, including a sensitivity analysis to missing data, a "minimum intervention" analysis, and post hoc analyses for additional adjustment, stratification, and subgroup analyses (eAppendix in Supplement ).

For the secondary outcomes, the statistical analysis plan focused on between-group differences in mean changes in the global composite score and subscores in meditation vs nonnative language training so as to highlight the specific effects of meditation compared with its active control. For each composite score and subscore, we built mixed-effect linear regression model incorporating data from pre-and postintervention with an interaction term between visit and group, controlling for baseline scores of the outcome. In all mixedeffects regression models, missing data were not replaced and assumed to be missing at random.

Analyses were performed using SAS statistical software version . (SAS Institute) for the coprimary outcomes and R version . . (R Foundation) for the secondary outcomes. Two-sided P values were statistically significant at less than .

for each coprimary outcome (Bonferroni correction for test multiplicity) and less than . for secondary outcomes. Analysis took place between December and October (and April for the supplementary analyses during the revision process).

Results

Of

participants assessed for eligibility, were randomized (mean [SD] age, . [ . ] years;

[ . %] female;

[ . %] male), among whom participant was excluded from all analyses because of major eligibility criteria not met (decision by the trial steering committee blinded to group allocation for head trauma with loss of consciousness > hour;

Figure ). Among participants included in the analyses, were randomized to meditation, to non-native language training, and to the no intervention groups. One participant died during follow-up, while another participant was revealed to have not followed his allocated arm; both were retained in the analyses and included using the intention-totreat principle, as specified in the statistical analysis plan.

Baseline characteristics of the participants included in the intention-to-treat analysis are detailed in Table .There were no major clinical differences in any demographic or clinical characteristics between groups. The median (IQR) follow-up time between pre-and postintervention visits was . ( . -. )mon ths.Themean( SD)classa t tendancefor meditation and non-native language groups was . ( . )and . ( . ) of classes, respectively. Of participants, in the meditation/non-native language groups attended at least % of their intervention classes.

For the coprimary outcomes, data were missing on baseline early F-florbetapir-PET scans due to extravasation and technical problems for participants (meditation, n = and no intervention, n = ), and data were missing on -month MRI and early F-florbetapir-PET scans for participant in the no intervention group who died during follow-up.

Primary end points at baseline and months and their mean changes are reported in the eTable in Supplement ,and intervention effects on the coprimary outcome measures in the intention-to-treat analyses are presented in Figure . The differences in the mean volume changes over months be- to . ]) were not statistically significant (P =. and P =. ,r e s p e ct i v e l y ) .A sf o rp e r f usion, differences in the mean changes over months, in favor of meditation compared with no intervention in the ACC ( .

[ . %C I ,-. to . ]) and compared with nonnative language training in the insula ( . [ . % CI, -. to . ]) did not reach statistical significance (P =. and P =. , respectively). Results of the sensitivity and post hoc analyses are presented in Figure and in eAppendix in Supplement .Briefly, results were very similar to those of the main analyses, showing no between-group differences in the volume changes of the ACC or insula. Changes in the perfusion of the ACC or insula always favored meditation (compared with no intervention or non-native language training, respectively), but the betweengroup differences never reached statistical significance. Finally, the subgroup analyses showed that neither the recruitment wave nor the presence of risk factor(s) for Alzheimer disease (apolipoprotein E ε genotype, brain amyloid positivity, familial history of dementia, or presence of at least of these risk factors) affected the results.

Regarding secondary outcomes, the global composite score and attention regulation subscore were not computed for participant because of missing data at baseline on a subscale assigned to the attention regulation subscore. Secondary end points at baseline and months and their standardized mean changes are reported in 29) 13 ( 29) 11 (24) Positive for brain amyloid, a No. (%) 11 ( 24) 11 ( 24) 6 ( 13) ), attention regulation ( . [ %C I , . -. ]; P =.

Amyloid
), and socioemotional ( . [ %CI, . -. ]; P =. )subscoresw ereallsta tistically significant, while it was not statistically significant for the self-knowledge subscore ( .

[ %C I ,-.

to . ]; P =. ).

Adverse Events

One death was reported during study follow-up for a participant in the no intervention group (myocardial infarction, not related to the study). A total of adverse events were recorded, of which were considered serious (meditation, ; non-native language training, ;nointervention, ). Among these, adverse events (meditation, ;non-na ti v elan guage training, ;nointervention, )werejudgedtoberelatedtostudy procedures (procedural complication, [scans had to be redone]; extravasation, ;asthenia, ). No serious adverse event was related to the intervention.

Discussion

Results indicate that the -month meditation-based intervention did not significantly modify the volume of the ACC and insula in older adults compared with a passive or active control, respectively; the between-group differences did not reach statistical significance for perfusion either. Regarding the main secondary outcomes, there were significant effects of meditation compared with non-native language training on the global composite score reflecting attention regulation, socioemotional, and self-knowledge capacities and two-thirds of its constituent subscores. The fact that no effects were found on anterior cingulate and insula volumes in our study, despite being identified as structures most sensitive to meditation, might indicate that months of meditation training is not sufficient to alter the effects of age on their volume. Meditation might alter volume in younger and more plastic brains but not halt the age-and disease-related brain volume decreases at older ages. While larger brain volumes were observed in cross-sectional studies in older expert meditators vs nonmeditators, especially in the ACC and insula, these differences might reflect meditation effects in younger ages, intense meditation practice accumulated throughout the adult lifespan, and/or betweengroup differences on other variables, such as lifestyle. Note that the lack of meditation effect on brain structure is consistent with the very recent publication from a large and rigorously controlled study.

Regarding perfusion, both the differences in the anterior cingulate between the meditation and no intervention groups, and in the insula between the meditation and nonnative language training, were not statistically significant but close to the threshold. Mean differences between groups, in favor of meditation, were rather low ( . and . , respectively) but could represent a substantial gain compared with the mean -month change observed in the no intervention group ( .

for both the ACC and insula). Assuming alinearlosso v er months, the %and %reductionin rate of loss could translate into about months less loss over the course of the intervention, in favor of the meditation group. One could hypothesize that a larger sample size or longer follow-up time would have yielded a significant effect of the intervention on perfusion.

The lack of significant effects on the coprimary outcomes could also be related to the design of the study, eg, the use of an RCT when the intervention, by its nature and duration, strongly relies on the motivation, preferences, and adherence of the participants. Alternative trial designs taking into account patient preference might be particularly relevant in the context of such nonpharmacological interventions. Moreover, as in most preventive trials, our population resulted in being, through self-selection, enriched with healthy participants with high education and reserve, and low probability of cognitive decline, which left limited room for lifestyle changes and interventionrelated improvements. Finally, the selected coprimary outcomes were very specific neuroimaging measures that show variability and significant but protracted age-related changes from which it might be difficult to show a deviation in a short period of time in terms of aging effects.

Regarding secondary outcomes, meditation was superior to non-native language training on changing a global composite score and of its subscores reflecting attention regulation and socioemotional capacities. As this composite score and its subscores are thought to measure core dimensions of well-being, these findings suggest meditation trainingrelated effects on mental health and human flourishing. The attention regulation subscore increased after meditation only; in the context of meditation practices, this capacity allows aheightenedawarenessandmonitoringofthecontentsofexperience without becoming absorbed by them. Socioemotional capacities decreased substantially after non-native language training but not meditation training, suggesting that the difference observed may be due to maintenance of skills by meditation training.

Limitations and Strengths

Our study has several limitations. The sample size was defined based on an expected effect size of . on neuroimaging measures, which was likely overestimated as it was defined from a meta-analysis including both preintervention- postintervention studies and cross-sectional studies in longterm meditation experts but also due to publication bias, considerable methodological caveats in the existing literature at that time, and general biases in estimating effect sizes in neuroimaging studies. , We were not able to observe this effect size in the present study and may have been underpowered to observe a smaller but still clinically significant effect. Moreover, our sample was not representative of the global aging population as it included very healthy individuals (see above). Finally, early-phase florbetapir is an indirect, surrogate marker, of perfusion or fludeoxyglucose-PET, and the optimal processing method (scaling and timeframe) is still unclear.

Several strengths must also be noted. The primary end points were measured blinded to allocated intervention, the intervention was particularly long, we used both a passive and a carefully matched active control condition, and the exceptionally high adherence and low attrition ( of participants only) demonstrates the appropriateness of the inter-ventions and feasibility of this approach in healthy and motivated elderly. The Age-Well clinical trial includes many complementary biological and behavioral measures of mental health and well-being. Future analyses on secondary outcomes, including whole-brain voxelwise analyses of gray matter volume and perfusion, but also other brain and behavior modalities, will allow us to determine the measures most sensitive to meditation practice, and investigate the mechanisms of these effects.

Conclusions

Future secondary analyses from this trial will allow assessment of the impact of meditation on volume and perfusion throughout the whole brain and on other measures, and will examine factors (participants' characteristics, additional outcomes, intervention doses) associated with responsiveness to the intervention.
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Introduction

The risk of developing Alzheimer's disease (AD) 1 appears to be increased by vascular risk factors, including cardiovascular diseases, hypertension or Type 2 diabetes (T2D) [START_REF] Lee | Associations between vascular risk factors and subsequent Alzheimer's disease in older adults[END_REF]. T2D is characterized mainly by a chronic increase in blood glucose, that 1 A β-pos/neg, beta-amyloid positive/negative; AD, Alzheimer's disease; APOE, apolipoprotein E; BMI, body mass index; FDG, 18 F-fluorodeoxyglucose; MCI, mild cognitive impairment; MPV, mean platelet volume; MRI, magnetic resonance imaging; PCC, posterior cingulate cortex; T2D, type 2 diabetes; PET, positron emission tomography.

is hyperglycemia, and is more prevalent with aging. This metabolic condition is considered as a risk factor for brain aging, cognitive decline and dementia [START_REF] Biessels | Risk of dementia in diabetes mellitus: a systematic review[END_REF][START_REF] Callisaya | Type 2 diabetes mellitus, brain atrophy and cognitive decline in older people: a longitudinal study[END_REF][START_REF] Chen | Molecular Connection Between Diabetes and Dementia[END_REF][START_REF] Pereira | Alzheimer's disease and type 2 diabetes mellitus: a systematic review of proteomic studies[END_REF]. More specifically, T2D increases the risk of (1) developing mild cognitive impairment (MCI) [START_REF] Ciudin | Diabetes mellitus and Alzheimer's disease: an unforgettable relation[END_REF], an intermediate stage between normal cognition and dementia; and (2) conversion from MCI to dementia [START_REF] Alagiakrishnan | Psychiatric disorders presenting in the elderly with type 2 diabetes mellitus[END_REF]. Ongoing research aims at better understanding the link between AD and T2D. Notably, platelets have been proposed as a potential factor influencing the association between these 2 disorders as their function is altered in both pathologies [START_REF] Laske | Platelet activation in Alzheimer's disease: from pathophysiology to clinical value[END_REF][START_REF] Randriamboavonjy | Platelets as potential link between diabetes and Alzheimer's disease[END_REF]. However, it is still not clear whether mild or "subclinical" increases in glycemia levels and platelet indices are associated with poorer brain health.

In non-diabetic and diabetic cognitively unimpaired older adults ( > 60 years old), a direct association was found between the higher glycemia levels and the higher risk of dementia [START_REF] Crane | Glucose levels and risk of dementia[END_REF]. Moreover, in non-diabetic cognitively unimpaired older adults, subclinical but high glycemia levels have been associated with (1) higher atrophy in structures sensitive to aging and neurodegenerative processes, such as the hippocampus and amygdala ( Cherbuin et al., 2012 ;[START_REF] Kerti | Hyperglycemia-Induced Tau Cleavage in vitro and in vivo: a possible link between diabetes and Alzheimer's disease[END_REF]; and (2) decreased cerebral glucose metabolism in the precuneus (PrC), posterior cingulate cortex (PCC) and parietal regions, also affected in aging and AD [START_REF] Burns | Higher serum glucose levels are associated with cerebral hypometabolism in Alzheimer regions[END_REF][START_REF] Ishibashi | Relationship between Alzheimer disease -Like pattern of 18F-FDG and fasting plasma glucose levels in cognitively normal volunteers[END_REF].

Several studies have shown that increased glycemia levels contribute to increased platelet activity in non-diabetic and diabetic individuals [START_REF] Kaur | Endothelial dysfunction and platelet hyperactivity in type 2 diabetes mellitus: molecular insights and therapeutic strategies[END_REF][START_REF] Keating | Effects of increased concentrations of glucose on platelet reactivity in healthy subjects and in patients with and without diabetes mellitus[END_REF][START_REF] Shilpi | A study of platelet indices in type 2 diabetes mellitus patients[END_REF][START_REF] Zaccardi | Platelet indices and glucose control in type 1 and type 2 diabetes mellitus: a case-control study[END_REF]. Increased platelet activity in diabetic individuals is involved in the development of vascular complications and higher cardiovascular risk ( Chen et al., 2017 ;[START_REF] Demirtunc | The relationship between glycemic control and platelet activity in type 2 diabetes mellitus[END_REF]. This increased platelet activity has been also largely described as an important vascular risk factor involved in AD progression [START_REF] Liang | Mean platelet volume and platelet distribution width in vascular dementia and Alzheimer's disease[END_REF][START_REF] Wang | Decreased mean platelet volume and platelet distribution width are associated with mild cognitive impairment and Alzheimer's disease[END_REF][START_REF] Wu | Platelets transport β-amyloid from the peripheral blood into the brain by destroying the blood-brain barrier to accelerate the process of Alzheimer's disease in mouse models[END_REF][START_REF] Yesil | Increased mean platelet volume (MPV) indicating the vascular risk in Alzheimer's disease (AD)[END_REF]. Platelet indices -p l a t e l e t count, mean platelet volume (MPV) -a r e derived from the whole blood count ( Bancroft et al.,20 0 0 ). In aging, platelet count decreases, while platelet activity increases [START_REF] Montenont | Altered functions of platelets during aging[END_REF]. MPV, representing the averaged size and the activity of platelets, is significantly higher in patients with T2D ( Chen et al., 2017 ;[START_REF] Papanas | Mean platelet volume in patients with type 2 diabetes mellitus[END_REF][START_REF] Sansanayudh | The association between mean platelet volume and cardiovascular risk factors[END_REF] and in the presence of vascular risk [START_REF] Renga | Platelets and cardiovascular risk[END_REF]. Moreover, the high platelet indices, often evidenced in the presence of T2D or early T2D, were also found in patients with AD [START_REF] Shilpi | A study of platelet indices in type 2 diabetes mellitus patients[END_REF]. More specifically, the recent evidence suggests that platelet activation observed in T2D may contribute to AD development and may be potentially responsible for the link between AD and T2D [START_REF] Randriamboavonjy | Platelets as potential link between diabetes and Alzheimer's disease[END_REF]. In AD, both increases ( Chen et al., 2017 ;[START_REF] Yesil | Increased mean platelet volume (MPV) indicating the vascular risk in Alzheimer's disease (AD)[END_REF] and decreases of MPV [START_REF] Liang | Mean platelet volume and platelet distribution width in vascular dementia and Alzheimer's disease[END_REF][START_REF] Wang | Decreased mean platelet volume and platelet distribution width are associated with mild cognitive impairment and Alzheimer's disease[END_REF] have been reported. These contradictory findings might be associated with the variability in samples characteristics (eligibility criteria) or methodological choices (covariates and delay between blood sampling and analysis) in previous studies, which are summarized in supplementary Table 1 .

To date, no study used multimodal neuroimaging to investigate the brain changes associated with subclinical but the high glycemia levels and platelet indices (platelet count and MPV), both in cognitively unimpaired adults and in amyloid-positive (A β-pos) MCI and AD patients. Therefore, our main objective was to offer a comprehensive assessment of the links between these T2D-related vascular risk factors (i.e. glycemia levels and platelet indices) on one side and brain structural, functional integrity and cerebral amyloid deposition on the other side, in healthy individuals and patients with cognitive impairment, along the AD continuum.

Methods

Participants

All participants were included in the "Imagerie Multimodale de la maladie d'Alzheimer àu n stade Précoce" (IMAP + ) study (Caen, France), for which the inclusion and the exclusion criteria have been fully detailed elsewhere ( La Joie et al., 2013 ;[START_REF] Tomadesso | Neuropsychology and neuroimaging profiles of amyloid-positive versus amyloid-negative amnestic mild cognitive impairment patients. Alzheimer's Dement[END_REF]. Briefly, participants were excluded if they presented a history or clinical evidence of diabetes (type 1 or 2), neurological or psychiatric disorders, alcohol use disorder or drug abuse, or abnormal somatic examination. In addition, 2 cognitively unimpaired adults were excluded from the present study as their glycemia levels (7.8 and 9.5 mmol/L, respectively) were above the normal range (normal range: 3.6-5.5mmol/L; cut-off for T2D diagnosis: > 7mmol/L).

One-hundred-and-five cognitively unimpaired adults aged from 18 to 85 years were recruited from the community. For subjects aged over 60 years, they had no memory complaint, never referred to a memory clinic, and performed in the normal range for their age and educational level (i.e. within 1.65 standard deviation [SD] of the norms for all neuropsychological test; see the flow diagram in Fig. 1 ). A group of 21 A β-neg older participants ( > 55 years; see 2.3.2 PET data acquisition and pre-processing for details) was extracted from the 105 cognitively unimpaired adults and were matched for sex, years of education and body mass index (BMI) to the group A β-pos patients (see below). This sub-group will be referred to as "A β-neg controls."

A total of 56 patients with cognitive impairment, along the AD continuum, were selected from the local memory clinics. They presented no major comorbidities, and had available blood parameters and neuroimaging data. Among the 56 patients, only A β-pos patients were included (see 2.3.2 for positivity/negativity classification) to ensure that they were on the AD continuum. Among the 45 A β-pos patients, 27 met clinical criteria for single or multiple domain amnestic MCI ( Petersen & Morris, 2005 ), with predominant episodic memory deficits (-1.5 SD from age-and educationmatched norms) and 18 patients fulfilled NINCDS-ADRDA criteria for probable AD, including (1) abnormal global cognitive functioning and ( 2) deficits in at least 2 cognitive domains. The MCI and AD groups were merged and only differ regarding the degree of functional deficits, therefore representing a relatively homogeneous population ranging on a continuum from mildly to moderately cog- nitively impaired. We were mainly interested in comparing the role of subclinical high glycemia levels and platelet indices in healthy individuals and A β-pos patients without specific interest on the clinic stage. Demographic data and biological parameters per group are reported in Table 1 .

The IMAP + study, sponsored by the Caen University Hospital, was approved by the local ethics committee (Comité de Protection des Personnes Nord-Ouest III, Caen, France; trial registration number: IDRCB: 2011-A01-493-38; clinicaltrials.gov identifier: NCT01638949). All participants gave their written informed consent prior to examinations.

Blood sampling and covariates assessment

Blood samples were collected in all individuals in the morning after an overnight fast. Blood samples were collected in fluorinated tubes and measured by spectrophotometry for glycemia levels (mmol/L) and in K3 salt of ethylenediominetetraacetic (EDTA)containing tubes for platelet indices (platelet count in G/L; MPV in femtoliter, fL). All samples were processed within 6 hours after blood collection. All blood parameters were within the normal range (i.e. subclinical levels) (see previous section for exclusion details). APOE genotype was also obtained from blood samples and individuals were classified as APOE 4 non-carriers (participants with no copies of the epsilon 4 allele) or APOE 4 carriers (individuals with at least one copy of the epsilon 4 allele). Body mass index (BMI) was computed with the formula [weight (kg)/height (m) 2 ] and obtained from participants' self-reported weight and height.

Neuroimaging assessment

Participants underwent T1-weighted magnetic resonance imaging (MRI), 18 F-fluorodeoxyglucose (FDG)-and 18 F-florbetapir (AV45, Amyvid)-positron emission tomography (PET) scans, to measure gray matter (GM) volume, brain glucose metabolism, and amyloid burden, respectively. MRI and PET scans were performed in all participants at the Cyceron Center (Caen, France) on a Philips Achieva 3.0 T scanner and a Discovery RX VCT 64 PET-CT device (General Electric Health-care), respectively.

MRI data acquisition and pre-processing

High-resolution T1-weighted anatomical volumes were acquired using a 3D fast-field echo sequence (3D-T1-FFE sagittal; repetition time = 20 ms; echo time = 4.6 ms; flip angle = 10 °; 180 slices with no gap; slice thickness = 1 mm; field of view = 256 × 256 mm 2 ; in-plane resolution = 1 × 1 mm 2 ).

Neuroimaging data pre-processing was performed using the Statistical Parametric Mapping version 12 software (SPM12; Wellcome Trust Centre for Neuroimaging, London, UK). T1-weighted images were segmented using multimodal segmentation (T1weighted MRI and FLAIR) and spatially normalized to the Montreal Neurological Institute (MNI) space. Then, normalized GM segments were modulated to correct for non-linear warping effects, and the resultant images were smoothed using an 8-mm full-width half-maximum (FWHM) Gaussian kernel. MRI images were finally masked to exclude non-GM voxels as well as the cerebellum from the analyses ( La Joie et al., 2012 ;[START_REF] Villain | Relationships between hippocampal atrophy, white matter disruption, and gray matter hypometabolism in Alzheimer's disease[END_REF].

PET data acquisition and pre-processing

Both FDG-and florbetapir-PET scans were acquired with a resolution of 3.76 × 3.76 × 4.9 mm 3 (field of view = 157 mm). Fortyseven planes were obtained with a voxel size of 1.95 × 1.95 × 3.2 mm 3 . A transmission scan was performed for attenuation correction before the PET acquisition. For FDG-PET, participants were fasted for at least 6 hours before scanning. After a 30-minute resting period in a quiet and dark environment, ∼180MBq of FDG were intravenously injected as a bolus. A 10-minute PET scan was acquired 50 minutes after the injection. For florbetapir-PET, each participant underwent a 20-minute PET scan, beginning 50 minutes after the intravenous injection of ∼ 4MBq/kg of florbetapir.

PET data were coregistered onto their corresponding MRI, and normalized using the deformation parameters obtained from the MRI procedure. Resultant images were quantitatively normalized using cerebellar GM as a reference region. PET images were then smoothed using a 10-mm FWHM Gaussian kernel ( La Joie et al., 2012 ;[START_REF] Villain | Relationships between hippocampal atrophy, white matter disruption, and gray matter hypometabolism in Alzheimer's disease[END_REF] and finally masked to exclude non-GM voxels as well as the cerebellum from the analyses. The standardized uptake value ratio (SUVr) was used to classify subject as A βpos or A β-neg, using a threshold derived from 45 healthy individuals (aged 21-39 years) from the IMAP cohort, who are all included in the present study [START_REF] André | Brain and cognitive correlates of sleep fragmentation in elderly subjects with and without cognitive deficits[END_REF]Besson et al., 2015 ). The positivity threshold was calculated as the 95th percentile of the distribution among 45 healthy controls, corresponding to a SUVr of 1.20. Individuals with values above this threshold were considered as A β-pos and those below this threshold were considered as A β-neg.

Statistical analyses

Normality was assessed using the Shapiro-Wilk test. Nonnormally distributed variables were Box-Cox-and log-transformed for glycemia levels and platelet count, respectively. All analyses were done both with the raw (Supplementary Tables 2,3) and the transformed data. As results remained similar, only transformed data are presented here. To investigate potential underlying mechanisms, all analyses were replicated adjusting for blood pressure (BP) and medications (statins, beta-blockers, anti-hypertensive…), and mediation analyses were performed in both cognitively unimpaired adults and A β-pos patients. As results remained unchanged (Supplementary Table 4,5) and no mediation was found (data not shown), only results without these covariates are presented here.

Between-group comparisons for demographics were assessed using Student's t-test for continuous variables and chi-square tests for categorical variables, with statistical significance set at p < 0.05.

Association between age, glycemia levels, and platelet indices in cognitively unimpaired adults

To assess the effect of age on glycemia levels and the platelet indices, multiple regression analyses were performed between age and each blood parameters separately (i.e. glycemia levels and platelet indices) within the whole group of cognitively unimpaired adults. Sex, years of education, BMI, and APOE 4 status were included as covariates in the regression models, and results were considered significant at p < 0.05. To assess the robustness of the results, analyses were replicated after removing the A β-pos cognitively unimpaired adults (n = 36).

Differences in glycemia levels and platelet indices between A β-neg controls and A β-pos patients

To assess the differences between A β-pos patients and A β-neg controls on each blood parameters, we performed ANCOVAs, correcting for age, sex, years of education, BMI, and APOE 4 status. We also tested multiple regressions between each blood parameter to investigate the potential relationships in A β-pos patients.

Voxelwise regression analyses between blood parameters and neuroimaging in cognitively unimpaired adults and A β-pos patients separately

Within the group of cognitively unimpaired adults and A β-pos patients separately, voxelwise multiple regression analyses were performed between each blood parameter and each neuroimaging modality (MRI, FDG-PET and florbetapir-PET) in SMP12, controlling for age, sex, years of education, BMI, APOE 4 status, and the other blood parameters (i.e. analyses on platelet indices were controlled for glycemia levels, and reversely). To highlight the spatial overlap between the results from these voxelwise multiple regression analyses and AD-related neurodegeneration, two-sample t-tests (A β-neg controls vs. A β-pos patients) were conducted on GM volume and FDG-PET to derive atrophy and hypometabolism patterns in patients. For all neuroimaging analyses, results were considered significant at p < 0.005 (uncorrected) at the voxel level, and a threshold of p < 0.05 (corrected) at the cluster level, determined by Monte-Carlo simulation using the AlphaSim program (AFNI).

Results

Association between age, glycemia levels, and platelet indices in cognitively unimpaired adults

When adjusting for sex, years of education, BMI, and APOE 4 status, the age was positively associated with glycemia levels ( Fig. 2 ), but not with platelet indices (r = .009, p = 0.931 and r = -.101, p = 0.363 for platelet count and MPV; respectively). The association between the age and the glycemia levels remained significant without controlling for sex, years of education, BMI, and APOE 4 status. This association remained also significant when removing the A β-pos cognitively unimpaired adults (n = 36) (Supplementary Table 6).

Differences in glycemia levels and platelet indices between A β-neg controls and A β-pos patients

There was no group difference in demographics between A βneg controls and A β-pos patients, except for the APOE 4 status ratio, with A β-pos patients showing a higher proportion of APOE 4 carriers (Table 1). A β-pos patients presented lower platelet count ( Fig. 3 MCI and A β-pos AD patients, higher MPV and lower platelet count were found in MCI, but not in AD patients (Supplementary Table 7). There was no difference in terms of glycemia levels between A β-neg controls and A β-pos patients (Table 1). Finally, no association was found between the glycemia levels and the platelet indices (r = .214, p = 0.268 and r = -.078, p = 0.905 for platelet count and MPV; respectively).

Association between blood parameters and neuroimaging in cognitively unimpaired adults

Glycemia levels negatively correlated with GM volume in the PCC and the right hippocampus, and with brain glucose metabolism in the PrC, cuneus, PCC, angular cortex, and medial temporal gyrus in cognitively unimpaired adults ( Fig. 4 A). Interestingly, these regions overlapped with the pattern of neurodegeneration in AD patients, including both the hippocampus for atrophy, and the PrC, cuneus, PCC, angular cortex, and medial temporal gyrus for hypometabolism ( Fig. 3 B). Amyloid burden was not associated with glycemia. We did not find any significant association between platelet indices (platelet count or MPV) and neuroimaging in cognitively unimpaired adults.

Association between glycemia levels and platelet indices and neuroimaging in A β-pos patients

In A β-pos patients, MPV negatively correlated with GM volume in the entorhinal and perirhinal cortices ( Fig. 5 A), whereas no association was found with the brain glucose metabolism or amyloid burden. The cerebral correlates of MPV in A β-pos patients overlapped with the pattern of atrophy evidenced in AD patients in the entorhinal cortex ( Fig. 5 B). Glycemia and platelet count were not associated with neuroimaging in A β-pos patients.

Complementary analyses

To further investigate the association between T2D-related vascular risk factors with MCI and AD patients, analyses were assessed between glycemia levels, platelet indices, and memory using the 16-word delayed recall from Grober & Buschke [START_REF] Dion | Normative Data for the Rappel libre/Rappel indicé à 16 items (16-item Free and Cued Recall) in the Elderly Quebec-French Population[END_REF] in cognitively unimpaired adults and A β-pos patients (Supplementary Table 8). No significant association was found, suggesting that these blood parameters are not associated with memory decline.

To ensure that covariates (i.e. sex, years of education, BMI, APOE 4 status) had no impact on age-effect results, interaction analyses were carried out between each T2D-related vascular risk factors and each covariates in cognitively unimpaired adults (Supplementary Figure 1). Interaction analyses were also performed with APOE 4 and sex for voxelwise analyses (data not shown) to investigate potential modifying effect on the relationships between the blood parameters and the neurodegeneration in cognitively unimpaired adults and A β-pos patients. No significant interaction was found, suggesting that these associations are not impacted by sex, years of education, BMI or APOE 4.

Discussion

The main goal of the present study was to provide a comprehensive understanding of the cerebral changes associated with T2D-related vascular risk factors, namely subclinical but the high glycemia and the platelet activity levels, in healthy individuals and AD-dementia.

As shown in previous studies, we found that glycemia levels increase with age ( O' Sullivan, 1974 ) but not platelet indices [START_REF] Sansanayudh | The association between mean platelet volume and cardiovascular risk factors[END_REF]. The covariates used in the present study (i.e. sex, APOE 4 status, years of education and BMI) did not seem to play a role in these associations as they did not moderate the relation between the age and the blood parameters (Supplementary Figure 1).

In our study, glycemia levels were not associated with platelet indices and did not differ between A β-pos patients and A β-neg controls. Evidence suggests a link between the glycemia levels and the platelet activity and, more specifically, that glycemia levels contribute to increased platelet activity in non-diabetic and diabetic individuals [START_REF] Kaur | Endothelial dysfunction and platelet hyperactivity in type 2 diabetes mellitus: molecular insights and therapeutic strategies[END_REF][START_REF] Keating | Effects of increased concentrations of glucose on platelet reactivity in healthy subjects and in patients with and without diabetes mellitus[END_REF][START_REF] Shilpi | A study of platelet indices in type 2 diabetes mellitus patients[END_REF][START_REF] Zaccardi | Platelet indices and glucose control in type 1 and type 2 diabetes mellitus: a case-control study[END_REF]. Moreover, several studies showed that glycemia levels and activated platelets are involved in both T2D and AD pathological mechanisms [START_REF] Burns | Longitudinal changes in serum glucose levels are associated with metabolic changes in Alzheimer's disease related brain regions[END_REF][START_REF] Horstman | Role of platelets in neuroinflammation: a wideangle perspective[END_REF][START_REF] Wang | Decreased mean platelet volume and platelet distribution width are associated with mild cognitive impairment and Alzheimer's disease[END_REF]. Both, T2D and high glycemia levels have been associated with the higher incidence of dementia and cognitive decline [START_REF] Biessels | Risk of dementia in diabetes mellitus: a systematic review[END_REF][START_REF] Crane | Glucose levels and risk of dementia[END_REF]. In our study, we did not find any association between high glycemia levels or MPV and memory either in cognitively unimpaired adults or A β-pos patients (Supplementary Table 8). However, both glycemia levels and platelet indices were in the normal range, that is subclinical, even if glycemia levels were in the upper part of the normal range (glycemia normal range: 3.6-5.5 mmol/L; cut-off for T2D > 7 mmol/L; mean: 5.5 mmol/L; platelet count normal range: 150-450 G/L; mean 222 G/L; MPV normal range: 7.5-12.0 fL; mean: 10.7 fL). The absence of association with cognition or of difference between A β-pos patients and A β-neg controls could be attributed to the fact that our cohort is non-diabetic, with subclinical glycemia levels.

In our study, MPV, a marker of platelet activation, was found to be higher in A β-pos patients than in A β-neg controls. This result aligns with prior studies showing that MPV is increased in AD ( Chen et al., 2017 ;[START_REF] Yesil | Increased mean platelet volume (MPV) indicating the vascular risk in Alzheimer's disease (AD)[END_REF] and T2D patients ( X. Chen et al., 2017 ). In our study, this finding could have reflected the fact that the proportion of APOE 4 carriers was higher in A β-pos patients compared to A β-neg controls, as this allele is known to be strongly associated with greater risk for the presence of brain amyloid pathology [START_REF] Wisniewski | APOE-amyloid interaction: therapeutic targets[END_REF]. Therefore, we have repeated our analysis controlling for this factor, and we showed that APOE 4 status did not impact the difference in MPV between A β-pos patients and A β-neg controls (Supplementary Tables 4,5). Other studies reported a MPV decrease in AD patients [START_REF] Liang | Mean platelet volume and platelet distribution width in vascular dementia and Alzheimer's disease[END_REF][START_REF] Wang | Decreased mean platelet volume and platelet distribution width are associated with mild cognitive impairment and Alzheimer's disease[END_REF]. These conflicting findings might be the result of methodological differences between studies (Supplementary Table 1 for details). Briefly, the amount of EDTA, the most commonly used in vitro anticoagulant, in sample tubes could increase the platelet size just as the time between the blood collection and the sample analysis [START_REF] Bowles | Platelet size has diagnostic predictive value in patients with thrombocytopenia[END_REF]. In our study, all samples were analysed within a 6-hour delay after blood sampling; consequently, we are expecting no or limited impact on platelet size. Secondly, eligibility criteria and covariates differ across studies. Among them, hypertension was reported as a strong predictor of high MPV [START_REF] Ntaios | Hypertension is an independent predictor of mean platelet volume in patients with acute ischaemic stroke[END_REF][START_REF] Sansanayudh | The association between mean platelet volume and cardiovascular risk factors[END_REF], while drugs such as statins or antiplatelet agents were previously associated with decreased MPV levels [START_REF] Coban | The effect of rosuvastatin treatment on the mean platelet volume in patients with uncontrolled primary dyslipidemia with hypolipidemic diet treatment[END_REF][START_REF] Jagroop | The effect of clopidogrel, aspirin and both antiplatelet drugs on platelet function in patients with peripheral arterial disease[END_REF]. Our results remained unchanged after adjusting for BP and medications (Supplementary Tables 4,5) and BP was not found to be a significant moderator of the relationships between glycemia, MPV levels and brain integrity (data not shown). Although the influence of other factors, and especially vascular risk factors, could be further explored in future studies, these additional analyses suggest that our findings were not biased by medication or BP.

Here, we found that both higher glycemia levels and MPV, even at a subclinical level, were associated with atrophy and/or cerebral glucose hypometabolism in regions known to be sensitive to AD. More specifically, in A β-pos patients, higher MPV was associated with atrophy in the entorhinal and the perirhinal cortices, bilaterally ( Fig. 5 ). Interestingly, it is well established that temporal structures (hippocampus, amygdala, and entorhinal cortex) are atrophied in patients with MCI or AD [START_REF] Chételat | La neuro-imagerie au service de la maladie d ' Alzheimer[END_REF][START_REF] Chetelat | Early diagnosis of alzheimer's disease: contribution of structural neuroimaging[END_REF]. Therefore, for the first time, our findings highlight an association between higher MPV and atrophy in regions particularly affected by AD, in A β-pos patients. Moreover, in cognitively unimpaired adults, glycemia levels were associated with (1) atrophy in the hippocampus and PCC; and (2) hypometabolism in the angular gyrus, medial temporal gyrus, PrC, cuneus and PCC. Interestingly, regions associated with glycemia levels in cognitively unimpaired adults overlapped with regions particularly sensitive to atrophy/hypometabolism in AD patients ( Fig. 3 ). Previous human and animal studies have also reported an association between glycemia levels and atrophy in the hippocampus and PCC ( Cherbuin et al., 2012 ;[START_REF] Honea | Relationship of fasting glucose and longitudinal Alzheimer's disease imaging markers. Alzheimer's & Dementia[END_REF][START_REF] Shaw | Higher fasting plasma glucose is associated with increased cortical thinning over 12 years: the PATH through life study[END_REF]. Moreover, our findings are consistent with previous studies describing an association between increased glycemia levels and hypometabolism of the PrC, PCC, and parieto-temporal cortex [START_REF] Ishibashi | Alteration of the regional cerebral glucose metabolism in healthy subjects by glucose loading[END_REF]( Ishibashi et al., , 2017 ; ;[START_REF] Viglianti | Effect of hyperglycemia on brain and liver 18 F-FDG standardized uptake value (FDG SUV) measured by quantitative positron emission tomography (PET) imaging[END_REF]. Similarly, in older adults with a first-degree family history of AD, higher glycemia levels were associated with lower regional cerebral metabolic rate for glucose in brain regions preferentially affected by AD [START_REF] Burns | Higher serum glucose levels are associated with cerebral hypometabolism in Alzheimer regions[END_REF] and remained significant when assessed longitudinally [START_REF] Burns | Longitudinal changes in serum glucose levels are associated with metabolic changes in Alzheimer's disease related brain regions[END_REF]. Therefore, the increased vulnerability of these structures with increased glycemia levels in healthy individuals could be one of the key mechanisms underlying the association between the glycemia and the AD.

While the pathological processes underlying the association between the high glycemia levels and the hypometabolism in ADsensitive regions are not well understood, several hypotheses have been proposed [START_REF] Kuehn | Alzheimer research, glucose metabolism Moves to center stage[END_REF]. For instance, changes in glucose transporters function and expression or dysfunction in glycolysis (conversion of glucose to energy) could affect brain glucose homeostasis [START_REF] Hipkiss | Aging, Alzheimer's disease and dysfunctional glycolysis; similar effects of too much and too little[END_REF][START_REF] Szablewski | Glucose transporters in brain: in health and in Alzheimer's disease[END_REF] and thus affect cerebral metabolism. In addition, the genetic variants APOE 2 and APOE 4, which have been shown to respectively increase and decrease glycolysis, could have an indirect impact on brain glucose metabolism [START_REF] Wu | Human ApoE Isoforms Differentially Modulate Brain Glucose and Ketone Body Metabolism: Implications for Alzheimer's Disease Risk Reduction and Early Intervention[END_REF]. Moreover, previous studies found that sex could affect the association between glycemia levels and CSF biomarkers of AD [START_REF] Ou | Fasting blood glucose and cerebrospinal fluid Alzheimer's biomarkers in non-diabetic cognitively normal elders: the CABLE study[END_REF] ). Yet, we did not find any interaction with either APOE 4 or sex on the association between glycemia levels or MPV and neurodegeneration (i.e. atrophy and hypometabolism) in cognitively unimpaired adults and A β-pos patients (data not shown).

Above the processes linking specifically glycemia levels to hypometabolism, the mechanisms underlying the association be-tween glycemia, platelet activity and changes in brain integrity more generally are not fully understood. Increasing evidence suggests that the high glycemia levels and the activated platelets play an important role in inflammation and neuroinflammation [START_REF] Horstman | Role of platelets in neuroinflammation: a wideangle perspective[END_REF][START_REF] Rawish | Platelets as mediators of neuroinflammation and thrombosis[END_REF]. While the active contribution of platelet in inflammatory processes is wellacknowledged [START_REF] Randriamboavonjy | Platelets as potential link between diabetes and Alzheimer's disease[END_REF][START_REF] Rawish | Platelets as mediators of neuroinflammation and thrombosis[END_REF], the involvement of glycemia levels in inflammation remains scarcely documented. However, a previous study showed an association between experimentally increased glycemia levels and increased cytokine levels in healthy control subjects and in individuals with impaired glucose tolerance [START_REF] Esposito | Inflammatory cytokine concentrations are acutely increased by hyperglycemia in humans: Role of oxidative stress[END_REF]. Interestingly, the overlap between MPV-related and AD-related atrophy aligns with previous human and animal studies investigating inflammation in temporal lobe, and particularly in the hippocampal and entorhinal cortices [START_REF] Hauss-Wegrzyniak | Chronic neuroinflammation in rats reproduces components of the neurobiology of Alzheimer's disease[END_REF][START_REF] Stern | What is cognitive reserve? Theory and research application of the reserve concept[END_REF][START_REF] Sala-Llonch | Inflammation, Amyloid, and Atrophy in the aging brain: relationships with longitudinal changes in cognition[END_REF]. Thus, it is reasonable to hypothesize that these 2 blood parameters could be associated with neurodegeneration through increased inflammation, both mechanisms being implicated in the development and progression of AD [START_REF] Sala-Llonch | Inflammation, Amyloid, and Atrophy in the aging brain: relationships with longitudinal changes in cognition[END_REF]. Vascular factors (e.g. hypertension or vascular diseases) also play an important role in the development of inflammation [START_REF] Willerson | Inflammation as a cardiovascular risk factor[END_REF]. In our study, individuals with vascular diseases were excluded and as previously mentioned, we did not find an impact of BP on the results (Supplementary Tables 4,5).

We found no association between glycemia levels, platelet indices, and amyloid load. Previous studies assessing the links between the high glycemia or diabetes and the brain amyloid-PET positivity showed inconsistent findings. Some studies found an association between the glycemia levels and the cerebral amyloid burden in older adults [START_REF] Honea | Relationship of fasting glucose and longitudinal Alzheimer's disease imaging markers. Alzheimer's & Dementia[END_REF][START_REF] Morris | Impaired fasting glucose is associated with increased regional cerebral amyloid[END_REF][START_REF] Taylor | A high-glycemic diet is associated with cerebral amyloid burden in cognitively normal older adults[END_REF] consolidating the hypothesis that diabetes contributed to increased amyloid deposition [START_REF] Chui | Cognitive impact of subcortical vascular and Alzheimer's disease pathology[END_REF]. However, our results, in line with other studies, suggest that diabetes or related parameters were not associated with amyloid deposition [START_REF] Arvanitakis | Diabetes is related to cerebral infarction but not to AD pathology in older persons[END_REF][START_REF] Thambisetty | Glucose intolerance, insulin resistance, and pathological features of Alzheimer disease in the Baltimore Longitudinal Study of Aging[END_REF]. To our knowledge, our study is the first to examine the association between platelet parameters and PET-based markers in cognitively unimpaired adults and A β-pos patients. The lack of link in our study is in line with the inconsistency in literature and could reflect the weak association between these parameters and amyloid load. It could also reflect the low variability of amyloid deposition in A β-pos patients, difference between our samples (i.e. cognitively unimpaired adults and A β-pos patients) and the study populations and lastly blood parameters thresholds (i.e. subclinical but high glycemia and platelet indices levels). Alternatively, it might indicate that subclinical but high glycemia and MPV levels are related to AD independently from amyloid accumulation. Interestingly, previous studies demonstrates a link between tau and hyperglycemia and platelets [START_REF] Kerti | Hyperglycemia-Induced Tau Cleavage in vitro and in vivo: a possible link between diabetes and Alzheimer's disease[END_REF][START_REF] Neumann | Human Platelets Tau: A Potential Peripheral Marker for Alzheimer's Disease[END_REF], suggesting that tau might be a potential factor relating these T2D-related vascular risk factors to AD. Further examination of these potential mechanisms linking subclinical glycemia levels, platelet activity and dementia, including the role of tau accumulation, is needed.

Strengths, limitations, and perspectives

The present study has several strengths, including the use of multimodal neuroimaging combined with the measurement of complementary vascular risk factors, allowing to reach a comprehensive understanding of the associations between T2D-related parameters and brain alterations. Moreover, these associations were evaluated throughout the lifespan and in A β-pos patients, provid-ing a more comprehensive picture of their role from healthy individuals to AD.

Our study has also some limitations. First, we used BMI as an indicator of obesity because it is easy to collect and widely used in previous studies and medical practice ( Cherbuin et al., 2012 ;[START_REF] Yesil | Increased mean platelet volume (MPV) indicating the vascular risk in Alzheimer's disease (AD)[END_REF]. In our study, its impact on the results when included as a covariate remains moderate. However, some argue that BMI is not a sensitive index, especially in older ages, when higher BMI would be protective [START_REF] Woolley | The effect of age upon the interrelationship of BMI and inpatient health outcomes[END_REF]. Secondly, our study is limited by the small sample size of our groups and requires replication in larger samples. Finally, the cross-sectional and observational design of our study prevents the inference of any causal relationship between brain changes and T2D-related vascular risk factors. Previous longitudinal and interventional studies have investigated various modifiable risk factors, notably vascular risk factors, via several lifestyle interventions in non-demented older adults (MAPT ( NCT00672685 ), FINGER ( NCT01041989 ) trials...). Yet, clinical trials using conjointly multimodal neuroimaging modality, blood sampling and lifestyle interventions designed to protect against T2D or improving cardiovascular health are still needed to further our understanding of the impact of vascular risk factors related to T2D on dementia progression.

Conclusion

Overall, our study showed that subclinical but high glycemia levels were associated with neurodegeneration in AD-sensitive brain regions in healthy individuals. In addition, subclinical but high MPV was associated with decreased structural integrity in AD-sensitive brain regions in A β-pos MCI/AD patients. Thus, these 2 T2D-related vascular risk factors were associated with higher vulnerability in brain regions affected in AD in a non-diabetic population. By contrast, neither glycemia levels nor MPV levels were associated with amyloid burden, suggesting a possible relation with AD pathology through other mechanisms than amyloid accumulation. Overall, it would be interesting to further examine glycemia and platelet levels with other hallmark of AD to better understand the pathophysiological mechanisms underlying neurodegenerative processes of AD. Our findings highlight the importance of monitoring T2D-related vascular risk factors, easy to measure in a single blood sample, and consider them as potential vascular risk factors for AD.
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wileyonlinelibrary.com/journal/dad2 1of12 https://doi.org/10.1002/dad2.12302 that men and women present differences in their susceptibility to the disease and its progression. 2 Yet, the drivers of sex differences in AD remain to be fully understood and several factors are currently under investigation. For instance, the biological underliers of these sex effects have been evaluated and suggest a role for sexual hormones, including the effect of menopause/andropause and hormonal replacement therapies ( 3,4 , for reviews), and sex chromosomes. 5 Beyond biological differences, increasing evidence highlights the importance of modifiable factors in dementia risk, including cardiovascular risk, lifestyle behavior, and psychoaffective factors. 6,7 This association between environmental factors and dementia risk aligns with the concept of reserve, 8 which relates healthier and enriched lifetime experiences with the accumulation of cerebral and cognitive capacities, allowing individuals to better resist to age-or disease-related alterations (resistance) and/or better cope with these alterations (resilience). 9 Among these modifiable environmental factors, a large body of evidence links physical inactivity to increased dementia risk. 10,11 Neuroimaging studies further indicate that physical activity in cognitively normal older individuals is associated with better neuroimaging outcomes, including hippocampal volume, amyloid burden, or tau pathology, 12-18 even if some negative results exist ( 19for review).

This link between environmental factors and dementia risk might explain part of the sex differences in susceptibility to AD. Indeed, social role and lifestyle behaviors differ between men and women, which refers to the concept of gender, and this might be associated with distinct levels of lifestyle-associated AD risk. In addition, the effect of environmental risk factors themselves could differ by sex, as the mechanisms by which risk factors influence the progression of pathology might differ between men and women. Notably, a previous metaanalysis suggests sex-specific effects of physical activity on cognitive outcomes, with potentially greater effect of physical activity on cognition in women. 20 However, little is known about the cerebral substratesof these sex-specific effects of physical activity, as only a few studies investigated the interactive effects of sex and physical activity on brain volume and the results are not fully consistent. 21-23 The objective of this study was to better understand the interplay between sex and physical activity on complementary markers of brain integrity in cognitively unimpaired older adults, focusing mainly on regions likely to be influenced by AD and reserve mechanisms.

METHODS

Participants

A total of 135 cognitively unimpaired participants (mean age ± SD of 68. 49 ± 3.26; 83 women) were included in the Age-Well randomized control trial ( 24 ; see Flow Chart in Supplementary Material, eFigure S1). Age-Well aims at investigating the impact of meditation training on mental health and well-being in the aging population. After the baseline visit, participants were randomly assigned to an 18-month meditationbased intervention, 18-month foreign language learning intervention,

RESEARCH IN CONTEXT

1. Systematic Review: The authors reviewed the literature using traditional sources (eg, PubMed). The importance of studying sex/gender differences in the field of Alzheimer's disease (AD) research has been increasingly recognized.

On the other hand, increasing evidence links physical activity and AD risk. However, the interplay between sex and physical activity on the brain remains poorly understood.

2. Interpretation: Our findings suggest the existence of both independent and interactive effects of sex and physical activity on makers of brain integrity in cognitively unimpaired older adults. These findings are consistent with the increasing acknowledgment of sex-specific mechanisms in AD progression.

3. Future Directions: These results are important for the understanding of AD progression and have major implications for clinical trials design by supporting the development of sex-specific therapeutical trials and the sex stratification for trials' monitoring and evaluation. Future studies will be needed to further understand the drivers of these sex-specific mechanisms.

or 18-month without intervention. 24 Only baseline data, prior to ran- 

Physical activity questionnaire

Physical activity was assessed through the French version 25 of the Modifiable Activity Questionnaire(MAQ) 26 . Participants were asked to list all leisure physical activities (eg, running, dance) they had participated in more than 10 times over the last 12 months. For each of these, participants were asked to specify how many times they did the activity (ie, how many months over the last year, how many weeks per month, 1).

Neuroimaging acquisition

All participants were scanned on the same scanners at the Cyceron center (Caen, France). for magnetic resonance imaging (MRI) and PET images can be found elsewhere 24 and in the Supplementary Material (eMethods). Each PET image was first registered to the corresponding T1weighted MRI, and then normalized to the MNI template applying the parameters obtained from the Segment procedure (see above). The resulting images were then scaled by the average binding in the cerebellar cortex to obtain the standardized uptake value ratio (SUVR).

Images processing

For each modality (MRI, FDG, and early and late florbetapir-PET), we extracted the average signal in two regions of interest (ROIs), constructed from the AAL atlas 27 : (1) the anterior cingulate cortex (ACC) and ( 2) the precuneus and posterior cingulate cortex (PCC) (see Supplementary Material, eFigure 2). These regions were chosen as they have been shown to be involved in reserve/resilience and affected early in the course of AD. 28-30 

Statistical analyses

Statistical analyses were conducted with SPSS Statistics (version 27).

Characteristics of men and women were compared using twosample t-test (for continuous variables) or chi-square tests (for categorical variables). Association between covariates were explored using bivariate Spearman correlations.

The association between sex and the level of physical activity reported was assessed using two-sample t-test.

We used general linear models (GLMs) to assess, for each ROI and modality, (1) the effect of sex and physical activity and (2) the interaction between sex and physical activity. These analyses were conducted controlling for age, education, and APOE ε4status.

Effects were considered statistically significant at P ≤ .05, uncorrected for multiple comparisons. Only effects at P ≤ .002 would survive Bonferroni correction. Considering the exploratory nature of this study, a less-stringent approach was applied to assess the robustness of the results by applying a bootstrapping procedure (1000 iterations) on models showing significant (P ≤ .05) or "close-to-significant" (P ≤ .10) results. Complementary analyses were conducted to assess the influence of different types of physical activity on the results. Therefore, GLMs were replicated using as predictor the average hours per week of each activity type, separately. 31 However, men had a higher duration of formal schooling when compared to women. Bivariate correlations between the different variables included in this study are provided in the Supplementary Material (eFigure 3).

RESULTS

Participants' characteristics

Association between sex and physical activity

Women and men from this cohort did not differ regarding the average duration of physical activity that they reported engaging in over the last 12 months (t 132 = .05, P = .96; Supplementary Material eFigure 4).

Association between sex and neuroimaging

Sex was associated with differences in gray matter volume in the ACC, with women showing higher volume than men (F 1,128 = 14.33, P < .001; Figure 1A). This effect remained significant after bootstrapping (B = -453.84; P = .002; 95% confidence interval [CI] -697.281, -227.789). There were no sex effects (Table 2)o nth eo t h e rim a gi n g modalities and ROIs.

Association between physical activity and neuroimaging

ACC volume was non-significantly associated with the MAQ (F 1,128 = 3.27, P = .07; Figure 1B), such that higher levels of physical activity seemed to be associated with higher gray matter volume in this region. Higher level of physical activity was also associated with greater glucose metabolism in the ACC (F 1,86 = 5.50, P = .02; Figure 2A) and precuneus/PCC (F 1,86 = 6.04, P = .02; Figure 2B). All effects were significant after bootstrapping (B = 20.70; P = .05; 95% CI .921, 41.735 for the association between MAQ and ACC volume; B = .004, P = .04; 95% CI -.0001, .007 and B = .005, P = .03; 95% CI .001, .008 for the association with glucose metabolism in the ACC and precuneus/PCC, respectively). The other measures were not associated with physical activity (Table 2).

Interactions between sex and physical activity

An interaction between sex and physical activity was found for perfusion in the precuneus/PCC (F 1,125 = 3.86, P = .05; Figure 3A). A nonsignificant sex x physical activity interaction on amyloid burden can be observed in the precuneus/PCC (F 1,125 = 3.68, P = .06; Figure 3B). The bootstrap procedure suggests that the interaction on perfusion was not robust (B = -.004; P = .06; 95% CI -.008, .0003), whereas the one on amyloid was (B = -.013; P = .05; 95% CI -.027, .0006). The interaction of sex and physical activity on the precuneus/PCC perfusion was such that perfusion seemed to increase as a function of physical activity in women, whereas it was not the case in men (see Figure 3A).

On the other hand, the interaction on the precuneus/PCC amyloid 

DISCUSSION

Although we found no differences in the amount of reported leisure time physical activity between men and women, we reported both independent and interactive effects of sex and physical activity on markers of brain integrity in cognitively unimpaired older men and women. More specifically, gray matter volume in the ACC was associated with sex, with a greater volume in women when compared to men, and physical activity, with higher levels of physical activity being associated with greater volume. However, there was no interaction between sex and physical activity on this region. On the other hand, glucose metabolism was specifically associated with physical activity, with no effect of sex or interaction between sex and physical activity on this measure. Finally, we evidenced interactive effects of sex and physical activity in the precuneus/PCC, suggesting that higher levels of physical activity were associated with greater cortical perfusion in women, whereas it was associated with reduced amyloid burden in men. Although the bootstrapping method suggests that these results are robust, most results would not survive correction for multiple comparison (P ≤ .002 for Bonferroni correction). As a result, interpretations of these findings should be taken with caution.

In this study, the effect of sex was limited to gray matter volume, with higher ACC volume in women. This finding is consistent with that of previous studies indicating that, although head size is larger in men, cognitively unimpaired older women show higher gray matter volume and cortical thickness when compared to men, including in the ACC. 32-34 In the literature, the effect of sex on other markers of brain integrity is less robust. Although studies on glucose metabolism are sparse but tend to indicate greater glucose metabolism in older women when compared to older men, 35,36 previous studies on amyloid burden failed to identify differences between men and women. 37-40 Of importance, this absence of sex differences in amyloid or other markers of brain integrity does not necessarily imply the absence of sex differences in the downstream effects of such brain alterations. 37,41 In addition to being associated with sex, the ACC volume seemed to be associated with physical activity (significant only after bootstrapping). This result is interesting considering that the ACC has been linked previously to reserve and/or reserve proxies. 15,28,42 It is notably consistent with previous findings linking greater metabolism in frontal medial regions and female sex on the one hand, and markers of reserve and resilience on the other hand. 28,36 These studies advocated that the greater preservation of the ACC in cognitively unimpaired older women could underly higher resilience in women and support the female advantage usually found for cognition. 43 Of importance, the effects of sex and physical activity highlighted here were obtained while controlling each factor for the other, and in the absence of interaction between them. Therefore, it suggests that the greater resilience found in women and at a higher level of physical activity, as evidenced by greater volume of the ACC in the present study, is, at least partly, independent.

We also found a specific association between glucose metabolism and physical activity, with no association with sex. This finding also supports the existence of sex-independent effects of physical activity on the brain. Inconsistent findings have been reported in the literature with regard to the effects of physical activity in general, including on glucose metabolism 19 for review, 44 .T h i sm i g h tr e f l e c tt h ef a c tt h a t effects are subtle and could also be due to the large variability in physical activity measurements among studies, that vary from self-report to objective or physical measures, covering variable periods of time and considering a wide range of activities.

Of interest, in addition to these independent effects of sex and physical activity, we highlighted interactive effects of sex and physical activity on brain perfusion and amyloid burden. These interactions were identified in parietal medial regions (precuneus/PCC), which suggests potentially important clinical implications considering that the precuneus/PCC is referred to as a hub, particularly sensitive to aging and AD. 30 It is notably thought to be one of the most sensitive region to early amyloid accumulation 45 and its function is altered in AD, 30 with and women but diverged in the direction of these differences. Thus, although the effect of physical activity was only found in women in two studies, on the prefrontal cortex and on the hippocampus, respectively, 21,23 the reversed pattern was found with evidence of a positive association with hippocampal and parahippocampal volumes only in men 21,22 ;respectively.However,thesestudiesgreatlydiffered in their samples' characteristics, including the existence of sex differences in the level of physical activity or not, but also the metrics used to assess physical activity (ie, subjective vs objective, evaluated for the last days vs over years) are likely to explain the discrepancy in their results.

The interactive effects of sex and physical activity highlighted here add to these results, suggesting the existence of a sex-specific association between physical activity and brain integrity that goes beyond brain structure. Because no sex differences were found in the amount of physical activity reported here, we interpret these effects as the result of sex-specific mechanisms rather than sex-specific lifestyle risk profiles. The greater association between physical activity and perfusion in women aligns with previous evidence pointing toward a greater effect of physical activity on cognitive performance in women. 20 More particularly, the increased perfusion associated with a higher physical activity could support compensation mechanisms in women (eg, increased perfusion might support greater network function and sustain cognition), as previously suggested using different methodologies or reserve proxies. 28,36 On the other hand, a higher level of physical activity in men could act through different mechanisms involving resistance to amyloid accumulation (eg, increased amyloid clearance 47 ). This differential association between physical activity and brain integrity in men vs women suggests the existence of partly distinct reserve mechanisms according to biological sex.

Although the exact underliers of this remains to be tested, previous works suggest the implication of sex-specific immune mechanisms, 22 sex hormones, 48 sex differences in neuroplasticity, dopaminergic, or cardiovascular activity ( 49 for review), by which physical activity might differently promote brain and cognitive health in men and women. Of note, although we found no differences in the average amount of physical activity reported by men and women, or when investigating more specifically the type of activity, we cannot rule out the possibility that the specific components and intensity of exercise differ between sexes.

Therefore, it is still possible that other differences in the characteristics of the activities have different health benefits in men and women. 50 Future studies should more directly assess the mechanisms underlying the sex-specific influence of physical activity and further evaluate the specificity of each type of physical activity (type and intensity) on brain health in men and women.

This study has several limitations, including a relatively small sample size (particularly when considering FDG-PET data) and the use of phys-ical activity questionnaire (ie, subjective and imprecise report) instead of an objective measurement of physical activity. Nevertheless, the questionnaire used in the present study provides information on physical activity over a long period (ie, over the last 12 months), which we believe has the advantage of allowing a more accurate approximation of habitual physical activity when compared to measurements considering only the last week and, therefore, strongly rely on the characteristics of this specific week. Complementary analyses suggest that results are driven mainly by aerobic exercise, but we were not able to fully characterize the influence of different types of physical activities and their components, notably taking into account the intensity or social components of exercise. In addition, we selected only two brain regions a priori, based on their association with reserve and AD. By choosing these regions a priori, we were able to provide information on the effect of sex and physical activity on markers relevant for brain health, but we cannot exclude the presence of additional associations in other brain regions. We must also acknowledge that the effects are overall subtle, with no correction for multiple comparisons. Therefore, all interpretations should be taken with caution and results will require replication. Finally, due to the cross-sectional design of this study, no causality could be inferred.

Overall, our study demonstrates the existence of both sexdependent and sex-independent associations between physical activity and brain health in older individuals. This suggests that the mechanisms underlying reserve partly differ between men and women, even if more studies are needed to better understand the drivers of these sex-dependent mechanisms. These results were found in regions that are sensitive to reserve/resilience and AD and add to the growing literature advocating for a better acknowledgement of sex differences both for the study of AD pathophysiology and the development and evaluation of clinical trials.

Chauveau et al., Frontiers in Aging Neuroscience 2021

Medial temporal lobe (MTL) atrophy is a key feature of Alzheimer's disease (AD), however, it also occurs in typical aging. To enhance the clinical utility of this biomarker, we need to better understand the differential effects of age and AD by encompassing the full AD-continuum from cognitively unimpaired (CU) to dementia, including all MTL subregions with up-to-date approaches and using longitudinal designs to assess atrophy more sensitively. Age-related trajectories were estimated 

INTRODUCTION

The hippocampus (HPC), entorhinal cortex (ERC), perirhinal cortex (PRC), and parahippocampal cortex (PHC) are subregions of the medial temporal lobe (MTL) that are critical for several cognitive functions such as declarative memory and spatial navigation [START_REF] Wixted | The medial temporal lobe and the attributes of memory[END_REF][START_REF] Raslau | Memory part 2: the role of the medial temporal lobe[END_REF][START_REF] Moscovitch | Episodic Memory and beyond: the hippocampus and neocortex in transformation[END_REF][START_REF] Baumann | Extrahippocampal contributions to spatial navigation in humans: a review of the neuroimaging evidence[END_REF]. Importantly, these subregions are altered early and severely in Alzheimer's disease (AD), as they are the primary target of neurofibrillary tangles (Braak andBraak, 1991, 1995;Schöll et al., 2016). In this context, hippocampal atrophy, assessed by structural magnetic resonance imaging (MRI), has been extensively studied in Alzheimer's research and is widely used as ab i o m a r k e rt om o n i t o rin-vivo AD-related neurodegeneration [START_REF] Frisoni | The clinical use of structural MRI in Alzheimer disease[END_REF]Pini et al., 2016). For example, a study focusing on the HPC reported an annual volume reduction of 1.9 ± 0.9% in patients with AD-dementia, and 1.3 ± 0.9% in patients with mild cognitive impairment (MCI) [START_REF] Henneman | Hippocampal atrophy rates in Alzheimer disease[END_REF]. In addition, hippocampal volumetry might be a relevant tool to predict the conversion to AD-dementia in patients with MCI [START_REF] Pennanen | Hippocampus and entorhinal cortex in mild cognitive impairment and early AD[END_REF][START_REF] Apostolova | Conversion of mild cognitive impairmentt o Alzheimer disease predicted by hippocampal atrophy maps[END_REF][START_REF] Devanand | Hippocampal and entorhinal atrophy in mild cognitive impairment: prediction of Alzheimer disease[END_REF][START_REF] Henneman | Hippocampal atrophy rates in Alzheimer disease[END_REF][START_REF] Brueggen | Basal forebrain and hippocampus as predictors of conversion to Alzheimer's disease in patients with mild cognitive impairment-a multicenter DTI and volumetry study[END_REF]. As neuropathological changes are known to start several years before symptom onset, more and more studies have focused on the preclinical stage of AD-defined as amyloidpositive (Aβ+) cognitively unimpaired (CU) individuals (Jack et al., 2018)- [START_REF] Miller | The diffeomorphometry of temporal lobe structures in preclinical Alzheimer's disease[END_REF][START_REF] Fortea | Cerebrospinal fluid β-amyloid and phosphotau biomarker interactions affecting brain structure in preclinical Alzheimer disease[END_REF][START_REF] Pegueroles | Longitudinal brain structural changes in preclinical Alzheimer's disease[END_REF][START_REF] Pettigrew | Progressive medial temporal lobe atrophy during preclinical Alzheimer's disease[END_REF]; findings are sparse with only a few studies showing medial temporal lobe subregional atrophy in Aβ+ compared to amyloid-negative (Aβ-)C U [START_REF] Wolk | Medial temporal lobe subregional morphometry using high resolution MRI in Alzheimer's disease[END_REF][START_REF] Xie | Longitudinal atrophy in early Braak regions in preclinical Alzheimer's disease[END_REF], while others have found no difference (Xie et al., 2019). Interestingly, MTL subregions are also affected in typical aging, and dissociating normal from early pathological changes is sometimes challenging [START_REF] Fjell | What is normal in normal aging? Effects of aging, amyloid and Alzheimer's disease on the cerebral cortex and the hippocampus[END_REF]. For example, studies report a decline in HPC and ERC volumes with age [START_REF] Schuff | Age-related metabolite changes and volume loss in the hippocampus by magnetic resonance spectroscopy and imaging[END_REF][START_REF] Jernigan | Effects of age on tissuesa n d regions of the cerebrum and cerebellum[END_REF][START_REF] Du | Age effects on atrophy rates of entorhinal cortex and hippocampus[END_REF], and trajectories appear to differ across MTL subregions with linear vs. non-linear atrophy over the whole lifespan (Ziegler et al., 2012;[START_REF] Fjell | Critical ages in the life course of the adult brain: nonlinear subcortical aging[END_REF]de Flores et al., 2015;[START_REF] Daugherty | Age differences in hippocampal subfield volumes from childhood to late adulthood[END_REF][START_REF] Hasan | Entorhinal cortex thickness across the human lifespan[END_REF][START_REF] Bussy | Hippocampus shape across the healthy lifespan and its relationship with cognition[END_REF]. Thus, a better understanding of the effects of age on the MTL subregions is essential to define the best candidate to be used as an AD biomarker.

Abbreviations: AD, Alzheimer's disease; BA, Brodmann area; CU, cognitively unimpaired; ERC, entorhinal cortex; HPC, hippocampus (a, anterior; p, posterior); LMM, linear mixed model; MCI, mild cognitive impairment; MRI, magnetic resonance imaging; PHC, parahippocampal cortex; PRC, perirhinal cortex;T I V , total intracranial volume.

To date, most of the investigations on MTL structural alterations were performed using cross-sectional designs and were mainly limited to the HPC and ERC [START_REF] Juottonen | Volumes of the entorhinal and perirhinal cortices in Alzheimer's disease[END_REF][START_REF] Du | Magnetic resonance imaging of the entorhinal cortex and hippocampus in mild cognitive impairment and Alzheimer's disease[END_REF][START_REF] Du | Atrophy rates of entorhinal cortex in AD and normal aging[END_REF][START_REF] Pennanen | Hippocampus and entorhinal cortex in mild cognitive impairment and early AD[END_REF]Barnes et al., 2009;[START_REF] Wisse | Hippocampal subfield volumes at 7T in early Alzheimer's disease and normal aging[END_REF]Pini et al., 2016). Given that MTL subregions are affected heterogeneously in AD [START_REF] Braak | Staging of Alzheimer's disease-related neurofibrillary changes[END_REF][START_REF] Krumm | Cortical thinning of parahippocampal subregions in very early Alzheimer's disease[END_REF][START_REF] Xie | Longitudinal atrophy in early Braak regions in preclinical Alzheimer's disease[END_REF], longitudinal designs accounting for inter-individual variability and including usually neglected MTL subregions such as the PRC and PHC might enhance the clinical utility of these neurodegeneration biomarkers. In addition, automatic procedures recently emerged to segment MTL subregions from standard T1-weighted MRI scans [START_REF] Pipitone | Multi-atlas segmentation of the whole hippocampus and subfields using multiple automatically generated templates[END_REF][START_REF] Iglesias | A computational atlas of the hippocampal formation using ex vivo, ultra-high resolution MRI: application to adaptive segmentation of in vivo MRI[END_REF]Xie et al., 2019), and appear promising in characterizing AD-related changes in clinical routines as MRI images are more accessible compared with other neuroimaging techniques which are more expensive and invasive.

In this context, this study aims to better characterize the structural alterations of MTL subregions in typical aging and across the whole Alzheimer's continuum. For this purpose, we took advantage of the longitudinal T1-weighted MRI data acquired from 209 CU participants covering the adult lifespan and 84 patients with MCI and AD. More precisely, we used a tailored methodology to (i) explore the age-related volume trajectories of MTL subregions over the adult lifespan, (ii) examine the differences in MTL subregional atrophy across the Alzheimer's continuum (encompassing Aβ-CU older adults [i.e., controls], Aβ+ CU older adults, Aβ+ MCI patients, and Aβ+ AD patients), (iii) compare MTL subregional atrophy between MCI-to-AD converters and non-converters patients, and finally, (iv) investigate the associations between the volume of MTL subregions and cognitive performances.

MATERIALS AND METHODS

Participants

All participants in this study were enrolled in the multi-modal neuroimaging in AD study (IMAP+)( C a e n ,F r a n c e )b e t w e e n the years 2008 and 2016, and some of them were included in previous publications from our lab (La Joie et al., 2013;de Flores et al., 2015;[START_REF] Perrotin | Subjective cognitive decline in cognitively normal elders from the community or from a memory clinic: differential affective and imaging correlates[END_REF]. All were right-handed, had at least 7 years of education, and had no history of alcoholism, drug abuse, head trauma, or neurological/psychiatric disorder. The IMAP+ study was approved by a regional ethics committee (Comité de Protection des Personnes Nord-Ouest III) and was registered with ClinicalTrials.gov (number NCT01638949). All participants gave written informed consent to the study before the investigation. 

Statistical Analyses

All statistical analyses were performed using R (version 4.0.3; RC o r eT e a m ,2 0 2 0 ). Longitudinal data were analyzed using linear mixed models (LMMs). These models are advantageous in handling within-subject observations, as well as missing data and unbalanced designs (e.g., irregular follow-ups as in the current study). LMMs were fitted to the data with restricted maximum likelihood, using the lme4 package [START_REF] Bates | Fitting linear mixedeffects models using lme4[END_REF]. Type III F-tests with Satterthwaite's method for degrees of freedom approximation was used to assess the significance of fixed effects. Effect size estimates of the LMMs were assessed using pseudo-R-squared [START_REF] Nakagawa | The coefficient of determination R2 and intra-class correlation coefficient from generalized linear mixed-effects models revisited and expanded[END_REF].

Results were considered significant after Holm's family-wise error rate controlling procedure to account for multiple tests (p < 0.05) [START_REF] Holm | A simple sequentially rejective multiple test procedure[END_REF]. Model quality was assessed using the performances package [START_REF] Lüdecke | Performance: Assessment of Regression Models Performance (0.7[END_REF], and visual inspection of the residual plots did not reveal any obvious deviations from homoscedasticity or normality.

Age-Related Volume Trajectories Over the Adult Lifespan

Relationships between age and MTL subregional volumes were estimated over the adult lifespan in CU participants aged from 19 to 85 years old. LMMs with polynomials of different orders for the age term were considered to best describe the agerelated volume trajectories of MTL subregions. Models were tested from the simplest to the most complex. A model was kept as a candidate when the likelihood ratio test (i.e., testing n vs. n-1 order-polynomial) was simultaneously significant (p < 0.05) and when all the coefficients were significant using tstatistic (p < 0.05). Candidate models were compared using the corrected Akaike Information Criterion (AICc) and the Bayesian Information Criterion (BIC) according to criteria [START_REF] Burnham | Multimodel inference: understanding AIC and BIC in model selection[END_REF]. As an exception, LMMs were fitted with maximum likelihood for model comparison [START_REF] Zuur | The ride of lifestyle to healthy aging: «All roads lead to Rome», but how do we get[END_REF] 

MTL Subregions Are Specifically Associated With Episodic Memory Performances

Volumes in most MTL subregions were positively associated with episodic memory scores (HPC: β = 0.17, SE = 0.06, p = 0.006; pHPC: β = 0.21, SE = 0.08, p = 0.009; ERC: β = 0.22, SE = 0.07, p = 0.003; PRC: β = 0.20, SE = 0.07, p = 0.007; and BA35: β = 0.18, SE = 0.06, p = 0.008) but not with executive function or speed processing (Supplementary Table 9).

DISCUSSION

The present study aims to explore how physiological aging and AD affect the volume of MTL subregions. Our current contribution represents one of the most comprehensive studies on MTL volumetric data using a tailored methodology based on longitudinal data and a dedicated segmentation algorithm. The findings highlight differential effects of age over the adult lifespan and support that AD-related neurodegeneration is more severe in the late stages of the Alzheimer's continuum, reflecting cognitive impairment. Consistently, episodic memory deficit, a key feature of AD, is related to greater atrophy in most MTL subregions. Interestingly, subregions that undergo specific aging mechanisms, as evidence by non-linear agerelated volume trajectories, although not different between Aβ-and Aβ+ CU older adults, are particularly affected from the prodromal stage of AD (i.e., Aβ+ MCI). This volume decline in the hippocampal substructures might also give information regarding the conversion to AD-dementia in patients with MCI.

Differential Vulnerabilities of MTL Subregions in Aging

Our results emphasized that MTL subregions differ in their relationships with age over the adult lifespan, with both linear and non-linear age-related trajectories. Linear trajectories were observed for the first time for the PRC (as well as for BA 35 and 36) and PHC volumes, filling a knowledge gap regarding usually neglected MTL subregions. In addition, non-linear trajectories were observed for the HPC (and its anterior and posterior parts) and ERC volumes, strengthening the importance of not 5.

restricting analyses to linear models when investigating the effects of age [START_REF] Chen | Statistical approaches for the study of cognitive and brain aging[END_REF]. In line with previous findings, visual inspection of the trajectories indicates that the HPC and ERC volumes remained stable or expanded until middle age and then declined substantially (Ziegler et al., 2012;[START_REF] Fjell | Critical ages in the life course of the adult brain: nonlinear subcortical aging[END_REF][START_REF] Coupé | Towards a unified analysis of brain maturation and aging across the entire lifespan: a MRI analysis[END_REF][START_REF] Amlien | The lifespan trajectory of the encoding-retrieval flip: a multimodal examination of medial parietal cortex contributions to episodic memory[END_REF][START_REF] Li | Differential age-related changes in structural covariance networks of human anterior and posterior hippocampus[END_REF][START_REF] Nobis | Hippocampal volume across age: nomograms derived from over 19,700 people in UK Biobank[END_REF][START_REF] Langnes | Anterior and posterior hippocampus macro-and microstructure across the lifespan in relation to memory-a longitudinal study[END_REF][START_REF] Nyberg | Educational attainment does not influence brain aging[END_REF].

As entorhinal cortical-hippocampal circuits are important in episodic memory processing, this pattern might partly explain the similar trajectory of age-related episodic memory deficit [START_REF] Rönnlund | Stability, growth, and decline in adult life span development of declarative memory: cross-sectional and longitudinal data from a population-based study[END_REF][START_REF] Nyberg | Memory aging and brain maintenance[END_REF]. Interestingly, the HPC and ERC are strongly involved in neuroplasticity-related mechanisms such as neurogenesis or spinal plasticity [START_REF] Teter | Neuroplasticity in Alzheimer's disease[END_REF][START_REF] Neves | Synaptic plasticity, memory and the hippocampus: a neural network approach to causality[END_REF][START_REF] Fjell | What is normal in normal aging? Effects of aging, amyloid and Alzheimer's disease on the cerebral cortex and the hippocampus[END_REF][START_REF] Yun | Stimulation of entorhinal cortex-dentate gyrus circuitry is antidepressive[END_REF][START_REF] Ronaghi | Entorhinal cortex stimulation induces dentate gyrus neurogenesis through insulin receptor signaling[END_REF]. Because these processes are partly dependent on environmental factors, non-linear trajectories in the HPC and ERC volumes might reflect age-related changes in cellular morphology influenced by exogenous events experienced during a lifetime. When compared visually, the HPC and ERC volumes seem to decrease faster from midlife than those of the PRC and PHC, suggesting that they are more vulnerable to late aging; and this vulnerability might be the result of greater plasticity, in line with the proposal of [START_REF] Mcewen | The plasticity of the hippocampus is the reason for its vulnerability[END_REF].Basedon the approximation of the decline onset age, the ERC volume was found to decrease earlier than the HPC volume. One speculation behind this observation might be that ERC alterations trigger damage to the HPC, as these structures are strongly connected [START_REF] Whitwell | 3D maps from multiple MRI illustrate changing atrophy patterns as subjects progress from MCI to AD[END_REF]. Interestingly, vulnerability to age also seems to vary along the HPC longitudinal axis. Indeed, the pHPC volume declined more severely than the aHPC, suggesting that aging preferentially affects the posterior part of the HPC. This anteroposterior specificity might explain why semantic memory is relatively spared in aging while episodic memory and spatial learning are more damaged [START_REF] Brickman | Aging and memory in humans[END_REF], as semantic memory is particularly associated with the aHPC while episodic memory and spatial navigation are preferentially associated with the pHPC [START_REF] Ranganath | Two cortical systems for memoryguided behaviour[END_REF]. Our observations 6.

support previous results emphasizing less volume alteration in the aHPC compared with pHPC in typical aging (Kalpouzos et al., 2009), but is in contrast with the results showing comparable volume declines [START_REF] Li | Differential age-related changes in structural covariance networks of human anterior and posterior hippocampus[END_REF]o rg r e a t e ra H P Cv u l n e r a b i l i t y [START_REF] Chen | Hippocampal region-specific contributions to memory performance in normal elderly[END_REF][START_REF] Ta | Age-related vulnerabilities along the hippocampal longitudinal axis[END_REF]. Several methodological differences might explain these discrepancies. For example, the use of longitudinal vs. cross-sectional data might enhance the results reliability, especially since HPC volume varies greatly among individuals [START_REF] Lupien | Hippocampal volume is as variable in young as in older adults: Implications for the notion of hippocampal atrophy in humans[END_REF]. Age range, segmentation procedure, and curvilinear pattern might as well account for differences. However, such an anteroposterior gradient of vulnerability was not systematically found in studies comparable to ours [START_REF] Langnes | Anterior and posterior hippocampus macro-and microstructure across the lifespan in relation to memory-a longitudinal study[END_REF]. Thus, differences between samples might also contribute to the discrepant results because agerelated anatomical findings highly depend on inter-individual variance [START_REF] Ta | Age-related vulnerabilities along the hippocampal longitudinal axis[END_REF]. From this perspective, CU participants over 60 years old included in our sample were highly educated (12.14 ± 2.85) compared with their peers born in the same period (∼1,940), of whom only 20% had a high school diploma [START_REF] Clerc | Les inégalités entre générations depuis le baby-boom -L'économie française-Comptes et dossiers|I n s e e[END_REF], and probably belong to high socioeconomic backgrounds. Following the hypothesis of [START_REF] Baum | Socioeconomic Status and chronic stress: does stress account for SES effects on health?[END_REF] stating that stress might be the pathway linking socioeconomic status and health, it is possible that high socioeconomic status is associated with less exposure to stressful life events and might 8.

prevent individuals from a drastic aHPC volume decline, as the aHPC is particularly sensitive to stress [START_REF] Vythilingam | Smaller head of the hippocampus in Gulf War-related posttraumatic stress disorder[END_REF][START_REF] Szeszko | Increased stress and smaller anterior hippocampal volume[END_REF]Hawley and Leasure, 2012;Hawley et al., 2012;[START_REF] Decker | Children's family income is associated with cognitive function and volume of anterior not posterior hippocampus[END_REF]. Further investigations of aHPC and pHPC volume trajectories across the lifespan are needed to draw strong conclusions, and the inclusion of a measure of stressful life events might help explore this possibility. Structural differentiation along the long axis of the HPC was also found in the first decades of the adult lifespan, as the aHPC volume still increased in early adulthood compared with the pHPC volume. This observation is in line with the mean diffusion results indicating that the pHPC microstructural development is completed during childhood whereas the aHPC still develops afterward [START_REF] Langnes | Anterior and posterior hippocampus macro-and microstructure across the lifespan in relation to memory-a longitudinal study[END_REF].

Overall, the differential vulnerabilities to age in MTL subregions do not seem to be influenced by sex, APOE4, or educational level. While investigating sex differences is not the main focus of this paper, we pointed out that two MTL subregions-pHPC and PHC-exhibited a larger adjusted volume in women than in men. This observation corroborates previous findings, highlighting a larger pHPC in women when adjusted for TIV [START_REF] Persson | Sex differences in volume and structural covariance of the anterior and posterior hippocampus[END_REF][START_REF] Van Eijk | Region-specific sex differences in the hippocampus[END_REF]. This anteroposterior specificity in sex differences might explain previous inconsistent findings regarding the HPC volume sex differences due to the hippocampus being considered as a whole.

AD Particularly Damages MTL Subregions From the MCI Stage

In line with previous findings, MTL subregional atrophy differed along the Alzheimer's continuum, with later clinical stages being more affected [START_REF] Wolk | Medial temporal lobe subregional morphometry using high resolution MRI in Alzheimer's disease[END_REF]Xie et al., 2019[START_REF] Xie | Longitudinal atrophy in early Braak regions in preclinical Alzheimer's disease[END_REF]. Specifically, baseline volumes were significantly greater in CU older adults (either Aβ-or Aβ+)v s .A β+ AD patients for all MTL subregions, and vs. Aβ+ MCI patients only for HPC, aHPC, pHPC and ERC. Interestingly, adult lifespan findings describe these subregions as being affected late by the detrimental effects of aging, suggesting that the MTL subregions displaying a late age-related decline were impaired earlier in AD. In addition to significantly smaller baseline volumes, Aβ+ MCI and AD patients exhibited more severe volume decline over time for most of the MTL subregions compared to Aβ-CU older adults, illustrating the sensitivity of longitudinal analyses in tracking the progression of the disease. Given these findings, MTL subregional atrophy appears as a valid biomarker of the symptomatic stages of the Alzheimer's continuum and seems more widespread at the dementia stage, corroborating studies that have already proven the considerable alteration of the MTL in patients with MCI and AD [START_REF] Juottonen | Volumes of the entorhinal and perirhinal cortices in Alzheimer's disease[END_REF][START_REF] Du | Magnetic resonance imaging of the entorhinal cortex and hippocampus in mild cognitive impairment and Alzheimer's disease[END_REF][START_REF] Pennanen | Hippocampus and entorhinal cortex in mild cognitive impairment and early AD[END_REF]Dickerson et al., 2009;[START_REF] Stoub | Rate of entorhinal and hippocampal atrophy in incipient and mild AD: relation to memory function[END_REF]La Joie et al., 2012). The ERC and HPC (especially the pHPC) were identified as the most damaged subregions from the MCI stage, suggesting that AD preferentially targets longdevelopment MTL subregions, as volume of these subregions keeps increasing until middle age. These subregions might be more vulnerable to the detrimental effects of late aging because of their high plasticity, and this age vulnerability might make them more susceptible to additional pathological AD-related changes, following the hypothesis described in [START_REF] Fjell | What is normal in normal aging? Effects of aging, amyloid and Alzheimer's disease on the cerebral cortex and the hippocampus[END_REF].T h u s , environmental factors that influence volume loss in aging could likely predispose to AD-related alterations. Interestingly,t h e MTL subregions most prone to atrophy in AD were also the most affected by tau pathology regarding tangles topography [START_REF] Braak | Staging of Alzheimer disease-associated neurofibrillary pathology using paraffin sections and immunocytochemistry[END_REF]. These observations corroborate the relationship between atrophy and neurofibrillary tangles outlined in previous studies [START_REF] Whitwell | MRI correlates of neurofibrillary tangle pathology at autopsy: a voxel-based morphometry study[END_REF][START_REF] Harrison | Longitudinal tau accumulation and atrophy in aging and alzheimer disease[END_REF][START_REF] De Flores | Contribution of mixed pathology to medial temporal lobe atrophy in Alzheimer's disease[END_REF].

Although our results advocate the benefits of studying MTL subregions to differentiate patients of the Alzheimer's continuum from CU, none of these measures detect early pathological changes defined by the presence of Aβ deposition. Previous cross-sectional findings are inconsistent regarding the potential ability of MTL subregional volumes to differentiate between Aβ-and Aβ+ CU older adults. Some studies report no differences (Xie et al., 2019)w h i l eo t h e r sf o u n ds m a l l e rB A 35 in Aβ+ CU [START_REF] Wolk | Medial temporal lobe subregional morphometry using high resolution MRI in Alzheimer's disease[END_REF][START_REF] Xie | Longitudinal atrophy in early Braak regions in preclinical Alzheimer's disease[END_REF]. Because these results were derived from cortical thickness measurements rather than volumetric measurements, we suppose that cortical thickness may be more sensitive in tracking early signs of AD, especially since extra-hippocampal volume measures are biased by the depth of the collateral sulcus which varies among individuals [START_REF] Feczko | An MRI-based method for measuring volume, thickness and surface area of entorhinal, perirhinal, and posterior parahippocampal cortex[END_REF][START_REF] Schwarz | A large-scale comparison of cortical thickness and volume methods for measuring Alzheimer's disease severity[END_REF][START_REF] Berron | A protocol for manual segmentation of medial temporal lobe subregions in 7 Tesla MRI[END_REF]. Still, the differences were small and did not survive the multiple testing correction. Interestingly, the longitudinal evaluation of MTL subregional atrophy seemed to enhance the clinical utility of these biomarkers. [START_REF] Xie | Longitudinal atrophy in early Braak regions in preclinical Alzheimer's disease[END_REF] revealed more robust significant differences between Aβ-and Aβ+ CU older adults using longitudinal data, and these differences were extended to most MTL subregions, yet, we failed to replicate their findings in our analyses. As Xie et al. divided Aβ+ CU participants into tau+ and tau-subgroups and found that only the Aβ+ tau+ subgroup was significantly different from Aβ-CU older adults, we can speculate that most of the participants in our sample did not have significant tau pathology, so no MTL subregional atrophy could be detected. Unfortunately, no tau data was available in our study, so further studies including such measures will be needed to validate this assumption.

Neither the baseline nor longitudinal measures of MTL subregional atrophy dissociated Aβ+ MCI and AD patients, except for the ERC at baseline. This observation corroborates previous findings that found significantly reduced ERC volume in MCI compared with AD patients [START_REF] Zhou | Entorhinal cortex: a good biomarker of mild cognitive impairment and mild Alzheimer's disease[END_REF] for review), but do not replicate other previous findings highlighting HPC volume difference between MCI and AD [START_REF] Lu | Functional connectivity between the resting-state olfactory network and the hippocampus in Alzheimer's disease[END_REF][START_REF] Zhao | Trajectories of the hippocampal subfields atrophy in the Alzheimer's disease: a structural imaging study[END_REF].

Overall, MTL subregional atrophy appears to reflect ADrelated cognitive impairments, as it distinguishes patients from CU older adults, but may not be an ideal biomarker of early AD-related pathological changes defined by the presence of Aβ deposits.

Hippocampal Substructures Are Sensitive to Alzheimer's Dementia Conversion in MCI Patients

From a prognostic perspective, the HPC, aHPC, and pHPC volume declines were steeper in MCI-to-AD converters than in non-converters, suggesting that hippocampal substructures atrophy may provide information on the clinical outcomes of MCI patients. These observations corroborate previous findings also highlighting greater hippocampal atrophy in MCI patients who developed AD-dementia compared with those who did not [START_REF] Pennanen | Hippocampus and entorhinal cortex in mild cognitive impairment and early AD[END_REF][START_REF] Apostolova | Conversion of mild cognitive impairmentt o Alzheimer disease predicted by hippocampal atrophy maps[END_REF][START_REF] Devanand | Hippocampal and entorhinal atrophy in mild cognitive impairment: prediction of Alzheimer disease[END_REF][START_REF] Henneman | Hippocampal atrophy rates in Alzheimer disease[END_REF]Maruszak and Thuret, 2014 for review;[START_REF] Brueggen | Basal forebrain and hippocampus as predictors of conversion to Alzheimer's disease in patients with mild cognitive impairment-a multicenter DTI and volumetry study[END_REF]. The sensitivity of hippocampal substructures in dissociating converters from nonconverters was thought to reflect the important alteration of the HPC in AD. Because group differences were found only by comparing the volume declines over time and not the baseline volumes, a longitudinal assessment of atrophy appears to be more sensitive for tracking AD progression than single-time assessment, especially as cross-sectional measures may suffer from cohort effects. In addition, a standardized hippocampal atrophy score based on automatic segmentation procedures, with norms as for neuropsychological testing, might provide a more objective measurement than the subjective appreciation of MTL atrophy used in previous studies [START_REF] Scheltens | Visual assessment of medial temporal lobe atrophy on magnetic resonance imaging: interobserver reliability[END_REF][START_REF] Scheltens | Qualitative assessment of cerebral atrophy on MRI: Inter-and intra-observer reproducibility in dementia and normal aging[END_REF][START_REF] Korf | Medial temporal lobe atrophy on MRI predicts dementia in patients with mild cognitive impairment[END_REF][START_REF] Lehmann | Visual ratings of atrophy in MCI: prediction of conversion and relationship with CSF biomarkers[END_REF]. In contrast to some studies that have illustrated the ability of ERC volume to predict conversion to AD-dementia in MCI patients, no significant dissociation between converters and non-converters was found for this subregion in our analyses (de [START_REF] De Toledo-Morrell | MRI-derived entorhinal volume isag o o d predictor of conversion from MCI to AD[END_REF]Zhou et al., 2016 for reviews). Still, the ERC was the subregion displaying the greatest groups difference among non-significant models. To the best of our knowledge, the PRC (and its subcomponents BA 35 and 36) and PHC volume differences were investigated for the first time between MCI-to-AD converters and non-converters, and results suggest that none of these subregions discriminate converters from non-converters.

These results might sound promising as they consider a potential prognostic biomarker for AD conversion, but it must be remembered that this is a group comparison and therefore does not directly evaluate the predictive value of these measures.

Further studies entirely dedicated to the predictive ability of MTL subregions volumetry to anticipate AD-dementia conversion in MCI patients might help establish a better clinical routine.

The Volume of Most MTL Subregions Reflects Episodic Memory Performances

According to our hypotheses, we outlined robust relationships between most of MTL subregions volumes and episodic memory performances in Aβ+ MCI and AD patients, suggesting that pronounced MTL subregional atrophy worsens episodic memory. Relative to the cognitive functions investigated, the association between episodic memory and MTL subregions volume was domain-specific, but very few cognitive areas were assessed, which limits our interpretation. Further studies including a more comprehensive assessment of cognitive functioning might complement our results and provide more substantiated information. In particular, indexes of semantic and spatial memory may be relevant, as some MTL subregions are specifically involved in these processes.

Our results suggested that the pHPC, ERC, and PRC volumes were the most strongly associated with episodic memory performances. These MTL subregions were also the most damaged in the late clinical stages of the Alzheimer's continuum, and so substantiate the view of episodic memory deficit as ac o r ef e a t u r eo fA D .T h u s ,t h es t r o n gi n v o l v e m e n to fH P C and ERC in episodic memory function might explain why episodic memory may be enriched by our environment as we suggested that environmental factors could impact their development. Rather, the aHPC, BA36, and PHC volumes were not significantly associated with episodic memory function. The lack of association between PHC volumes and episodic memory performances was quite expected as PHC is more involved in visuospatial processing [START_REF] Ranganath | Two cortical systems for memoryguided behaviour[END_REF][START_REF] Aminoff | The role of the parahippocampal cortex in cognition[END_REF][START_REF] Bohbot | Role of the parahippocampal cortex in memory for the configuration but not the identity of objects: converging evidence from patients with selective thermal lesions and fMRI[END_REF][START_REF] Baumann | Extrahippocampal contributions to spatial navigation in humans: a review of the neuroimaging evidence[END_REF]. However, the role played by the PHC in episodic memory should not be negated as it is known that PHC supports the representations of the situational context associated with items [START_REF] Ranganath | Two cortical systems for memoryguided behaviour[END_REF][START_REF] Aminoff | The role of the parahippocampal cortex in cognition[END_REF]. Indeed, our scores might not be sensitive enough to capture the associative processing aspect of episodic memory since tests often fail to capture all reality subtleties, such as contextual details. Thus, new tests assessing episodic memory more realistically have been designed and might be explored to better reflect the complexity of episodic memory [START_REF] Curot | Une Exploration Multidimensionnelle des Phénomènes Expérientiels Mnésiques: De la Sémiologie à L'activité Neuronale Unitaire[END_REF][START_REF] Smith | Virtual reality in episodic memory research: a review[END_REF]. Interestingly, the aHPC volume was less related to episodic memory performances compared with the pHPC volume. This disparity within hippocampal substructures may reflect the differential role of the two MTL networks, as aHPC belongs to an anterior-temporal network which is known to be more involved in semantic memory compared with pHPC which is included in a posteriormedial network that is preferentially involved in episodic memory [START_REF] Ranganath | Two cortical systems for memoryguided behaviour[END_REF].

Limitations

The present study has some limitations. First, it should be mentioned that the age of our lifespan sample, ranging from 19 and 85, limits the interpretability of age-related changes int h e early lifespan. Specifically, the first inflection in the HPC volume trajectory should be considered with caution, and additional analyses including children and adolescents are needed to refine our observations. Also, our sample size can appear relatively small and might prevent us from showing subtle effects, especially early structural changes in preclinical AD, as only the data from 14 Aβ+ CU older adults were available. However, all data used in this article were acquired using the same MRI scanner and this sample size allowed us to rigorously check the scans quality and manually edit the segmentations, thus, greatly improving the accuracy of our data. In addition, we manually corrected about 30% of the segmentations, which may suggest difficulties for MTL volumetry clinical use. However, it is important to note that most of these errors were found in CU young adults, certainly reflecting the inclusion lack of such an age group in the atlas used. Thus, modifying the atlas to better match a specific targeted clinical population would likely optimize the software segmentations.

CONCLUSION

Through this longitudinal study, we gained a better understanding of aging and AD-related mechanisms regarding the volume of MTL subregions. We emphasized the benefits of studying these biomarkers to distinguish age-related changes from AD. Interestingly, the MTL subregions were differently vulnerable to the detrimental effects of aging, and the subregions displaying a late-onset decline, while not affected by the presence of Aβ deposits, were particularly damaged in AD from the MCI stage, as well as closely related to episodic memory performances. In particular, the volume decline in the hippocampal substructures might predict the conversion from MCI to AD-dementia. Overall, we hope that these findings will provide new insights into MTL alterations, which are crucial for the definition of AD-specific biomarkers.
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Cette pathologie neurodégénérative se caractérise par un déclin progressif des fonctions cognitives qui conduit progressivement à une perte d'autonomie dans la vie quotidienne et finalement à la démence. Le signe le plus typique et le plus précoce de la MA est l'altération de la mémoire, et principalement la mémoire épisodique, qui reflète la capacité à se rappeler des événements personnels situés dans leur contexte spatio-temporel [START_REF] Carlesimo | Memory Deficits in Alzheimer's Patients: A Comprehensive Review[END_REF][START_REF] Salmon | Neuropsychological assessment of dementia[END_REF]. Avec l'évolution de la maladie, l'altération des fonctions exécutives, l'aphasie, l'apraxie et l'agnosie, ainsi que des symptômes neuropsychiatriques comme l'anxiété, la dépression et l'apathie apparaissent.

Critères diagnostiques

Les premiers critères de diagnostic clinique de la MA ont été établis en 1984 (McKhann et al., 1984). Ils sont principalement basés sur des évaluations cliniques et neuropsychologiques et proposent trois niveaux de diagnostic en fonction du degré de certitude : la MA possible, probable et certaine. La principale limite de ces critères est qu'ils reposent exclusivement sur des symptômes cliniques (présence d'un syndrome démentiel).

Grâce aux progrès réalisés dans la compréhension des mécanismes pathologiques de la maladie et l'accès favorisé aux biomarqueurs de la maladie, notamment grâce à la disponibilité accrue des techniques de neuroimagerie, ces critères ont été révisés. De nouveaux critères ont ainsi été proposés afin d'intégrer les biomarqueurs pathologiques de la MA (biomarqueurs de la pathologie amyloïde, de la pathologie tau et de la neurodégénérescence), conduisant progressivement vers une définition biologique de la MA (Dubois et al., 2007;[START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF][START_REF] Albert | The diagnosis of mild cognitive impairment due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF][START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]Jack et al., 2018;[START_REF] Dubois | Clinical diagnosis of Alzheimer's disease: recommendations of the International Working Group[END_REF].

Dans la perspective de la mise en oeuvre de stratégies de prévention de la MA dans des stades plus précoces du processus pathologique, une attention croissante a été accordée à la phase « préclinique » de la maladie, et des efforts ont été déployés pour mieux l'évaluer et la caractériser [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF].

Biomarqueurs de neuroimagerie

Dépôts amyloïdes cérébraux mesurés en TEP

Les études menés avec la tomographie par émission de positrons (TEP) ont montré une accumulation généralisée de dépôts amyloïdes dans l'ensemble du néocortex, y compris les cortex cingulaire, frontal, temporal et pariétal et, dans une moindre mesure, le striatum, avec une épargne relative du cortex sensori-moteur, du thalamus et du lobe temporal médian (Kemppainen et al., 2006;Rowe et al., 2007;Villemagne, 2016). La présence de pathologie amyloïde est retrouvée chez 20-40% des personnes âgées sans troubles cognitif (Jansen et al., 2022).

Pathologie Tau mesurée en TEP

Des études en TEP menées chez des personnes âgées sans troubles cognitifs montrent de faibles niveaux de rétention du traceur tau dans le lobe temporal médian, notamment dans les cortex entorhinal et parahippocampique et dans l'hippocampe (Hall et al., 2017;Lockhart et al., 2016;[START_REF] Schöll | PET imaging of tau deposition in thea g i n g human brain[END_REF]Schöll et al., 2016), avec une fixation plus importante du traceur chez les individus positifs à l'amyloïde (C.R. Jack et al., 2018;Lowe et al., 2018;Schöll et al., 2016). La pathologie augmente progressivement selon les phases de la MA s'étendant aux cortex pariétal et orbito-frontal (Jack et al., 2018;Lockhart et al., 2016;Lowe et al., 2018;[START_REF] Schöll | PET imaging of tau deposition in thea g i n g human brain[END_REF][START_REF] Iaccarino | Local and distant relationships between amyloid, tau and neurodegeneration in Alzheimer's Disease[END_REF]Schöll et al., 2016).

Altération de l'intégrité de la substance grise mesurée en IRM

La principale caractéristique structurelle de la MA est l'atrophie hippocampique [START_REF] Apostolova | Subregional hippocampal atrophy predicts Alzheimer's dementia in the cognitively normal[END_REF][START_REF] Chételat | Threedimensional surface mapping of hippocampal atrophy progression from MCI to AD and over normal aging as assessed using voxel-based morphometry[END_REF][START_REF] Frisoni | Mapping local hippocampal changes in Alzheimer's disease and normal ageing with MRI at 3 Tesla[END_REF]La Joie et al., 2013), qui survient très tôt dans l'évolution de la maladie, et parallèlement à la progression hiérarchique des lésions tau. Cette atrophie, si elle est sensible, n'est pas spécifique à la MA. Les études en Imagerie par Résonance Magnétique (IRM) ont montré que l'atrophie se propage du sous-champ CA1 aux autres sous-champs hippocampiques et au reste du cortex en suivant un gradient temporo-pariéto-frontal qui couvre le cortex temporo-pariétal, y compris le précuneus et le gyrus cingulaire postérieur (voir (Pini et al., 2016) pour revue).

Hypométabolisme du glucose mesuré en TEP

Les études en TEP couplée au 18F-Fluorodéoxy-glucose (FDG) chez les patients MA, révèlent un hypométabolisme du glucose cérébral dans les régions temporo-pariétales, et de façon plus marquée dans le précuneus et le cortex cingulaire postérieur (Chételat, Desgranges, et al., 2008;[START_REF] Minoshima | Metabolic reduction in the posterior cingulate cortex in very early Alzheimer's disease[END_REF]. Au cours de la maladie, les régions frontales présentent également un métabolisme réduit. Contrairement à l'atrophie hippocampique, l'hypométabolisme du cortex temporo-pariétal et du précuneus/cortex cingulaire postérieur est plus spécifique de la MA (Bohnen et al., 2012).

L'utilisation de techniques de neuro-imagerie chez les personnes âgées asymptomatiques peut aider à mieux comprendre la physiopathologie de la MA et les premières altérations cérébrales qui pourraient conduire à la maladie. En outre, un nombre croissant d'études tentent d'examiner les facteurs susceptibles d'influencer le risque de MA et la manière dont ils pourraient être liés aux biomarqueurs de la MA dans les populations asymptomatiques.

Ces connaissances pourraient nous aider à mieux comprendre la phase préclinique de la MA et apporter des informations cruciales pour la prévention de la démence.

Facteurs de risque et de protection de la maladie d'Alzheimer

Plusieurs facteurs de risque et de protection du déclin cognitif et de la MA ont été identifiés.

Une meilleure compréhension de l'effet de ces facteurs est particulièrement importante tant pour comprendre la physiopathologie de la MA que pour mettre en oeuvre des stratégies visant à prévenir ou ralentir son évolution (Baumgart et al., 2015;Winblad et al., 2016). [START_REF] Stern | What is cognitive reserve? Theory and research application of the reserve concept[END_REF]. La réserve cérébrale (modèle "passif") correspond aux différences dans le substrat structurel du cerveau (taille du cerveau, nombre de neurones, densité des synapses) qui pourraient augmenter la capacité à tolérer une pathologie cérébrale liée à l'âge ou à la maladie. La réserve cognitive (modèle "actif") correspond aux différences interindividuelles d'adaptabilité cognitive qui permettraient à certains individus d'être cognitivement performants malgré la présence d'altérations cérébrales (Stern, 2012a). La réserve cognitive fait référence à la capacité compensatoire à utiliser -ou à recruter plus efficacement -les réseaux cérébraux nécessaires aux processus cognitifs, en présence d'une pathologie [START_REF] Brickman | Aging and memory in humans[END_REF]. Dans les dernières définitions, la notion de maintien cérébral est ajoutée pour tenir compte de l'absence relative de changements neuronaux et neuropathologiques au fil du temps (Stern et al., 2023).

Les capacités de réserve seraient influencées par des facteurs génétiques et environnements, intervenant tout au long de la vie.

Les études de neuroimagerie sur l'effet de l'APOE4 sur les biomarqueurs cérébraux sont discordantes (voir (M. [START_REF] Fouquet | Imaging Brain Effects of APOE4 in Cognitively Normal Individuals Across the Lifespan[END_REF] pour revue). Les effets les plus robustes ont été observés pour la charge amyloïde avec une pathologie amyloïde plus précoce et plus importante chez les porteurs de l'APOE4 [START_REF] Gonneaud | Relative effect of APOE e4 on neuroimaging biomarker changes across the lifespan[END_REF]Jack et al., 2015;Kantarci et al., 2012;Morris et al., 2010;Sunderland et al., 2004). Cet effet résulterait principalement du rôle du gène de l'APOE4 dans la clairance de l'amyloïde (Castellano et al., 2011). En revanche, les études sur les marqueurs de neurodégénérescence (atrophie et métabolisme cérébral du glucose) sont plus discordantes [START_REF] Fouquet | Imaging Brain Effects of APOE4 in Cognitively Normal Individuals Across the Lifespan[END_REF][START_REF] Gonneaud | Relative effect of APOE e4 on neuroimaging biomarker changes across the lifespan[END_REF].

Ces divergences pourraient être expliquées par différentes caractéristiques des sujets selon les études, incluant notamment leur âge, leur sexe, ou encore des différences au niveau de certains facteurs modifiables, qui pourraient aider certains porteurs du génotype APOE4 à mieux résister ou faire face aux altérations cérébrales.

Facteurs de risque modifiables

Des données de plus en plus nombreuses mettent en évidence le rôle des facteurs modifiables dans le déclin cognitif et le risque de démence. Selon les dernières estimations du Lancet Commission sur la prévention de la démence, environ 40% des cas de démence pourraient être prévenus en agissant sur un ensemble de facteurs modifiables [START_REF] Livingston | Un plus haut niveau d'activité physique a été associé à une réduction du risque de démence et à une meilleure intégrité cérébrale[END_REF], qui comprennent le style de vie, les facteurs cardiovasculaires, psychoaffectifs, environnementaux et les facteurs liés à la santé.

Un nombre croissant d'études s'intéressent aux mécanismes d'action potentiels de ces facteurs de risque modifiables, notamment en évaluant leur association avec les biomarqueurs cérébraux et/ou les performances cognitives chez les personnes âgées sans troubles cognitifs.

Facteurs de style de vie

De nombreuses études soulignent l'importance des facteurs de style de vie, en particulier l'activité physique, l'activité cognitive et l'adhésion au régime méditerranéen, dans la Bien qu'il existe certainement des liens entre ces facteurs modifiables et les facteurs de style de vie, leur relation reste peu étudiée et mal comprise.

Facteurs de risque cardiovasculaire

Les facteurs de risque cardiovasculaire tels que l'obésité (Kloppenborg et al., 2008;Profenno et al., 2010), le diabète et la résistance à l'insuline [START_REF] De La Monte | Alzheimer's disease is type 3 diabetes: evidence reviewed[END_REF](Luchsinger et al., 2004) 

Méditation : Entraînement mental à la régulation émotionnelle et attentionnelle

Il a été démontré que les facteurs psycho-affectifs, tels que la dépression, augmentent le risque de démence, en particulier à un âge avancé (Livingston et al., 2020). Cependant, les études interventionnelles visant à prévenir la démence n'ont pas directement ciblé ces facteurs et se sont principalement concentrées sur le style de vie et les facteurs de risque cardiovasculaire.

Des études ont suggéré que la méditation pourrait être une approche prometteuse pour réduire les facteurs de risque psycho-affectifs (Reangsing et al., 2020) et pour prévenir le risque de démence (Chételat et al., 2018 ;Lutz et al., 2021). Récemment, un modelé a été proposé selon lequel la pratique de la méditation pourrait promouvoir la cognition, la santé mentale et le bien-être en renforçant la méta-conscience, le contrôle de l'attention, l'équilibre émotionnel et les capacités pro-sociales (Lutz et al., 2021). Le développement de ces capacités renforcerait les facteurs de protection, tels que la réserve cognitive et les habitudes de vie sains, et réduire les facteurs de risque, y compris les facteurs de risque cardiovasculaire. Enfin, cela réduirait progressivement le risque de maladie d'Alzheimer (Lutz et al., 2021).

Jusqu'à présent, les études sur les effets de l'entraînement à la méditation sur la cognition au cours du vieillissement sont rares et présentent des limites (taille réduite des échantillons, biais de sélection et/ou manque de groupes de contrôle adéquats). Cependant, les résultats sont prometteurs, montrant un impact positif de la méditation sur la santé cognitive des personnes âgées [START_REF] Berk | Can mindfulness-based interventions influence cognitive functioning in older adults? A review and considerations for future research[END_REF]Whitfield et al., 2022).

De manière intéressante, certaines études suggèrent que la pratique de la méditation aurait le potentiel d'augmenter les comportements adaptatifs et d'inhiber les comportements de style de vie inadaptés [START_REF] Roychowdhury | Moving mindfully: The role of mindfulness practice in physical activity and health behaviours[END_REF]. Des études longitudinales sur les interventions basées sur la méditation ont montré, dans un large éventail de populations, une augmentation des niveaux d'activité physique [START_REF] Schneider | The role of mindfulness in physical activity: a systematic review[END_REF] et des habitudes alimentaires plus saines [START_REF] Sant'anna | Mindfulness-based program to support lifestyle modification and weight loss in infertile women: randomized controlled trial[END_REF] après un entrainement à la méditation.

Enfin, à notre connaissance, seule une étude chez des experts méditants se sont intéressés à l'effet de la méditation sur l'activité cognitive, et suggère un effet positif de la pratique de la méditation sur ce facteur de style de vie (Chételat et al., 2017).

Ces résultats sont très encourageants, surtout à la lumière du potentiel de ces facteurs sur la prévention de la démence (Livingston et al., 2020). Cependant, les études ne sont pas nombreuses, présentent des différences méthodologiques considérables, et ont rarement été menées chez les personnes âgées ne présentant pas de troubles cliniques. Il est donc nécessaire d'explorer cette question afin de mieux comprendre les liens entre la pratique de la méditation et le style de vie, et de déterminer si l'amélioration du style de vie liée à la méditation pourrait influencer l'intégrité cognitive et cérébrale chez les personnes âgées.

Partie expérimentale

Problématique et objectifs de la thèse

Les facteurs de style de vie ont été associés à une réduction du risque de la MA et à une [START_REF] Firth | A meta-review of "lifestyle psychiatry": the role of exercise, smoking, diet and sleep in the prevention and treatment of mental disorders[END_REF][START_REF] Sapranaviciute-Zabazlajeva | Lifestyle factors and psychological well-being: 10year follow-up study in Lithuanian urban population[END_REF] et la prévention de la MA (Norton et al., 2014). En ce sens, la méditation à la pleine conscience constitue une approche innovante, car elle pourrait améliorer la cognition, mais également favoriser les comportements sains et réduire les comportements à risque liés au style de vie (Lutz et al., 2021) et, par ce lien, diminuer le risque de démence (Livingston et al., 2020).

La littérature existante ciblant l'effet de la pratique de la méditation sur les comportements liés au style de vie est limitée et donne des résultats mitigés. Des différences méthodologiques importantes, notamment le type d'approche (intégrant souvent la pleine conscience à d'autres techniques comportementales), la durée des interventions (relativement courte), les caractéristiques de l'échantillon (principalement des adultes jeunes ou d'âge moyen, souvent atteints de maladies chroniques), et l'inclusion ou non de groupes de contrôle, pourraient expliquer les résultats contradictoires. De manière plus importante, aucune étude n'a été spécifiquement conçue pour étudier ces questions chez les personnes âgées.

Par conséquent, une évaluation précise et minutieuse de l'impact d'une longue pratique de la méditation sur les comportements liés au style de vie par rapport à des groupes de contrôle actifs et passifs chez les personnes âgées est actuellement manquant.

Dans le cadre de l'essai clinique randomisé Age-Well du projet européen Medit-Ageing, la troisième étude de ce travail visait à déterminer si un entraînement mental à la méditation de 18 mois pouvait induire des changements dans les facteurs de style de vie (activité cerveau des altérations structurelles [START_REF] Ho | The effects of physical activity, education, and body mass index on the aging brain[END_REF]. Nous avons reproduit des effets indirects similaires sur le volume de l'hippocampe, qui est une région sensible à la MA.

En revanche, nous avons montré que l'association entre l'activité physique et le métabolisme cérébral du glucose était indépendante des changements des facteurs de risque cardiovasculaire, et agissait probablement par le biais de mécanismes neuronaux plus directs [START_REF] Cotman | Exercise builds brain health: key roles of growth factor cascades and inflammation[END_REF][START_REF] Erickson | Physical activity and brain plasticity in late adulthood[END_REF]Erickson et al., , 2022) ) (ou par la médiation d'autres mécanismes non cardiovasculaires).

L'activité physique semble donc protéger la santé cérébrale en améliorant directement les fonctions cérébrales et, parallèlement, de manière indirecte en réduisant les facteurs de risque cardiovasculaires périphériques responsables des altérations structurelles du cerveau.

Dans notre deuxième étude, nous avons précisé l'effet de l'activité physique dans cette population en montrant qu'un niveau d'activité physique plus élevé était associé à une diminution de la charge amyloïde globale et une perfusion cérébrale plus élevée de l'hippocampe chez les non-porteurs de l'APOE4 par rapport aux porteurs. Contrairement à nos hypothèses, nous avons donc mis en évidence un rôle protecteur de l'activité physique chez les non-porteurs de l'APOE4 uniquement. L'activité physique pourrait être plus bénéfique pour les porteurs de l'APOE4 à des stades plus précoces, avant que la pathologie ou des altérations neurovasculaires ne commencent à s'accumuler (Jansen et al., 2022;Hays et al., 2020).

Nous avons donc mis en évidence que la susceptibilité différentielle au vieillissement cérébral pourrait être attribuée à des différences interindividuelles dans leur engagement dans les activités physiques et leurs liens avec les autres facteurs de risque de la maladie (risque cardiovasculaire, génotype APOE4), qui peuvent entraîner des différences dans les capacités de réserve cérébrale et cognitive. Grâce à la conception multimodale de nos études, nous avons pu montrer des effets complémentaires de l'activité physique sur l'intégrité structurelle et fonctionnelle du cerveau, dans des régions à la fois spécifiques et non spécifique à la MA. Cela suggère que l'activité physique pourrait augmenter la réserve contre les altérations cérébrales liées à la maladie, mais aussi protéger contre les changements cérébraux survenant au cours du vieillissement normal. [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]. La mise en place de tels processus leur permettrait possiblement de rester cognitivement normaux. Il est possible qu'en l'absence de tels mécanismes, les porteurs de l'APOE4 auraient connu un déclin cognitif, et ne seraient donc pas élligibles pour de telles études qui focalisent sur les personnes asymptomatiques.

Activité cognitive et régime

De plus, nous avons observé qu'avec un régime d'avantage méditerranéen les porteurs de l'APOE4 avaient un métabolisme cérébral du glucose de l'MTL et des scores d'attention plus élevés par rapport aux non-porteurs. Il a été suggéré que des habitudes alimentaires saines pourraient atténuer l'impact négatif de l'APOE4 sur la santé cérébrale cognitive [START_REF] Fote | A Scoping Review of Dietary Factors Conferring Risk or Protection for Cognitive Decline in APOE ε4 Carriers[END_REF][START_REF] Yassine | APOE Alleles and Diet in Brain Aging and Alzheimer's Disease[END_REF]. Grâce aux propriétés de ses composants, le régime méditerranéen semble hautement protecteur contre la MA (Caracciolo et al., 2014), via des mécanismes neuroprotecteurs mais aussi de réduction du risque cardiovasculaire (Caracciolo et al., 2014;Frisardi et al., 2010). Nos résultats suggèrent un effet protecteur du régime méditerranéen, qui aiderait les porteurs de l'APOE4 à résister à la neurodégénérescence et au déclin cognitif, en accord avec le concept de résistance [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF], 2020).

Grâce à l'évaluation simultanée des mesures cérébrales et cognitives, nos résultats ont mis en évidence des effets variables en fonction du statut APOE4, qui semble interagir de manière différentielle avec des facteurs de style de vie (adhésion au régime méditerranéen et activité cognitive) pour aider les porteurs de l'APOE4 à résister ou à faire face aux altérations cérébrales et à retarder le déclin cognitif. Une meilleure compréhension des mécanismes impliqués dans ces effets complexes est nécessaire pour garantir des recommandations de style de vie adaptées au profil de risque des individus âgés.

Effet d'une intervention de méditation sur le changement de style de vie

Dans les deux premières études, nous avons pu montrer que les facteurs de style de vie ont des effets bénéfiques sur la santé cérébrale et cognitive grâce à la contribution de mécanismes distincts et probablement complémentaires. Une question cruciale qui reste à établir est l'identification de stratégies visant à encourager le changement de style de vie vers des comportements plus sains. En ciblant les aspects psychologiques et émotionnels, la pratique de la méditation pourrait influencer des habitudes de vie saines et ainsi accroître le bien-être de la population âgée (Lutz et al., 2021). cognition via une amélioration de l'activité physique ou grâce à un effet synergique de la méditation et de l'activité physique sur la cognition des séniors. Toutefois, des études supplémentaires restent nécessaires pour mieux comprendre l'origine de ces effets.

Nous avons donc montré pour la première fois des effets bénéfiques de l'entraînement à la méditation sur l'activité physique chez les personnes âgées ne souffrant pas de troubles cognitifs. Les capacités liées à la méditation (pratique informelle et capacités socioémotionnelles) pourraient être des éléments clés expliquant comment la méditation influencerait l'activité physique qui, à son tour, favoriserait la cognition. Ces résultats sont très importants dans le contexte du vieillissement, car l'inactivité physique est l'un des principaux facteurs de risque modifiables de la MA (Barnes & Yaffe, 2011;Livingston et al., 2020). Toutefois, les résultats ne sont pas robustes, et cet effet n'était pas suffisamment marqué pour induire des différences entre les groupes. En effet, nous n'avons pas détecté des interactions entre l'intervention et les groupes, ni de différences au sein de chaque groupe pour les changements dans le régime méditerranéen et l'activité cognitive après l'intervention.

De futures études longitudinales avec une intervention plus longue, des populations plus diversifiées, et intégrant l'évaluation d'aspects psychologiques et émotionnels liés aux facteurs des style de vie (qui seraient davantage ciblés par la méditation), ou des aspects plus centrés sur la vie quotidienne, permettraient de mieux comprendre les effets de la pratique de la méditation sur ces facteurs. L'évaluation des effets de la méditation sur le style de vie après une pratique de méditation à long terme chez des méditants experts plus âgés ainsi que les mécanismes cérébraux sous-tendant ces effets, pourrait également apporter des éléments de recherche nouveaux et intéressants pour répondre à ces questions.

La mise en place d'interventions non pharmacologiques basées sur le style de vie et la méditation ciblant les comportements à risque offrent une opportunité précieuse pour le développement d'approches préventives personnalisées visant à promouvoir un vieillissement en bonne santé (Norton et al., 2014). Dans l'optique d'une médecine basée sur le style de vie (Rippe, 2019), les effets positifs sur la santé dérivants de l'adhésion à un style de vie sain sont d'importance vitale pour la pratique médicale, et les recommandations sur le style de vie encourageant des habitudes et des pratiques saines chez les personnes âgées (être physiquement et cognitivement actif, faire des choix alimentaires sains, gérer le risque cardiovasculaire) devraient donc être intégrés dans la pratique quotidienne des médecines et professionnels de la santé.

Limitations et perspectives

L'utilisation de questionnaires de style de vie auto-déclarés au lieu de méthodes plus objectives constitue une limite des études de cette thèse, car la nature subjective de ces mesures ne permet que d'estimer les comportements de style de vie. Abstract: Lifestyle factors are amongst the main modifiable risk factors for Alzheimer's disease (AD) and are linked to brain and cognitive integrity in cognitively unimpaired older adults. However, the underlying mechanisms and whether and how other risk and protective factors are linked to/or influence lifestyle variables are not clear. The objective of this thesis was to better understand how cardiovascular risk factors, AD genetic predisposition (APOE4 genotype), and meditation training could mediate, modulate or influence the association between lifestyle and brain and cognitive markers of aging and AD. Our results demonstrate that insulin levels and body mass index mediate the association between physical activity and gray matter volume, while for cerebral glucose metabolism physical activity could act through more direct mechanisms. We also evidence a complex interaction between lifestyle factors and APOE4 genotype on brain/cognitive integrity. More specifically, we show that cognitive activity and adherence to the Mediterranean diet are associated with brain integrity and cognition in APOE4 carriers, helping them to better cope with (resilience) and resist to (resistance) brain alterations, respectively. Conversely, physical activity is associated with greater brain integrity in APOE4 non-carriers only. Finally, we show that an 18-month meditation training could induce an increase in physical activity in older adults, which might in turn be associated with greater cognition. Our results suggest that lifestyle factors are associated with cognitive/brain integrity through different mechanisms. Taking into account their interplay with other risk factors may help designing personalized lifestyle-based strategies to prevent age-or disease-related brain and cognitive decline in older adults. Résumé: Les facteurs de style de vie font partie des principaux facteurs de risque modifiables de la maladie d'Alzheimer (MA) et sont associés à l'intégrité cognitive et cérébrale chez les sujets âgés cognitivement sains. Toutefois, les mécanismes sous-tendant ces liens ainsi que 'si' et 'comment' d'autres facteurs de risque et de protection pourraient être liés au style de vie ou l'influencer, restent mal compris. L'objectif de cette thèse était de mieux comprendre comment les facteurs de risque cardiovasculaire, la prédisposition génétique à la MA (génotype APOE4), et un entraînement à la méditation, pourraient médier, moduler ou influencer l'association entre le style de vie et les marqueurs cérébraux et cognitifs du vieillissement et de la MA. Nos résultats montrent que, si l'insuline et l'indice de masse corporelle médient l'association entre l'activité physique et le volume de substance grise, l'association avec le métabolisme cérébral du glucose agit possiblement par le biais de mécanismes plus directs. Nous avons également montré des interactions complexes entre style de vie et génotype APOE4. Plus précisément, l'activité cognitive et le régime méditerranéen semblent permettre aux porteurs de l'APOE4 de mieux faire face (résilience) et mieux résister (résistance) aux altérations cérébrales, respectivement ; tandis que l'activité physique semble particulièrement bénéfique aux non-porteurs de l'APOE4. En outre, un entraînement à la méditation de 18 mois pourrait permettre d'augmenter l'activité physique chez les séniors et pourrait, par ailleurs, être associée à une meilleure préservation cognitive. Nos résultats suggèrent que les facteurs de style de vie sont associés à l'intégrité cognitive et cérébrale par différents mécanismes. La prise en compte de leur interaction avec d'autres facteurs de risque pourrait aider à concevoir des stratégies personnalisées afin de prévenir le déclin cérébral et cognitif lié à l'âge ou à la maladie chez les personnes âgées. 
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Figure 1 .

 1 Figure 1. Projected number of people living with dementia in the world in 2050. From World Alzheimer Report 2015 (Alzheimer's Disease International, www.alz.co.uk).

Figure 2 .

 2 Figure 2. Amyloid pathology. A. Amyloid deposits observed after anti-Aβ antibody immunolabeling (From Small et al., 2008 (up panel) and Duyckaerts et al., 2009 (bottom panel); B. Topographical progression of amyloid plaques based on the 3 stages described byBraak and Braak (From Braak and Braak 1997); C. Topographical progression of amyloid plaques based on the 5 phases described byThal and collaborators (From Thal et al., 2002).

Figure 3 .

 3 Figure 3. Tau pathology A. Aggregates of tau proteins in the form of neurofibrillary tangles observed after immunohistochemical staining (From Small et al., 2008 (up panel) and Duyckaerts et al., 2009 (bottom panel)); B. Progression of neurofibrillary tangles according to Braak and Braak's staging(From Braak and Braak 1997; based on Villemagne et al., 2015); C. Progression of neurofibrillary tangles according to Delacourte's staging(From Delacourte et al., 1999; based on Villemagne et al., 2015).

Figure 4 .

 4 Figure 4. Dynamic biomarker model of the AD pathological cascade expanded to include the preclinical phase. Biomarkers become abnormal following a time-dependent trajectory as the disease progresses.Biomarkers of amyloid plaques become abnormal early, before the onset of clinical symptoms, and reach a plateau when clinical symptoms appear. Biomarkers of neuronal injury, dysfunction, and degeneration change later in the cours of the disease but may demonstrate abnormalities very early, particularly in individuals at genetic risk, who may manifest functional abnormalities before evidence of amyloid deposition. They correlate with symptom severity. MRI is the last biomarker to become abnormal, but is strongly related to cognitive performance at later stages. From[START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF], adapted from Jack et al., 2010. 
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 5 Figure 5. Typical neuroimaging Alzheimer's disease profile. Typical regional patterns of PET-measured amyloid deposits and glucose hypometabolism, and MRImeasured gray matter atrophy. Adapted from Teipel et al., 2015.
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 6 Figure 6. Tau imaging. Mean 18 F-Flortaucipir standardized uptake values (SUVRs) profiles in cognitively healthy controls (left), MCI patients (middle), and AD patients (right). Adapted from Ossenkoppele et al., 2018.
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 7 Figure 7. Models of reserve. A) Model of brain reserve. Adapted from Stern et al., 2002; derived from Satz 1993b. B) Model of cognitive reserve. Adapted from Stern et al., 2002.

Figure 8 .

 8 Figure 8. Theoretical explanation of the mechanisms by which cognitive reserve may mediate between the pathological brain markers of AD and their clinical manifestations.The x-axis represents AD pathology that is assumed to slowly augment over time, and the y-axis cognitive functions (memory performance). From[START_REF] Brickman | Aging and memory in humans[END_REF] 
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 9 Figure 9. Hypothetical model of the genetic and environmental (lifestyle) factors that could influence brain maintenance and cognitive reserve. Retrieved from https://reserveandresilience.com/definitions/

Figure 10 .

 10 Figure 10. Theoretical representation of the differential effects of lifestyle across the spectrum from cognitively healthy older adults to AD patients.Neuroprotection and brain maintenance processes have a predominant role in healthy elderly. As AD pathology accumulates and disease progresses, lifestyle is more likely to help promoting compensatory processes (likely until more severe stages, when compensation is no longer possible). Figure adapted from Arenaza-Urquijo etal., 2015; from Chételat et al., 2018. 

Figure 12 .

 12 Figure 12. Prevalence of amyloid positivity according to APOE genotype in cognitively healthy older adults. APOE ε4/ε4 individuals have the highest prevalence of amyloid-positivity than individuals with the other genotypes. APOE ε2/ε2 individuals have the lowest prevalence of amyloid positivity. The APOE ε4 allele is a strong driver of amyloid positivity irrespective of the presence of the APOE ε2 or APOE ε3 alleles. From Jansen et al., 2022.

Figure 13 .

 13 Figure 13. Effects of APOE4 on AD pathogenesis. Principal pathways by which apolipoprotein E4 (APOE4) increases the risk of AD are displayed and the arrows in the boxes indicate the impact of APOE4 relative to APOE3. α-Syn, α-synuclein; BBB, blood-brain barrier; TDP43, TAR DNA-binding protein 43. (Adapted from (Yamazaki et al., 2019)).

Figure 14 .

 14 Figure 14. Modifiable risk factors associated with risk of dementia.The percentage depicts the attended decrease in dementia prevalence if a certain risk factor is removed (from(Livingston et al., 2020)).

  Physical activity, management of cardiovascular risk factors (obesity, diabetes, hypertension, and smoking), years of formal education, and traumatic brain injury have provided the strongest evidence for risk of cognitive decline, while the Mediterranean diet and cognitive training provided moderate evidence. For risk of dementia, years of formal education and traumatic brain injury are the strongest factors, and evidence for physical activity and management of cardiovascular risk factors was moderate (Figure 15) (Baumgart et al., 2015).

Figure 15 .

 15 Figure 15. Main risk and protective factors for cognitive decline and dementia. Schematic of the current state of knowledge of the main risk and protective factors for cognitive decline (left) and dementia (right). Arrows indicates the strength of evidence on each risk and protective factors. Adapted from Baumgart et al., 2015.

Figure 16 .

 16 Figure 16. Schematic representation of the action of physical activity and cardiovascular risk on brain health.Cardiovascular risk and early-life adversities increase the risk for brain alterations and cognitive decline, while physical activity promotes brain health probably by reversing the same mechanisms, including increasing insulin signaling and production of neurotrophic factors, or decreasing neuropathology and inflammation. FromErickson et al., 2022. 

Figure 17 .

 17 Figure 17. Diagram of the beneficial effects of meditation in aging.Mechanisms by which meditation training might help reduce psychoaffective risk factors (e.g., stress, depression, anxiety), and thereby improve sleep and mental health and well-being in aging, reducing the risk of Alzheimer's disease. FromChételat et al., 2018 
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 18 Figure 18. The Medit-Ageing European Project general study design. The project involves two clinical trials: SCD-Well, conducted in 4 European countries (United-Kingdom, Germany, Spain and France), whose objective was to assess the effect of an 8-week meditation-training intervention on patients with subjective cognitive decline (SCD), and the Age-Well clinical trial that has been conducted in Caen (France) with the objective to evaluate the effects of an 18-month meditation or non-native language training in cognitively unimpaired older adults aged over than 65 years old. From https://neuropresage.fr/silver-sante-study/
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GlossaryAD=

  Alzheimer disease; BMI = body mass index; DKE = diffusional kurtosis estimator; DKI = diffusion kurtosis imaging; FA = fractional anisotropy; FDG = fluorodeoxyglucose; FLAIR = fluid-attenuated inversion recovery; FOV = field of view; GM = gray matter; HDL = high-density lipoprotein; MK = mean kurtosis; MNI = Montreal Neurologic Institute; PVE = partial volume effect; SBP = systolic blood pressure; TE = echo time; TR = repetition time; WM = white matter; WMH = white matter hyperintensities.

  Florbetapir-PET and FDG-PET scans were acquired in 2 separate sessions, with a resolution of 3.76 × 3.76 × 4.9 mm 3 (FOV 157 mm). Forty-seven planes with a voxel size of 1.95 × 1.95 × 3.27 mm 3 were obtained. Before the PET acquisition, a transmission scan was performed for attenuation correction. For florbetapir-PET, each participant (n = 133) underwent a 10-minute PET scan beginning 50 minutes after the IV injection of ;4 MBq/Kg of florbetapir. For the FDG-PET scan, participants (n = 92) fasted for at least 6 hours before scanning. After a 30-minute resting period in a quiet and dark environment, ;180 MBq of FDG was injected IV as a bolus and a 10-minute PET acquisition scan was acquired 50 minutes after injection.

Figure 1 Flow

 1 Figure 1 Flow Diagram of the Inclusion Process

Figure 3

 3 Figure 3 Causal Mediation Analyses of the Association Between Physical Activity and Global and Hippocampal Gray Matter Volume

  Abbreviations: ACME = average causal mediation effect; ADE = average direct effect. In models 1 and 2, GM volume was entered as the dependent variable and physical activity as the independent variable. In models 3 and 4, hippocampal volume was the dependent variable. Insulin level and body mass index were the mediators of models 1 and 3 and models 2 and 4, respectively. *p <0.05,**p < 0.01, ***p <0.001.

  neuropsychological evaluation included tests assessing global cognitive functioning, episodic memory, executive functions and attention. To obtain robust proxies of cognitive abilities and limit multiple statistical testing issues, composite scores were computed. The Preclinical Alzheimer's Cognitive Composite 5 (PACC-5) 47 was calculated as an index of global cognitive functioning, along with composite scores of episodic memory, executive functions and attention. Details for each score's calculation are provided in eMethods and eTable 1.

Figure 1

 1 Figure 1 Potential mechanisms for the interaction between APOE4 and lifestyle factors. (A) Resistance in APOE4 carriers: lifestyle counteracts the deleterious effect of APOE4 genotype, such that APOE4 carriers with more active lifestyle would show higher brain integrity and cognition. (B) Resilience in APOE4 carriers: lifestyle helps APOE4 carriers to compensate for the presence of brain alterations and remain cognitively healthy. (C) No APOE4 x lifestyle interaction: lifestyle does not counteract the deleterious effect of APOE4 on brain and/or cognition. The y-axis represents brain integrity or cognition. The x-axis represents the degree of engagement in lifestyle factors. Abbreviations: APOE, apolipoprotein E gene.

Figure 2

 2 Figure 2 Interactive effects of cognitive activity (CAQ, LEQ) and APOE4 on neuroimaging (A) and cognitive (B) outcomes. Statistics were obtained from general linear models controlling for age, sex and education. Raw values are plotted. Dotted lines represent confidence intervals (95%). Abbreviations: APOE, apolipoprotein E gene; CAQ, Cognitive Activities Questionnaire; LEQ, Lifetime of Experiences Questionnaire.

Figure 3

 3 Figure 3 Interactive effects of Mediterranean diet adherence and APOE4 on neuroimaging (A) and cognitive (B) outcomes. Statistics were obtained from general linear models controlling for age, sex and education. Raw values are plotted. Dotted lines represent confidence intervals (95%). Abbreviations: APOE, apolipoprotein E gene.
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 41151123456 Figure 4 Interactive effects of physical activity and APOE4 on neuroimaging (A) and cognitive (B) outcomes. Statistics were obtained from general linear models controlling for age, sex and education. Raw values are plotted. Dotted lines represent confidence intervals (95%). Abbreviations: APOE, apolipoprotein E gene.

  Preclinical Alzheimer's Cognitive Composite 5 (PACC-5) is a global cognitive composite sensitive to detecting and tracking pre-clinical AD-related decline. To calculate the PACC-5 in Age-Well, we first standardised the scores of each of its constituents: the Dementia Rating Scale-2 (total score), WAIS-IV Coding (raw score), California Verbal Learning Test (delayed free recall score), Logical Memory (delayed recall score) and Category Fluency (number of correct animals recalled in 2 minutes). We then took the unweighted average of these five z-scores, yielding the PACC-5 and re-standardised scores. Episodic memory A verbal episodic memory composite was created from two established measures of episodic memory: The California Verbal Learning Test, second edition (CVLT-II) and the WMS IV Logical Memory, Story B. We first standardised the scores for each of their constituent parts. For the CVLT-II this included the sum of trials 1-5, immediate free recall, delayed free recall. For Logical Memory this included immediate and delayed free recall. The unweighted average of these five z-scores yielded the Verbal Episodic Memory Composite score. Composite scores were re-standardised before analysis. Executive function and attention Two cognitive composite scores were computed by averaging outcomes measures of each neuropsychological test using mean and standard deviation of the entire group (Zscores). Tasks used were the Digit span backward and Forward, Trail Making Test, Stroop test and Letter Fluency from the GREFEX battery and Digit Symbol Substitution test. The executive score was computed by averaging the standardized scores of Digit Span backward (raw score), Trail Making Test part B (response time), Stroop interference index (response time for interfering-neutral items) and Letter Fluency (raw score). The attention composite was computed by averaging the standardized scores on the Trail Making Test part A (response time), Stroop naming (response time), Digit Span forward (raw score) and Digit Symbol Substitution Test (raw score). Trail Making Test and Stroop scores were reversed so that higher individual scores and therefore higher total compound score indicate better performance. Composite scores were restandardised (divided by standard deviation of the baseline data). eFigure 1. Flow diagram of the Inclusion Process. Abbreviations: APOE, apolipoprotein E gene; FDG, 18 F-fluorodeoxyglucose; PET, positron emission tomography

eTable 2 .

 2 Abbreviations: CAQ, Cognitive Activities questionnaire; LEQ, Lifetime of Experiences Questionnaire; MEDAS, Mediterranean Diet Adherence Screener; MAQ, Modifiable Activity Questionnaire; GM, gray matter; FDG, 18F-fluorodeoxyglucose; PET, positron emission tomography; SUVr, standardized uptake value ratio.

  Due to the remarkable increase in the number of older people worldwide, and the consequently higher risk of dementia, prevention strategies are needed to help older adults preserve well-being. Non-pharmacological interventions to promote healthy lifestyle factors,

  part of the Age-Well RCT of the Medit-Ageing European project, the third study of this work aimed at investigating whether an 18-month meditation training could induce changes in lifestyle factors (physical activity, adherence to the Mediterranean diet, and cognitive activity), compared with non-native language training (i.e., English training, active control) or no intervention (passive control), in 135 cognitively unimpaired older adults of 65 years old or more. Secondly, we evaluated whether the lifestyle changes induced by such interventions are associated with intervention-related parameters (practice time and changes in meditation-targeted capacities), and changes in cognitive function (global cognition, episodic memory, executive function, and attention), in the same population.

ABSTRACTBACKGROUND:

  Meditation-based training has been suggested to positively impact lifestyle behaviour, which are important risk factors for cognitive decline and Alzheimer's dementia risk.OBJECTIVE:To investigate the effects of an 18-month meditation and non-native language intervention on lifestyle factors.METHODS:This is a secondary outcome study of the Age-Well randomised controlled trial (ClinicalTrials.gov registration No. NCT02977819). One hundred and thirty-four cognitively unimpaired older adults (≥ 65-years) were randomly assigned to 3 arms: meditation training, non-native language training or no intervention. We used linear mixed models to assess changes on self-reported physical activity, adherence to the Mediterranean diet and cognitive activity within and between arms, and linear regressions to test whether such changes were linked to intervention-related parameters (practice, changes in intervention-targeted capacities) and cognition.RESULTS:We found within-arm differences in the meditation training group, such that physical activity level increased after the meditation intervention only. Physical activity increase in the meditation training arm was non-significantly associated with the duration of informal meditation practice (p<.07) and significantly with a meditation composite score and global cognition (ps <.05). When assessing between-arm changes, there were no differences in physical activity, adherence to the Mediterranean diet and cognitive activity changes after 18 months. DISCUSSION: In our study, physical activity was found to increase after meditation training only, and this increase was associated with meditation intervention-related parameters and a greater improvement in cognitive function. Meditation could be a valid strategy to induce healthy physical activity behaviours in older adults, and their combined effect might reduce cognitive decline. Because no differences in lifestyle changes between intervention arms have been evidenced, further longitudinal studies with longer intervention periods and more diverse populations could allow to better understand the influence of meditation on lifestyle behaviors.

  objective of the present study was to investigate the effects of an 18-month meditation training and non-native language training (i.e., English training, active control) interventions on various lifestyle factors (i.e., physical activity, adherence to the Mediterranean diet, and cognitive activity) in cognitively unimpaired older adults, compared with no intervention (passive control). More specifically, we aimed at exploring whether meditation could induce changes on lifestyle factors. The secondary objectives were to assess whether the intervention-induced lifestyle changes are linked to changes in intervention-related parameters, namely practice time and changes in intervention-targeted capacities, as well as cognitive composite scores (i.e., global cognition, episodic memory, executive function, and attention).

  . Participants were recruited from the general population in three waves, from November 2016 until March 2018. They were all aged ≥ 65 years, native French speakers and retired from at least 1 year. They had 7 years of education or more and performed in the normal range on standardized cognitive tests. They were motivated to participate in the project, naïve to regular or intensive meditation or comparable practices, and did not speak fluent English. Exclusion criteria included presence of a chronic disease or acute unstable illness, history of cerebrovascular disease, evidence of major neurological or psychiatric disorders (e.g., alcohol or drug abuse), recent or current medication use that may interfere with cognitive functioning, and physical or behavioral incapacity to take part to the follow-up visits of the protocol.A number of 157 participants attended the screening visit, of whom 137 were randomly assigned to meditation training (N = 45), non-native language training (N = 46), and no intervention (N = 46). Two participants did not meet eligibility criteria [i.e., history of head trauma and diagnosis of amyotrophic lateral sclerosis during the study (with a likely subclinical state at inclusion)] and were excluded from all secondary analyses by the Trial

RCT comprised 3

 3 trial-arms: meditation training, non-native language training (English), no intervention. The meditation intervention consisted of an original secular program of meditation training (the "The Silver Santé Study Meditation Programme") especially conceived for this study on the basis of previous interventions(Poisnel et al., 2018), with the purpose of promoting personal development and healthy aging. The training program was provided by expert meditator instructors. The objective of this 18-month intervention was the development of mindfulness, kindness and compassion capacities to be used as psychological resources to face physical, cognitive and psychological aging-related conditions. The two families of meditation that were taught in this study, namely mindfulness and loving kindness and compassion meditation, aim at respectively cultivate an attentive awareness of the present moment, while paying a non-judgmental attention to one's internal and external experiences (thoughts, emotions, feelings, perceptions)[START_REF] Kabat-Zinn | Mindfulness-based interventions in context: Past, present, and future[END_REF][START_REF] Lutz | Attention regulation and monitoring in meditation[END_REF], and feelings of love and compassion through the acceptance of one's negative emotions (shame or self-criticism) and the appreciation of one's positive experiences (joy and satisfaction)(Lutz et al., 2021).The non-native language training (active control) intervention was a cognitive stimulation program structurally matched to the meditation intervention, and hypothesized not to have specific effect on emotional measures. It involved English exercises designed to reinforce understanding, writing, and speaking abilities of each participant.Overall course length, class time and home practice activities were structurally equivalent, and administration, dosage, and duration were matched across the meditation and the nonnative language training interventions. For both interventions, participants followed group sessions 2 hours per week, had to practice at least 20 minutes per day at home, and had one day of more intense practice during the intervention period (5 hours).

  administered questionnaire that specifically measures the amount of physical activity undertaken by individuals aged 65 and older. The questionnaire assesses self-reported occupational, leisure-time, household and voluntary-work activities (e.g., walking, exercise, recreational activities, housework, gardening, and caring for others) over the last week. Since participants included in the study were all retired, occupational activities were excluded from the questionnaire. Questions are divided by intensity level of the activities, and participants have to report the frequency [i.e., number of days per week: 0-never, 1-seldom (1-2 days), 2sometimes (3-4 days), 3-often (5-7 days)] and duration (i.e., number of hours per day: 1-less than an hour, 2-one but less than 2 hours, 3-two-four hours, 4-more than four hours) of each activity. The total physical activity score was obtained by multiplying the frequency by the intensity of each of the 12 activities that were then summed to assign a score ranging from 0 to 793, with higher scores reflecting higher level of physical activity. The leisure-time activity, household activity and voluntary-work activity scores are calculated by summing the related questions. Validity and test-retest reliability of the questionnaire were previously established in a random sample of 222 individuals ages 65-100y, and scores were significantly correlated

  neuropsychological evaluation included tests assessing global cognitive functioning, episodic memory, executive functions and attention. To obtain robust proxies of cognitive abilities and limit multiple statistical testing issues, composite scores were computed. The Preclinical Alzheimer's Cognitive Composite-Fifth Edition (PACC-5;(Papp et al., 2017)) was calculated as an index of global cognitive functioning, along with composite scores of episodic memory, executive functions and attention. Details for each score's calculation are provided in eMethods and eTable S1.2.8 Statistical analysisLinear mixed-effects models (LMMs) were used to assess the effect of intervention arm on lifestyle factors over time. LMMs were fitted with each lifestyle factors score and sub-score as dependent variables in separate models, and trial-arm (i.e., meditation training vs. nonnative language training vs. no intervention), visit (two time points: baseline and 18-months), and a trial-arm by visit interaction term as independent variables, allowing to assess both withing and between arms changes in lifestyle. All models were controlled for age (years), sex, and education level (years). For LMMs, age and education level were baseline centered.For factors showing a change after the intervention (as evidenced from the previous step, in LLMs analyses), a series of multiple linear regressions analyses were then conducted to assess whether lifestyle changes from baseline to post-intervention (i.e., 18 months) were related to intervention-related measures (e.g. practice, and changes in meditation-related capacities) or to changes in cognitive composite scores. Lifestyle and composite scores changes (Δ) we computed as follows: score post-intervention (18 months) minus score at baseline. All models were adjusted for age, sex and education and the baseline of the predictor variables.Analyses were replicated with the original values of the baseline CAQ questionnaire (i.e., without harmonising baseline and post-intervention assessment scales by replacing each score of 1 by a score of 2) and the LEQ questionnaire (i.e., including the question on nonnative language practice). As results were either similar (CAQ) or biased by one interventionrelated question (LEQ) (see Supplementary Material: eResults and eTable 2, eTable 3), they will not be further discussed.Complementary/Sensitivity analyses Sensitivity analyses additionally adjusting for the recruitment/intervention waves (N = 3), to control for possible seasonal-effects on lifestyle variables, and after the exclusion of 'nonresponders' to the interventions.Analyses were conducted using the R software (R Core Team, 2019). LMMs were fit using the package lme4 v.1.1-27.1; p-values for LMMs were obtained via lmerTest v.3.1-3. LMMadjusted means and 95% confidence intervals (CIs) for each arm/outcome/time point, as well as change (Δ) in variables within groups, were produced using emmeans v.1.7.0. The significance level was set at a p <. 05 threshold.

3. 4

 4 Association between change in physical activity and change in the meditation composite score and sub-scores In order to test for meditation-specific effects in the increased physical activity level within the meditation training group, we assessed the associations between the change in the meditation composite score and sub-scores and the change in PASE total score and PASE household sub-score within the meditation training arm. The change in PASE total score from baseline to 18 months was associated with a greater increase in the constructive sub-score of the meditation composite score (β = 54.88, 95% CI [15.95, 93.82], p = 0.007), but not with the changes in global meditation composite or the other components. The change in PASE household sub-score was not associated with change in the global meditation composite or its sub-scores (Table

  better understand the within-group effect found in the meditation training arm, linear regressions were computed to determine the association between the change in PASE total score and in PASE household sub-score and the change in cognitive composite scores. We found no association between changes in PASE total score (from baseline to postintervention) and change in any of the cognitive composite scores. Change in the PASE household sub-score, however, was associated with a greater increase in the PACC-5 composite score (i.e. global cognition) from baseline to post-intervention (β = 19.2, 95% CI

  The same sensitivity analyses were conducted while assessing the change in PASE total score and PASE household sub-score within the meditation training arm (eTable 5), and the association between change in PASE score and meditation-related parameters or cognition (eTable 6). Results remained largely unchanged when controlling for waves, except the association between change in PASE total score and informal practice (β = 0.01, 95% CI [0.00, 0.01], p = 0.042) that became significant and the association with home practice (β = 0.00, 95% CI [-0.00, 0.01], p = 0.065) that became close to significance (eTable 6). When excluding the 'non-responders', the association between change in PASE total score and informal practice remained non-significant (β = 0.00, 95% CI [-0.00, 0.01], p = 0.109) (eTable 6

Figure 2

 2 Figure 2 Mean change in total (A) and household (B) physical activity from baseline to post-intervention (18 months) for the meditation training (purple), non-native language training (orange) and no intervention (gray) groups. Raw values from linear mixed-effects models controlling for age, sex and education are plotted. Horizontal lines represent withinarm changes from baseline to post-intervention in total (A) and household (B) physical activity. Dotted lines represent confidence intervals (95%). Abbreviations: PASE, Physical Activity Scale in the Elderly; V1, visit 1 (baseline); V3, visit 3 (post-intervention). *p< 0.05, **p< 0.01, ***p< 0.001.

  Preclinical Alzheimer's Cognitive Composite 5 (PACC-5) is a global cognitive composite sensitive to detecting and tracking pre-clinical AD-related decline. To calculate the PACC-5 in Age-Well, we first standardised the scores of each of its constituents: the Dementia Rating Scale-2 (total score), WAIS-IV Coding (raw score), California Verbal Learning Test (delayed free recall score), Logical Memory (delayed recall score) and Category Fluency (number of correct animals recalled in 2 minutes).

Figure 19 .

 19 Figure 19. Summary of main findings. Abbreviations: FDG, 18F-fluorodeoxyglucose; BMI, body mass index; GM, gray matter.

Figure 20 .

 20 Figure 20. Schematic representation of the effects of meditation on physical activity.

  most of the meditation training interventions implemented in existing studies, 18 months might not be sufficient for obtaining enduring lifestyle changes. Future longitudinal studies with longer interventions and more diverse populations would allow a better comprehension of the effects of meditation practice on lifestyle behaviors change.

  , our work, by evidencing that different lifestyle factors promote different reserve/resilience processes (even in the same individuals), indicates that targeting multiple lifestyle factors could reveal the existence of distinct, yet complementary mechanisms by which lifestyle benefits brain and cognitive health. Facing the lack of treatments for AD, our findings may further the understanding of how lifestyle factors interact with AD genetic risk to alter the pathological phenotype.Because interactive effects between lifestyle factors and APOE4 genotype varied in carriers and non-carriers, tailored prevention programs accounting for presence of AD genetic risk should be implemented. Clinically, this would help defining recommendations for personalized lifestyle-based interventions to limit age-related brain and cognitive changes.

Furthermore, such an

  approach, combined with the evaluation of cognitive functions (second study), facilitated uncovering the reserve mechanisms related to the interactive link between APOE4 genotype and lifestyle. Nevertheless, a more comprehensive evaluation of the reserve mechanisms would be facilitated by integrating other complementary neuroimaging measures, including functional MRI. More specifically, longitudinal protocols using functional MRI, with the advantage of providing reliable indexes of brain activation over time, may be useful in the detection of functional brain changes related to normal aging or cognitive decline(Wierenga & Bondi, 2007), and thus better interpret the mechanisms underlying the interactive effects between lifestyle factors and APOE4 status on brain and cognitive measures. The inclusion of other biological measures, such as cardiovascular (e.g.,

Fig. 1 .

 1 Fig. 1. Hypothetical model of the expected effects and mechanisms of the meditation and foreign language training interventions included in the Age-Well RCT. Meditation training is thought to promote both emotional regulation/positive affect and cognitive control. Foreign language training is expected to act mainly through cognitive stimulation. Consequently, while both the meditation and foreign language training interventions are expected to have a positive impact on markers of mental health and well-being in aging, the nature and degree of these effects are expected to differ between both interventions. Abbreviations: EEG, electroencephalography; ERP, event-related potential; FDG, fluorodeoxyglucose; MRI, magnetic resonance imaging; PET, positron emission tomography.

  The meditation intervention consists of an original secular program of meditation training labeled "The Silver Sant e Study Meditation Programme" especially designed for this study based on pre-existing interventions (as detailed in the Supplementary Materials) with the objective of personal development and healthy aging, and is provided by expert meditator instructors in Caen. The objective of this 18-month intervention program is to develop mindfulness, kindness and compassion abilities as additional psychological resources to cope with challenges related with aging on physical, cognitive and psychological aspects. The first 9 months of the intervention are dedicated to the teaching of mindfulness meditation whereas the 9 following months

Fig. 2 .

 2 Fig. 2. Flow chart of the Age-Well RCT participants. The different steps are detailed in the text. The boxes at V1 and V3 depict the types of measurements that are collected. Abbreviation: RCT, randomized controlled trial.

  details): 1) Structural MRI a) 3D T1 and fluid-attenuated inversion recovery-FLAIR b) High-resolution proton-density focused on the hippocampus c) Diffusion Kurtosis Imaging-DKI d) Quantitative Susceptibility Mapping-QSM 2) Functional MRI-fMRI a) Resting-state fMRI b) Task-related fMRI i)

Fig. 3 .

 3 Fig. 3. Management structure of Medit-Ageing.

1 .

 1 Systematic review: We reviewed previously published literature and existing randomized controlled trials (RCTs) in the fields of aging, prevention of dementia or Alzheimer's disease, and nonpharmacological interventions from PubMed and clinicaltrials.gov. Previous RCT-evaluated individualized programs of physical activities or technologybased solutions to improve the quality of life of older people. The largest ongoing nonpharmacological prevention RCT use multidomain interventions simultaneously targeting various vascular and lifestyle-related risk factors.
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 1 Figure 1. Trial Profile

Figure 2 .

 2 Figure 2. Forest Plots for Anterior Cingulate Cortex (ACC) and Insula Volume and Perfusion

Figure 3 .

 3 Figure 3. Sensitivity Analyses for Anterior Cingulate Cortex (ACC) and Insula Volume and Perfusion

Fig. 1 .

 1 Fig. 1. Flow diagram of participants' selection and classification. Abbreviations: A β-neg, negative amyloid status; A β-pos, positive amyloid status; AD, Alzheimer's disease; MCI, mild cognitive impairment .

  a) and higher MPV ( Fig. 3 b) than A β-neg controls. The between-group difference in platelet count and MPV remained significant without controlling for APOE 4 status (Supplementary Tables 4, 5). By splitting the group of A β-pos patients into A β-pos

Fig. 2 .

 2 Fig. 2. Association between age and glycemia levels in cognitively unimpaired adults. Partial correlation coefficient and p-value adjusted for sex, education, BMI and APOE4 status are indicated on the graph.

Fig. 3 .

 3 Fig. 3. Comparison of platelet count (a) and MPV (b) between A β-pos patients and A β-neg controls. Abbreviations: A β-pos, amyloid positive; A β-neg, amyloid negative; AD, Alzheimer's disease; MCI, mild cognitive impairment; MPV, mean platelet volume.

Fig. 4 .

 4 Fig. 4. Voxelwise associations between glycemia and neuroimaging in cognitively unimpaired adults (A) and their overlap with AD-related alterations (B) for structural MRI (upper row), FDG-PET (middle row), and florbetapir-PET (lower row), controlling for age, sex, education, BMI and APOE 4 status. Areas in yellow indicate regions that are negatively correlated with glycemia at p < 0.005 uncorrected at the voxel level and p < 0.05 corrected at the cluster level (see Methods for details). Areas in red represent atrophy and hypometabolism patterns of alteration in MCI/AD patients. Orange areas represent the overlap between glycemia-related and AD-related brain changes. Abbreviations: A β-pos, amyloid positive; APOE, apolipoprotein E; BMI, body mass index; MRI, magnetic resonance imaging; FDG-PET, fluorodeoxyglucose-positron emission tomography; NS, not significant .

Fig. 5 .

 5 Fig. 5. Voxelwise associations between MPV and neuroimaging in A β-pos patients (A) and their overlap with AD-related alterations (B) for both structural MRI (upper row), FDG-PET (middle row), and florbetapir-PET (lower row), controlling for age, sex, level of education, BMI and APOE 4 status. Areas in yellow indicate regions that are negatively correlated with MPV at p < 0.005 uncorrected at the voxel level and p < 0.05 corrected at the cluster level (see Methods for details). Area in red indicate patients' pattern of atrophy. Orange regions correspond to the overlap of MPV-related and AD-related alterations. Abbreviations: A β-pos, amyloid positive; APOE, apolipoprotein E; BMI, body mass index; MPV, mean platelet volume; MRI, magnetic resonance imaging; FDG-PET, fluorodeoxyglucosepositron emission tomography; NS, no significant .

  This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. ©2022TheAuthors.Alzheimer's & Dementia: Diagnosis, Assessment & Disease Monitoring published by Wiley Periodicals, LLC on behalf of Alzheimer's Association
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  T1-weighted image and a fluid-attenuated inversion recovery (FLAIR) were acquired on a Philips Achieva 3T scanner in all participants (n = 134).Fluorodeoxyglucose positron emission tomography (FDG-PET) and florbetapir-PET were obtained on two separate days on a Discovery RX VCT 64 PET-CT scanner (General Electric Healthcare). FDG-PET scans were acquired on a subset of 92 individuals (59 women), while florbetapir-PET was obtained in all but one participant (n = 133).Ad u a l -p h a s ef l o r b e t a p i r -P E Ts c a nw a sp e r f o r m e d ,i n c l u d i n gaf i r s t 10-minute scan starting at the time of injection (early florbetapir-PET), used to measure brain perfusion, and a second 10-minute scan starting 50 minutes after the injection (late florbetapir-PET), used to quantify amyloid burden. Early Florbetapir-PET scan was missing in one additional participant due to a scanner issue, such that early Florbetapir-PET was available for 132 participants. Final sample size per imaging modality is provided in the Flow Chart (eFigure 1, Supplementary Material). Details on acquisition parameters and procedures

FIGURE 1

 1 FIGURE 1 Independent effects of sex and physical activity on the anterior cingulate cortex volume. Effect of sex (A), physical activity (B), and their interaction (C) on the anterior cingulate cortex volume. Statistics for the effect of sex (A), physical activity (B), and the sex x physical activity interaction (C) were obtained from general linear models, controlling for age, years of education, and apolipoprotein E (APOE) ε4 status. Raw values are plotted. For (A), the interquartile range (25th percentile, median, and 75th percentile), the whiskers (lines indicating variability outside the upper and lower quartiles minimum value) and the individual dots are presented. For (B) and (C), dotted lines represent confidence intervals (95%)

FIGURE 3

 3 FIGURE 3 Interactive effects of physical activity and sex on the precuneus/PCC perfusion (A) and amyloid burden (B).Statisticsforthesexx physical activity interactions were obtained from general linear models on the total sample, controlling for age, years of education, and apolipoprotein E (APOE) ε4 status, and including the main effects of sex and physical activity. Raw values are plotted. Dotted lines represent confidence intervals (95%). Abbreviation: PCC, posterior cingulate cortex; SUVR, standardized uptake value ratio

FIGURE 1 |

 1 FIGURE 1 | Age-related volume trajectories of MTL subregions over the adult lifespan. All subregions were significantly related to age, p < 0.001. Continuous line indicates model-derived estimates. The shaded area represents a 95% confidence interval. BA, Brodmann area; ERC, entorhinal cortex; HPC, hippocampus (a, anterior; p, posterior); PHC, parahippocampal cortex; PRC,perirhinalcortex.

FIGURE 2 |

 2 FIGURE 2 | Group comparisons of MTL subregions baseline volume across the Alzheimer's continuum. Boxplots display the median values and distribution of z-transformed TIV normalized volumes at baseline in each group. ***p < 0.001; **p < 0.01; *p < 0.05, as results of Tukey adjusted post-hoc t-tests. AD, Alzheimer's dementia; BA, Brodmann area; CU, cognitively unimpaired; ERC, entorhinal cortex; HPC, hippocampus (a, anterior; p, posterior); MCI, mild cognitive impairment; PHC, parahippocampal cortex; PRC, perirhinal cortex. The corresponding statistics are depicted in Supplementary Table5.

FIGURE 3 |

 3 FIGURE 3 | Group comparisons of MTL subregions volume decline over timeacrosstheAlzheimer' scontinuum.Theregressionlineindicates model-derived estimates. The shaded area represents a 95% confidence interval. ***p < 0.001; **p < 0.01; *p < 0.05, as results of Tukey adjusted post-hoc t-tests. AD, Alzheimer's dementia; BA, Brodmann area; CU, cognitively unimpaired; ERC, entorhinal cortex; HPC, hippocampus (a, anterior; p, posterior); MCI, mild cognitive impairment; PRC, parahippocampal cortex; PRC, perirhinal cortex. The corresponding statistics are depicted in Supplementary Table6.

FIGURE 4 |

 4 FIGURE 4 | MTL subregions volume decline over time among MCI-to-AD converters and non-converters. The regression line indicates model-derived estimates. The shaded area represents a 95% confidence interval. ***p < 0.001; **p < 0.01, as results of F-tests after the Holm correction. BA, Brodmann area; ERC, entorhinal cortex; HPC, hippocampus (a, anterior; p, posterior); MCI, mild cognitive impairment; PHC, parahippocampal cortex; PRC, perirhinal cortex. The corresponding statistics are depicted in Supplementary Table8.

  De manière intéressante, des différences de facteurs de risque et de protection entre les individus pourraient conférer une susceptibilité différente au déclin cognitif. Ces facteurs seraient associés à des capacités différentes à résister ou faire face aux altérations cérébrales, faisant référence au concept de réserve. Dans ce contexte, les différences interindividuelles dans les liens entre pathologie et cognition sont expliquées par des différences de capacité de réserve Réserve cérébrale et cognitive Le concept de réserve a été introduit après l'observation chez certains individus d'un décalage entre les niveaux de pathologie cérébrale et les performances cognitives. Pour un même niveau d'altérations cérébrales, certains individus parviennent à maintenir des niveaux élevés de performances cognitives alors que d'autres individus voient leurs performances diminuer. Dans sa définition initiale, la réserve a été divisée en deux sous-types : la réserve cérébrale et la réserve cognitive

  , l'hypertension artérielle (Jung et al., 2021), et l'hypercholestérolémie (Schilling et al., 2017) ont été associés au déclin cognitif et à un risque accru de développer la MA. Le rôle des facteurs de risque cardiovasculaire dans le déclin cérébral et cognitif lié à l'âge ou la démence est de plus en plus reconnu, et le ciblage de ces facteurs devrait faire partie des stratégies préventives visant à réduire le risque de démence et le vieillissement cérébral. La promotion de comportements positifs liés au style de vie pourrait être un moyen de cibler le risque cardiovasculaire. Un style de vie sain (être physiquement actif ou avoir une alimentation saine) à un âge avancé pourrait en effet réduire les facteurs de risque cardiovasculaire, favorisant une meilleure intégrité du cerveau. L'étude des liens entre le style de vie et le risque cardiovasculaire est d'une importance cruciale afin de mieux comprendre les effets de ces facteurs sur la santé cérébrale et cognitive. Nous étudierons cette question pour déterminer si les personnes âgées pratiquant une activité physique ont de meilleurs résultats cérébraux et si cela peut dépendre de la réduction du risque cardiovasculaire.

  plus grande intégrité cognitive et cérébrale. Si un nombre grandissant d'études en neuroimagerie ont examiné les associations entre le style de vie et les mesures d'intégrité cérébrale, peu ont examiné les mécanismes qui les sous-tendent ou encore si et comment les autres facteurs de risque et de protection pourraient être liés au style de vie ou l'influencer, notamment les facteurs de risque cardiovasculaire, le génotype APOE4 et la méditation.Les données de la littérature suggèrent que les facteurs de risque cardiovasculaire contribuent fortement à augmenter le risque de MA et que leur réduction contribuerait à l'impact d'un style de vie sain sur la santé cérébrale. En outre, le génotype APOE4 pourrait interagir avec les facteurs de style de vie pour moduler leur association avec les marqueurs cérébraux et cognitifs du vieillissement et de la MA, de sorte qu'un style de vie sain atténuerait l'effet négatif de l'APOE4 sur la santé cérébrale et cognitive. Enfin, la pratique de la méditation pourrait promouvoir de tels comportements de vie sain et représenter une stratégie efficace contre le déclin cognitif et le risque de démence dans la population âgée. Cependant, ces travaux antérieurs se sont principalement concentrés sur un seul facteur de style de vie et ont rarement évalué simultanément plusieurs marqueurs d'intégrité cérébrale et de la cognition dans une même étude. de risque cardiovasculaire. Nous avons ensuite effectué des analyses de médiation pour évaluer si les associations entre l'activité physique et la neuroimagerie étaient médiées par les facteurs de risque cardiovasculaire. Les résultats montrent qu'un plus haut niveau d'activité physique est associé à un volume de substance grise et à un métabolisme cérébral du glucose plus élevés ainsi qu'à un niveau d'insuline et un IMC plus bas. De plus, un niveau d'insuline et un IMC plus bas étaient également associés à un volume de substance grise plus élevé. Après correction par l'insuline et l'IMC, l'association entre l'activité physique et le métabolisme cérébral du glucose persistait, tandis que l'association avec le volume de substance grise n'était plus significative. Une analyse de médiation a confirmé que l'insuline et l'IMC médiaient l'association entre l'activité physique et le volume de substance grise. Ces analyses ont été reproduites dans les régions vulnérables à la MA (volume de substance grise dans l'hippocampe, métabolisme cérébral du glucose dans les régions temporo-pariétales et le précuneus, et anisotropie fractionnelle dans le cingulum) et les résultats sont restés similaires. Ces résultats suggèrent que l'association entre l'activité physique et le métabolisme cérébral du glucose serait directe (ou médiée par d'autres mécanismes, non cardiovasculaires) et indépendante des changements des facteurs de risque cardiovasculaires. Inversement, l'association avec le volume de substance grise était médiée par une réduction des facteurs de risque cardiovasculaire, notamment l'insuline et l'IMC. La pratique d'une activité physique pourrait donc être bénéfique pour la santé cardiovasculaire des personnes âgées, grâce au maintien d'un IMC et d'un taux d'insuline plus faibles, ce qui favoriserait l'intégrité structurelle du cerveau. Cette étude a permis de mieux élucider les mécanismes directs et indirects par lesquels l'activité physique impacte la santé du cerveau. (volume de substance grise, métabolisme du glucose et perfusion du lobe temporal médian [MTL], et charge amyloïde néocorticale) et les performances cognitives (cognition globale, mémoire épisodique, fonctions exécutives et attention), chez 135 adultes âgés de 65 ans et plus sans troubles cognitifs, issus de l'étude Age-Well (données de l'inclusion).Les résultats de cette étude montrent qu'une activité cognitive plus importante est associée à un volume de substance grise et à une perfusion plus faible dans le MTL chez les porteurs de l'APOE4, par rapport aux non-porteurs. Cependant, une activité cognitive plus élevée était associée à des performances cognitives croissantes indépendamment du statut APOE4, ce qui suggère qu'une activité cognitive plus importante pourrait permettre aux porteurs de l'APOE4 de compenser la présence d'altérations cérébrales (résilience). Un régime d'avantage méditerranéen était associé à un métabolisme cérébral du MTL et à un score d'attention plus élevés chez les porteurs de l'APOE4, par rapport aux non-porteurs. Ces interactions suggèrent l'existence de mécanismes de résistance chez les porteurs de l'APOE4 favorisés par le régime méditerranéen. Enfin, une activité physique plus élevée était associée à une meilleure perfusion cérébrale du MTL et à une diminution de la charge amyloïde uniquement chez les non-porteurs de l'APOE4, sans effet sur la cognition. Dans l'ensemble, ces résultats suggèrent l'existence d'une interaction complexe entre la génétique et les différents facteurs de style de vie, qui aiderait les porteurs de l'APOE4 à résister ou à faire face aux altérations cérébrales et à retarder le déclin cognitif via des mécanismes différents. En absence de traitement pour la MA, comprendre comment le style de vie et le risque génétique de la MA interagissent pour modifier la progression de la maladie est important pour aider à la mise en oeuvre de stratégies personnalisées, basées sur le style de vie, pour prévenir ou retarder les altérations cérébrales et cognitives chez les personnes présentant un risque élevé de MA.

Étude 3 :

 3 Effet d'une intervention de méditation de 18 mois sur le style de vie des séniors : une analyse secondaire de l'essai contrôlé randomisé Age-Well En raison d'une augmentation substantielle du nombre de personnes âgées, qui s'accompagne d'une augmentation de la prévalence des démences, des stratégies de prévention sont nécessaires pour aider les personnes âgées à préserver leur bien-être. Dans ce contexte, les interventions non pharmacologiques visant à promouvoir un style de vie sain, peuvent être particulièrement efficaces pour promouvoir la santé physique et mentale

  Méditerranéen : Des mécanismes de réserve différents mais complémentaires Dans notre deuxième étude, nous avons montré que le génotype APOE4 interagit avec les facteurs de style de vie, avec des modèles d'associations différents selon la variable de style de vie considérée. Cela a révélé l'existence de différents mécanismes de réserve qui pourraient aider les porteurs de l'APOE4 à résister ou à faire face aux altérations cérébrales et ainsi retarder le déclin cognitif. Une activité cognitive plus élevée était associée à une intégrité cérébrale (volume de substance grise et perfusion du MTL) plus faible chez les porteurs de l'APOE4 par rapport aux non-porteurs, et à des scores plus élevés dans plusieurs domaines cognitifs. L'activité cognitive ne semble pas interagir avec le génotype APOE4 sur ces mesures cognitives, indiquant que les performances cognitives augmentent à la fois chez les porteurs et les nonporteurs d'APOE4. Ces résultats suggèrent l'existence de mécanismes compensatoires chez les porteurs de l'APOE4, pour réorganiser les réseaux corticaux nécessaires au processus cognitif et faciliter le fonctionnement des circuits cognitifs. Une activité cognitive plus élevée favoriserait donc des mécanismes de résilience chez les porteurs de l'APOE4, qui leur permettraient de maintenir un niveau de performances cognitives comparables à ce des nonporteurs, malgré la présence d'altérations cérébrales plus importantes (Arenaza-Urquijo &

  Deuxièmement, seuls le style de vie actuel et les facteurs de risque cardiovasculaire à l'âge avancé ont été évalués, alors que certains facteurs de risque et de protection pourraient avoir un effet plus important dans des périodes antérieures de vie. Si nos données suggèrent que, même chez les personnes âgées, le style de vie aurait un effet bénéfique sur la cognition et l'intégrité cérébrale, l'identification de la fenêtre temporelle optimale pour ces effets est très importante pour la mise en place d'interventions de réduction des risques. La nature transversale des deux premières études représente une autre limite car elle ne permet pas d'établir les relations de causalité pour les liens entre facteurs de style de vie et marqueurs cognitifs et cérébraux du vieillissement et de la MA. De futures études longitudinales permettront de mieux comprendre la dynamique des processus de réserve permis par les facteurs de style de vie. Une évaluation plus complète des mécanismes de réserve serait facilitée par l'intégration d'autres mesures de neuroimagerie (IRM fonctionnelle), ou biologiques (marqueurs cardiovasculaires ou inflammatoires). Enfin, la population présente dans nos études est composée de participants en bonne santé, avec un niveau d'éducation élevé, et très motivés et actifs, ce qui empêche la généralisation des résultats à la population âgée. La sur-sélection de notre échantillon pourrait avoir réduit la possibilité d'obtenir des changements de comportement de style de vie après l'intervention de méditation. Des populations plus diversifiées comprenant des individus à risque (par exemple, avec un risque cardiovasculaire) pourraient bénéficier davantage de tels programmes d'intervention. Afin de prévenir ou de réduire le déclin cérébral et cognitif au cours du vieillissement, agir et prendre en compte différents facteurs de risque ouvre la voie à de futures recherches visant à comprendre par quels mécanismes protecteurs ou compensatoires ces facteurs influencent le lien entre le style de vie et la santé cérébrale et cognitive. Cela pourrait inspirer la conception de stratégies personnalisées visant à augmenter la résistance et la résilience au processus de vieillissement.

Keywords:

  Lifestyle, Aging, Alzheimer's disease, Reserve, Neuroimaging, Cognition, Magnetic Resonance Imaging, Positron Emission Tomography. Titre: Liens entre le style de vie et les marqueurs cérébraux et cognitifs du vieillissement et de la maladie d'Alzheimer : Influence des facteurs de risque cardiovasculaire, du génotype APOE4, et effet d'une intervention de méditation

  Mots clés : Style de vie, Vieillissement, Maladie d'Alzheimer, Réserve, Neuroimagerie, Cognition, Imagerie par Résonance Magnétique, Tomographie par Emissions de Positrons.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 3 . APOE genotype frequency and their association with AD risk and amyloid deposition.

 3 The presence of one or two apolipoprotein E (APOE) ε4 alleles increases the risk of AD 3.63-fold or 14.49-fold, respectively, irrespective of the presence of APOE2 or APOE3 alleles. The different APOE genotypes have a similar odds ratio for amyloid positivity to that of AD risk. NA, not available. From Yamazaki etal., 2019 

  Baseline data were collected from November 2016 until April 2018.

	Standard Protocol Approvals, Registrations,
	and Patient Consents
	The Age-Well randomized clinical trial was approved by the
	local ethics committee (Comité de Protection des Personnes
	Nord-Ouest III, Caen, France; trial registration number:
	EudraCT: 2016-002,441-36; IDRCB: 2016-A01767-44; Clin-
	icalTrials.gov Identifier: NCT02977819) and all participants
	gave written informed consent prior to the examinations.

Image Acquisition

All participants were scanned on the same MRI (Philips Achieva 3.0T scanner) and PET (Discovery RX VCT 64 PET-CT scanner; General Electric Healthcare) cameras at the Cyceron Center (Caen, France).

  fast-field echo sequence (sagittal; repetition time [TR] 7.1 ms, echo time [TE] 3.3 ms, field of view [FOV] 256 × 256 mm 2 , 180 slices, voxel size 1 × 1 × 1 mm 3 ) and a 3D fluid-attenuated inversion recovery (FLAIR; sagittal; TR 4,800 ms, TE 272 ms, inversion time 1,650 ms; FOV 250 × 250 mm 2 , 180 slices, voxel size 0.98 × 0.98 × 1 mm 3 ) were acquired for 133 participants. An echoplanar imaging/spin echo diffusionweighted sequence (diffusion kurtosis imaging [DKI]) was then performed at multiple shells for 133 participants: 3b values (0, 1,000, 2,000 seconds/mm 2 ) (axial; 30 directions, TR 6,100 ms, TE 101 ms, flip angle 90°, FOV 216 × 216 mm 2 , 48 slices, voxel size 2.7 × 2.7 × 2.7 mm 3 ) and additional blips images with b = 0 seconds/mm 2 (number of signal averages 9) were acquired in reverse phase encoding direction for susceptibility distortion.

Table 1 Demographics

 1 

	Characteristics	Values
	Age, y	68.90 ± 3.77 (64-83)
	Female/male	82/52 (61/39)
	Education, y	13.14 ± 3.09 (7-22)
	Physical activity	6.31 ± 4.91 (0-23.08)

Table 2

 2 Multiple Linear Regressions Between Physical Activity and Neuroimaging Values or Cardiovascular Risk Factors

		Physical activity				
	Neuroimaging values and covariates	bS E	β	t Value	p Value
	GM volume					
	Age, sex, education	6,900.768	3,149.087	0.174	2.191	0.030*
	Age, sex, education, insulin level	3,992.5	3,121.2	0.101	1.279	0.203
	Age, sex, education, BMI	2,448.9	2,882.4	0.062	0.850	0.397
	Age, sex, education, insulin level, BMI	1,944.8	2,915.3	0.049	0.667	0.506
	Glucose metabolism					
	Age, sex, education	0.028	0.012	0.247	2.383	0.019 *
	Age, sex, education, insulin level	0.029	0.012	0.253	2.387	0.019*
	Age, sex, education, BMI	0.030	0.012	0.262	2.479	0.015*
	Age, sex, education, insulin level, BMI	0.030	0.012	0.261	2.439	0.017*
	Amyloid deposition: age, sex, education	-0.033	0.023	-0.122	-0.410	0.161
	WMH: age, sex, education	-2.087	1.094	-0.162	-1.907	0.059
	MK: age, sex, education	-0.002	0.006	-0.033	-0.380	0.705
	AD-sensitive regions					
	Hippocampal volume					
	Age, sex, education	127.828	47.025	0.219	2.718	0.007**
	Age, sex, education, insulin level	86.231	46.802	0.148	1.842	0.068
	Age, sex, education, BMI	82.424	46.216	0.141	1.783	0.077
	Age, sex, education, insulin level, BMI	69.057	46.348	0.118	1.490	0.139
	Temporo-parietal glucose metabolism: age, sex, education	0.023	0.018	0.142	1.327	0.188
	Precuneus glucose metabolism					
	Age, sex, education	0.033	0.016	0.217	2.045	0.044*
	Age, sex, education, insulin level	0.035	0.016	0.233	2.155	0.034*
	Age, sex, education, BMI	0.035	0.016	0.231	2.143	0.035*
	Cingulum FA: age, sex, education	-0.007	0.006	-0.103	-1.200	0.232
	Cardiovascular risk factors and covariates					
	Insulin level					
	Age, sex, education	-0.202	0.066	-0.254	-3.059	0.003**
	Age, sex, education, BMI	-0.108	0.060	-0.135	-1.783	0.077
	BMI					
	Age, sex, education	-0.061	0.020	-0.250	-2.995	0.003**
	Age, sex, education, insulin level	-0.031	0.019	-0.128	-1.677	0.096
	Total cholesterol: age, sex, education	0.061	0.141	0.034	0.431	0.668
	HDL cholesterol: age, sex, education	0.040	0.045	0.068	0.888	0.376
	SBP: age, sex, education	-4.211	2.600	-0.135	-1.620	0.108
	Smoking habits: age, sex, education	-0.002	0.028	-0.006	-0.071	0.943

Abbreviations: AD = Alzheimer disease; BMI = body mass index; FA = fractional anisotropy; GM = gray matter; HDL = high-density lipoprotein; MK = mean kurtosis; SBP = systolic blood pressure; WMH = white matter hyperintensities. *p <0.05,**p <0.01,***p <0.001.

Table 3

 3 Multiple Linear Regressions Between Cardiovascular Risk Factors and Neuroimaging Values .6 3,345.5 11, <0.001***

		Insulin level				BMI		
	Neuroimaging values and covariates	b	SE	β	t Value p Value	b	SE	β	t Value p Value
	GM volume								
	Age, sex, education -15,705Age, sex, education, insulin level/BMI -5,128.0 4,160.6 -0.103 -1.233 0.220	-66,810.8 13,489.9 -0.412 -4.953 <0.001***
	Cerebral glucose metabolism: age, sex,	-0.002	0.015	-0.012 -0.113 0.910	0.018	0.053	0.038 0.349	0.728
	education								
	AD-sensitive regions								
	Hippocampal volume								
	Age, sex, education	-234.369 58.612 -0.320 -3.999 <0.001*** -829.482 187.768 -0.349 -4.418 <0.001***
	Age, sex, education, insulin level/BMI	-139.909 66.606 -0.191 -2.101 0.038*	-596.625 215.956 -0.251 -2.763 0.007**
	metabolism: age, sex, education	0.009	0.020	0.049 0.450	0.654	0.027	0.070	0.043 0.390	0.697
	Precuneus glucose								

Abbreviations: AD = Alzheimer disease; BMI = body mass index; GM = gray matter. *p <0.05,**p <0.01,***p <0.001.

Table 4

 4 Detailed Statistics of Causal Mediation Analyses

	ADE
	Model

Abbreviations: ACME = average causal mediation effect; ADE = average direct effect.

  APOE4 status and both neuroimaging (gray matter volume, brain glucose metabolism and perfusion of the MTL, and neocortical amyloid load) and cognitive (global cognition, episodic memory, executive functions and attention) outcomes, in 135 cognitively unimpaired older adults aged 65 years and over from the Age-The authors reviewed the literature using traditional sources (e.g., PubMed). The role of lifestyle factors on brain and cognitive decline is increasingly recognized, yet needs further specification. Notably, whether and how APOE4 -the major genetic risk factor for Alzheimer's disease (AD) -influences the relation of lifestyle factors with brain integrity and cognition remains poorly understood.2. Interpretation: Our findings suggest a complex interplay between genetics and lifestyle on brain integrity and cognition. Lifestyle factors could help APOE4 carriers to resist or cope with brain alterations and postpone cognitive decline through different mechanisms. APOE4 genotype and lifestyle have been associated with Alzheimer's disease (AD) risk, but how they interact on neuroimaging and cognitive markers of aging and AD remains unclear. In 135 cognitively unimpaired older adults from the baseline Age-Well trial, we investigated the interaction between APOE4 status and cognitive activity, diet and physical activity on cognition and neuroimaging markers of neurodegeneration and amyloid.

	International Conference in 2022 and the 10èmes Rencontres de la Fondation Alzheimer in 2022. RESEARCH IN CONTEXT 1. Systematic Review: 1 BACKGROUND Alzheimer's disease (AD) is characterized by the accumulation of amyloid plaques and
	The article has been submitted to Alzheimer's & Dementia. neurofibrillary tangles, accompanied by various structural and functional brain alterations. AD
	development and progression is likely influenced by a combination of genetic and
	Well trial (baseline data only). environmental risk factors. 1 Among those, the apolipoprotein E allele e4 (APOE4) is the
	major genetic risk factor for sporadic AD. 2 Associations between APOE4 status and brain
	The results of this study show that higher cognitive activity was associated with lower MTL
	integrity in cognitively unimpaired individuals have been inconsistent. Robust associations
	gray matter volume and perfusion in APOE4 carriers, as compared to non-carriers. However,
	were found for amyloid load, showing increased amyloid deposition in APOE4-carriers
	greater cognitive engagement was associated with increased cognitive performance
	compared to non-carriers,

In fact, most prior studies did not include both cognitive and (multiple) neuroimaging outcomes, making it difficult to understand how different lifestyle factors could promote reserve mechanisms (resistance vs. resilience -see section 2.2.1.4) in APOE4 carriers and non-carriers.

In that context, the second study of this thesis aimed at investigating whether different lifestyle factors (cognitive activity, adherence to the Mediterranean diet and physical activity) modulate the associations between irrespective of APOE4 status, suggesting that greater cognitive activity allows APOE4 carriers to compensate for the presence of greater brain alterations (i.e., Resilience). Higher adherence to the Mediterranean diet, on the other hand, was associated with both higher brain glucose metabolism and higher attention score in APOE4 carriers, as compared to noncarriers. These interactions suggest the existence of resistance mechanisms promoted by the Mediterranean diet in APOE4 carriers. Finally, higher engagement in physical activity was associated with greater brain perfusion and lower amyloid load only in APOE4 noncarriers, with no main effect or interaction with APOE4 genotype on cognition.

Overall, these results suggest a complex interplay between genetics and lifestyle factors, which differentially help APOE4 carriers to resist or cope with brain alterations and postpone cognitive decline. Given the lack of treatment for AD, understanding how lifestyle and AD genetic risk interact to alter the progression of the disease could contribute to the implementation of personalized lifestyle strategies to prevent, or at least delay, brain and cognitive impairment in individuals at higher risk of AD.

The findings of this study have been presented as an oral communication at the annual Medit-Ageing Consortium Meeting in 2022, and as a poster at the Alzheimer's Association 3. Future Directions: These results deepen our understanding of how lifestyle and genetics interact on AD risk and have important implications for personalized lifestyle-based interventions aiming to prevent or delay age-related brain and cognitive changes. Further studies are needed to improve our understanding of the mechanisms underlyingthe complex interactions between APOE4 status and lifestyle. Highlights: • APOE4 status and lifestyle factors have been linked to Alzheimer's disease risk • APOE4 interacts with diet, cognitive and physical activities on brain and cognition • Lifestyle modulates the effect of APOE4 status through different reserve mechanisms Structured abstract: INTRODUCTION: METHODS: RESULTS: Higher cognitive activity correlated with lower medial temporal lobe (MTL) volume and perfusion in APOE4-carriers, but increased cognitive performance irrespective of APOE4 status. Higher adherence to the Mediterranean diet correlated with higher MTL metabolism and attention scores in APOE4-carriers. Conversely, physical activity correlated with higher MTL perfusion and lower amyloid in APOE4-non-carriers only. DISCUSSION: Genetics and lifestyle factors act through different mechanisms to help APOE4-carriers resist or cope with brain alterations and postpone cognitive decline. Our results support the need of personalized lifestyle-based interventions for AD.

2 Standard Protocol Approvals, Registrations, and Patient Consents The

  included 135 cognitively unimpaired older adults from the baseline visit of the Age-Well randomized clinical trial (RCT; Medit-Ageing European Project; 36 see Flow diagram -eFigure S1). Individuals over 65 years were recruited from the general population from November 2016 to March 2018. Participants were native French speakers, retired for at least 1 year,

with at least 7 years of education, and performed within the normal range on standardized cognitive evaluation. Exclusion criteria included i) history of cerebrovascular disease, ii) presence of a chronic disease or acute unstable illness, iii) evidence of major neurological or psychiatric disorders (including drug or alcohol abuse), and iv) recent or current medication use that may interfere with cognitive functioning. Baseline data were collected between November 2016 and April 2018. Participants completed lifestyle questionnaires, and underwent APOE4 genotyping, cognitive assessments, and multimodal neuroimaging.

2.Age-Well RCT was approved by local ethics committee (Comité de Protection des

Personnes Nord-Ouest III, Caen, France; registration number: EudraCT: 2016-002441-36;

Table 1 Demographics

 1 

	APOE4 carriers	APOE4 non-carriers	p Value

P-values were obtained from two-sample t-tests. Abbreviations: SD, standard deviation; APOE, apolipoprotein E gene; PACC-5, Preclinical Alzheimer's Cognitive Composite 5.

Table 2 Change in lifestyle factors from baseline to post-intervention

 2 

	Lifestyle factors	Intervention arm		Linear mixed model analyses with interaction
		Meditation	Non-native	No	
		training	language	intervention	
			training		
		Mean (SD)	Mean (SD)	Mean (SD)	Chisq	p
	CAQ current				
	Baseline	18 (3.03)	17.96 (2.78)	17.8 (2.8)	
				Visit x Intervention arm	2.084	0.353
	18 months	18.04 (2.76)	17.84 (2.84)	18.43 (2.93)	
	LEQ current				
	Baseline	25.69 (5.56)	25.91 (5.38)	26.96 (5.84)	
				Visit x Intervention arm	0.461	0.794
	18 months	26.07 (6.61)	26.71 (5.32)	27.14 (4.77)	
	PASE total				
	Baseline	129.45 (64.3)	122.77 (54.58)	139.78 (63.64)	
				Visit x Intervention arm	0.875	0.646
	18 months	148 (67.59)	133.02 (54.5)	149.15 (60.67)	
	PASE household				
	Baseline	71.27 (34.64)	76.02 (38.31)	76.29 (37.83)	
				Visit x Intervention arm	2.337	0.311
	18 months	91.57 (35.97)	84.16 (38.12)	86.3 (37.12)	
	PASE leisure-time				
	Baseline	54.78 (44.37)	44.89 (38.74)	57.65 (45.58)	
				Visit x Intervention arm	0.271	0.873
	18 months	54.33 (44.1)	46.02 (35.22)	54.7 (40.77)	
	PASE voluntary work				
	Baseline	1.74 (4.28)	1.87 (9.23)	7.5 (28.21)	
				Visit x Intervention arm	0.516	0.773
	18 months	2.39 (5.77)	2.8 (8.4)	6.14 (16.85)	
	Medas				
	Baseline	7.31 (1.99)	7.13 (2.37)	6.86 (2.14)	
				Visit x Intervention arm	1.18	0.554
	18 months	7.47 (2.24)	7.07 (2.14)	7.23 (2.41)	
	Means and standard deviation are indicated at baseline and post-intervention (18 months).
	P-values were obtained from linear mixed models. Abbreviations: SD, standard deviation;
	CAQ, Cognitive Activities Questionnaire; LEQ, Lifetime of Experiences Questionnaire; PASE,
	physical Activity Scale in the Elderly; Medas, Mediterranean Diet Adherence Screener.

Table 4 Association between change in physical activity and practice, and change in meditation composite score and sub-scores and cognitive composite scores.

 4 

		Meditation training arm			
		Physical activity (PASE)		
		PASE total		PASE household	
		Estimate (95% CI)	P	Estimate (95% CI)	P
	Practice				
	Total practice	0.00 (-0.00, 0.01)	0.251	0.00 (-0.00, 0.00)	0.152
	Home practice	0.00 (-0.00, 0.00)	0.107	0.00 (0.00, 0.00)	0.198
	Formal practice	0.00 (-0.00, 0.01)	0.249	0.00 (-0.00, 0.00)	0.145
	Informal practice	0.00 (-0.00, 0.01)	0.067	0.00 (-0.00, 0.00)	0.453
	Meditation composite scores				
	Attentional	8.91 (-32.37, 50.19)	0.664	-1.14 (-23.39, 21.11)	0.918
	Constructive	54.88 (15.95, 93.82)	0.007	17.1 (-4.56, 38.75)	0.118
	Deconstructive	-4.09 (-46.63, 38.45)	0.846	-9.03 (-31.19, 13.13)	0.415
	Global	28.79 (-11.75, 69.33)	0.158	3.6 (-17.57, 24.76)	0.733
	Cognitive composite scores				
	PACC-5	21.45 (-8.78, 51.67)	0.159	19.2 (3.76, 34.64)	0.016
	Episodic memory	0.01 (-26.56, 26.57)	1	4.23 (-9.93, 18.4)	0.549
	Executive function	1.77(-28.94, 32.49)	0.907	1.1 (-15.28, 17.49)	0.892
	Attention	9.28 (-29.83, 48.4)	0.633	-2.15 (-23.08, 18.78)	0.836

Regression coefficients are standardized. All analyses were adjusted for age, sex, years of education, and baseline of the candidate characteristics. Emboldened coefficient estimates and 95% CIs had p-values <0.05. Delta scores of the cognitive and meditation composite scores were created by subtracting baseline scores from 18 months scores. Abbreviations: CI, Confidence interval; PACC-5, Preclinical Alzheimer Cognitive Composite 5

Cognitive composite scores

  

	Composite score	Tests
		Dementia Rating Scale-2 (total score)
		WAIS-IV Coding (raw score)
	Global cognition (PACC-5)	California Verbal Learning Test (delayed free recall score) Logical Memory (delayed recall score)
		Category Fluency (number of correct animals recalled in 2
		minutes)
	Episodic memory	CVLT-II WMS IV Logical Memory, Story B
		Digit Span backward (raw score)
	Executive functions	TMT (time TMT part-B) Stroop Test (interference time)
		Letter Fluency (raw score).
		TMT (time TMT part-A)
	Attention/Processing speed	Stroop Test (naming time) Digit Span forward (raw score)
		Digit Symbol Substitution Test (raw score)

Tasks used were the Digit span backward and Forward, Trail Making Test, Stroop test and Letter Fluency from the GREFEX battery and Digit Symbol Substitution test. The executive score was computed by averaging the standardized scores of Digit Span backward (raw score), Trail Making Test part B (response time), Stroop interference index (response time for interfering-neutral items) and Letter Fluency (raw score). The attention composite was computed by averaging the standardized scores on the Trail Making Test part A (response time), Stroop naming (response time), Digit Span forward (raw score) and Digit Symbol Substitution Test (raw score). Trail Making Test and Stroop scores were reversed so that higher individual scores and therefore higher total compound score indicate better performance. To facilitate longitudinal data interpretation, the cognitive composite scores were re-standardised (divided by standard deviation of the baseline data).

eTable 1. Abbreviations: PACC-5, Preclinical Alzheimer's Cognitive Composite 5, WAIS-IV, Wechsler Adult Intelligence Scale-Fourth Edition; CVLT-II, California Verbal Learning Test-Second Edition; WMS IV, Wechsler Memory Scale 4th edition; TMT, Trail Making Test.

Table 2 Change in CAQ and LEQ score prior harmonization from baseline to post-intervention Lifestyle factors Intervention arm Linear mixed model analyses with interaction Lifestyle factors Meditation training Non-native language training No intervention

 2 

	p		0.218					<0.001	
	Chisq		3.042					19.63	
			Visit x Intervention arm					Visit x Intervention arm	
	Mean (SD)		17.27 (3.25)	18.43 (2.93)				27.48 (6)	27.66 (4.88)
	Mean (SD)		17.64 (3.21)	17.84 (2.84)				26.2 (5.66)	30.62 (5.8)
	Mean (SD)		17.67 (3.34)	18.04 (2.76)				26.04 (5.63)	26.93 (7)
	CAQ current -prior	answers harmonisation	Baseline	18 months	LEQ current including	frequency of second	language practice	Baseline	18 months

Means and standard deviation are indicated ate baseline and follow-up (18 months). P-values were obtained from linear mixed models.

Abbreviations: SD, standard deviation; CAQ, Cognitive Activities Questionnaire; LEQ, Lifetime of Experiences Questionnaire.

eTable 3 Within-arm changes (

left part) and between-arm differences in changes (from baseline to post-intervention) for CAQ and LEQ score prior harmonization Within-arm standardized estimated change Mean difference in change between arms Lifestyle factors Meditation training Non-native language training No intervention Meditation training vs. No intervention Non-native language training vs. No intervention Meditation training vs. Non- native language training

  

	p	0.763							
	Estimate (95% CI)	0.18 (-0.97, 1.32)							
	p	0.103							
	Estimate (95% CI)	-0.96 (-2.11, 0.2)							
	p	0.183							
	Estimate (95% CI)	-0.78 (-1.93, 0.37)							
	Estimate(95% CI)	-1.07 (-1.91, -0.23)							
	Estimate (95% CI)	-0.12 (-0.95, 0.72)			-4.				
	Estimate (95% CI)	-0.29 (-1.12, 0.54)			-0.92 (-2.4, 0.57)				
		CAQ current -	prior answers	harmonisation	LEQ current	including	frequency of	second	language	practice

45 (-5.93, -2.97)

  All analyses were adjusted for age, sex, and education. For within-arm standardized estimated changes, positive values reflect lifestyle factor increase within a trial arm from baseline to 18 months; negative coefficients indicate the converse. For the mean difference in change between arms, positive coefficients represent a relatively greater improvement in a trial arm compared to the specified trial arm [i.e., the trial arm specified after "vs." (either no intervention or non-native language training)]; negative coefficients indicate the converse. Abbreviations: CI, confidence interval; CAQ, Cognitive Activities Questionnaire; LEQ, Lifetime of Experiences Questionnaire.

	<0.001
	-3.53 (-5.55, -1.51)
	<0.001
	4.24 (2.21, 6.27)
	0.493
	0.71 (-1.33, 2.74)
	-0.21 (-1.71, 1.29)

eTable 4 Change in lifestyle factors from baseline to post-intervention following additional adjustment for intervention waves and after the exclusion of 'non-responders' Lifestyle factors Linear mixed model analyses with interaction Waves Responder

  

	eTable 5 Within-	Chisq p Chisq p	CAQ current Visit x Intervention arm 2.088 0.352 1.630 0.443	LEQ current Visit x Intervention arm 0.458 0.795 0.508 0.776	PASE total Visit x Intervention arm 0.829 0.661 1.469 0.481	PASE household Visit x Intervention arm 2.347 0.309 1.797 0.407	PASE leisure-time Visit x Intervention arm 0.261 0.878 0.669 0.716	PASE voluntary work Visit x Intervention arm 0.507 0.776 0.429 0.807	MEDAS Visit x Intervention arm 1.178 0.555 1.892 0.388	All analyses were adjusted for age, sex, and education. The 'Waves' sensitivity analysis additionally adjusted for intervention waves, and the	'Responder' sensitivity analysis excluded participants who were classified as "non-responder". Abbreviations: CI, confidence interval; CAQ,	Cognitive Activities Questionnaire; LEQ, Lifetime of Experiences Questionnaire ; PASE, Physical Activity Scale in the Elderly; MEDAS,	Mediterranean Diet Adherence Screener.

arm changes (left part) and between-arm differences in changes (from baseline to post-intervention) for each lifestyle factors following additional adjustment for intervention waves and after the exclusion of 'non-responders' Within-arm standardized estimated change Mean difference in change between arms Physical activity (PASE) Meditation training Non-native language training No intervention Meditation training vs. No intervention Non-native language training vs. No intervention Meditation training vs. Non- native language training

  

	Estimate (95% CI) Estimate (95% CI) Estimate(95% CI) Estimate (95% CI) p Estimate (95% CI) p Estimate (95% CI) p	PASE total 1 -21.34 (-41.1, -1.55) -12.07 (-31.3, 7.17) -9.26 (-29.5, 11.01) 12.08 (-15.6, 39.8) 0.390 2.81 (-24.5, 30.2) 0.839 9.27 (-17.7, 36.2) 0.497	PASE total 2 -25.4 (-45.3, -5.56) -12.4 (-30.4, 5.73) -10.4 (-29.0, 8.32) 15.1 (-11.5, 41.6) 0.264 2.0 (-23.3, 27.3) 0.876 13.1 (-13.1, 39.2) 0.325	PASE -22.7 (-35.3, -10.09) -10.2 (-22.6, 2.14) -12.0 (-24.7, 0.76) 10.73 (-6.84, 28.3) 0.229 -1.72 (-19.17, 15.7) 0.846 12.45 (-4.89, 29.8) 0.158	household 1	PASE 2 household -22.7 (-36.6, -8.78) -10.8 (-23.6, 2.09) -12.8 (-25.7, 0.14) 9.90 (-8.74, 28.5) 0.295 -2.02 (-19.91, 15.9) 0.824 9.90 (-8.74, 28.5) 0.295	PASE -0. 11 (-13.5, 13.3) 1 leisure-time -0.88 (-14.1, 12.3) 3.64 (-10.1, 17.3) 3.75 (-15.0, 22.4) 0.692 4.52 (-14.1, 23.1) 0.632 -0.77 (-19.1, 17.6) 0.934	PASE -3. 92 (-19.97, 9.14) 2 leisure-time -0.65 (-12.79, 11.49) 3.27 (-9.06, 15.60) 7.18 (-10.3, 24.6) 0.417 3.92 (-12.9, 20.07) 0.645 -3.26 (-14.1, 20.6) 0.710	PASE -0.71 (-5.78, 4.35) 1 voluntary work -0.98 (-5.95, 3.99) 1.32 (-3.72, 6.35) 2.03 (-4.97, 9.03) 0.567 2.30 (-4.65, 9.24) 0.515 -0.27 (-7.23, 6.70) 0.940	PASE	voluntary work 2 -1.08 (-6.78, 4.62) -0.83 (-6.09, 4.43) 1.15 (-4.06, 6.36) 2.23 (-5.34, 9.80) 0.516 1.98 (-5.28, 9.24) 0.590 -0.25 (-7.37, 7.86) 0.949	), analyses were additionally adjusted for intervention waves; in model 2 All analyses were adjusted for age, sex, and education. In model 1 ( 1	( 2

), analysis excluded participants who were classified as 'non-responder'. For within-arm standardized estimated changes, positive values reflect physical activity score or sub-scores increase within a trial arm from baseline to 18 months; negative coefficients indicate the converse.

For the mean difference in change between arms, positive coefficients represent a relatively greater improvement in a trial arm compared to the specified trial arm [i.e., the trial arm specified after "vs." (either no intervention or non-native language training)]; negative coefficients indicate the converse. Abbreviations: PASE, Physical Activity Scale in the Elderly CI, confidence interval.

eTable 6 Association between change in physical activity after the meditation intervention and practice, change in meditation composite scores and in cognitive composite scores sub-scores following additional adjustment for intervention waves and the exclusion of 'non-responders' Meditation training arm Physical activity (PASE) score and sub-scores Waves

  

	Responders	PASE total PASE household PASE total PASE household	Estimate (95% CI) P Estimate (95% CI) P Estimate (95% CI) P Estimate (95% CI) P	Practice	Total practice 0.00 (-0.00, 0.01) 0.234 0.00 (-0.00, 0.00) 0.114 0.00 (-0.00, 0.01) 0.386 0.00 (-0.00, 0.00) 0.163	Home practice 0.00 (-0.00, 0.01) 0.065 0.00 (-0.00, 0.00) 0.104 0.00 (-0.00, 0.01) 0.174 0.00 (-0.00, 0.00) 0.209	Formal practice 0.00 (-0.00, 0.01) 0.228 0.00 (-0.00, 0.00) 0.100 0.00 (-0.00, 0.01) 0.363 0.00 (-0.00, 0.00) 0.154	Informal practice 0.01 (0.00, 0.01) 0.042 0.00 (-0.00, 0.00) 0.274 0.00 (-0.00, 0.01) 0.109 0.00 (-0.00, 0.00) 0.471	Meditation composite scores	Attentional 5.70 (-38.39, 49.79) 0.794 -2.64 (-25.43, 20.16) 0.816 32.76 (-13.94, 79.46) 0.162 11.59 (-16.39, 39.58) 0.404	Constructive 57.46 (17.21, 97.72) 0.007 19.04 (-2.57, 40.64) 0.082 54.06 (16.69, 91.44) 0.006 18.50 (-5.04, 42.05) 0.119	Deconstructive -4.88 (-49.45, 39.69) 0.825 -9.58 (-31.87, 12.70) 0.389 -7.02 (-49.21, 35.18) 0.736 -8.17 (-32.36, 16.02) 0.496	Global 29.97 (-12.87, 72.80) 0.164 3.93 (-17.43, 25.29) 0.711 36.94 (-4.44, 78.31) 0.078 9.11 (-14.59, 32.81) 0.439	Cognitive composite scores	PACC-5 23.42 (-8.87, 55.71) 0.150 20.81 (5.30, 36.31) 0.010 7.31 (-25.52, 40.14) 0.652 19.00 (1.43, 36.57) 0.035	Episodic memory -0.66 (-26.38, 28.06) 0.963 4.66 (-10.08, 19.40) 0.525 -1.18 (-28.31, 25.95) 0.930 6.63 (-9.36, 22.62) 0.404	Executive function 2.97(-30.13, 36.06) 0.856 3.89 (-13.36, 21.15) 0.650 2.87(-28.67, 34.41) 0.854 1.66 (-16.88, 20.20) 0.856	Attention 9.88 (-32.21, 51.98) 0.636 -5.27 (-27.45, 16.91) 0.632 -3.38 (-45.87, 39.10) 0.872 -5.83 (-31.04, 19.39) 0.640	Regression coefficients are standardized. All analyses were adjusted for age, sex, years of education, and baseline of the candidate	characteristics. The 'Waves' sensitivity analysis additionally adjusted for intervention waves, and the 'Responder' sensitivity analysis excluded	participants who were classified as "non-responder". Emboldened coefficient estimates and 95% CIs had p-values <0.05. Delta scores of the	cognitive and meditation composite scores were created by subtracting baseline scores from 18 months scores. Abbreviations: CI, Confidence	interval; PACC-5, Preclinical Alzheimer Cognitive Composite 5.

  , APOE4 was indeed strongly associated with amyloid load in our study. In mouse models of AD, physical activity reduces cerebral amyloid deposits, increases

	the level of amyloid-degrading enzymes (Lazarov et al., 2005), and promotes amyloid
	clearance (He et al., 2017). However, the strong effect of APOE4 on amyloid burden, as
	evidenced in this study, might have prevented physical activity to moderate amyloid
	accumulation in carriers. In fact, as APOE4 is thought to alter soluble amyloid clearance
	regulation from the brain before the onset of amyloid plaques accumulation (Joseph M.
	Castellano et al., 2011), current physical activity in individuals who have already

accumulated amyloid could not be sufficient to compensate for this deficit in clearance that started earlier on. Physical activity could perhaps exert more benefits for APOE4 carriers at earlier stages, before pathology starts to accumulate. Further investigation focusing notably on physical activity in different life-epochs (i.e., young-and mid-life) is warranted to shed light into this hypothetical mechanism.

With greater engagement in physical activity, APOE4 non-carriers had also greater cerebral hippocampal perfusion when compared to carriers. Similarly, the positive effect of physical activity on hippocampal perfusion in APOE4 carriers was possibly hindered by existing alterations in neurovascular functions (i.e., neurovascular disruption, breakdown of the BBB and impaired repair mechanisms) that may be caused by the presence of the APOE4 isoform

(Hays et al., 2020; Montagne et al., 2020)

. Previous work reported altered cerebral blood flow in APOE4 carriers, including in the MTL

(Tai et al., 2016; Wierenga et al., 2014)

, but differently in early-or late-life: APOE4 carriers tended to experience higher cerebral blood flow at young and middle-age, and lower cerebral blood flow at older ages

Table 1

 1 Tests included in the diagnostic battery performed during the screening visit V0

	Diagnostic battery				
	Domains evaluated	Tests	Score(s)	References	Expected performances
	Manual laterality	Edinburgh Questionnaire	Unique	[25]	Not applicable
	Global cognitive functioning	MMSE	Unique	[26]	Norms according to age, sex, and education level
	Depression	Montgomery and Asberg Depression	Unique	[27]	Score , 19
		Rating Scale			
	Executive functions	Wisconsin Card Sorting Test	Multiple	[28]	Z score .21.65 (norms according to age, sex,
					and education level)
	Verbal episodic memory	RL-RI16	Multiple	[29]	Z score .21.65 (norms according to age, sex,
					and education level)
	English test	Evaluation of oral and written	Unique	Original test	Score ,16/18
		comprehension.			

Table 2

 2 Inclusion and exclusion criteria for the Age-Well clinical trial

	Inclusion criteria

Table 3

 3 List of collected measures and corresponding outcomes

	Measures collected at V1 and V3 (and V2 for a selected set of behavioral	
	measures)	Outcomes

3.1. Chételat G. et al., JAMA Neurology 2022

  Effect of an 18-Month Meditation Training on Regional Brain Volume and Perfusion in Older AdultsThe Age-Well Randomized Clinical Trial Vincent de La Sayette, MD; Denis Vivien, PhD; Fabienne Collette, PhD; Géraldine Poisnel, PhD; Natalie L. Marchant, PhD; for the Medit-Ageing Research Group IMPORTANCE No lifestyle-based randomized clinical trial directly targets psychoaffective risk factors of dementia. Meditation practices recently emerged as a promising mental training exercise to foster brain health and reduce dementia risk. Well was a randomized, controlled superiority trial with blinded end point assessment. Community-dwelling cognitively unimpaired adults 65 years and older were enrolled betweenNovember 24, 2016, and March 5, 2018, in France. P = .58) between meditation and no intervention or non-native language training groups, respectively. Differences in perfusion changes did not reach statistical significance for meditation compared with no intervention in ACC (0.02 [98.75% CI, -0.01 to 0.05]; P = .06) or compared with non-native language training in insula (0.02 [98.75% CI, -0.01 to 0.05]; P = .09). Meditation was superior to non-native language training on 18-month changes in a global composite score capturing attention regulation, socioemotional, and self-knowledge capacities (Cohen d, 0.52 [95% CI, 0.19-0.85]; P = .002).

	Gael Chételat, PhD; Antoine Lutz, PhD; Olga Klimecki, PhD; Eric Frison, MD, PhD; Julien Asselineau, MSc;
	Marco Schlosser, MSc; Eider M. Arenaza-Urquijo, PhD; Florence Mézenge, MSc; Elizabeth Kuhn, PhD;
	Inès Moulinet, PhD; Edelweiss Touron, MSc; Sophie Dautricourt, PhD; Claire André, PhD; Cassandre Palix, MSc;
	Valentin Ourry, PhD; Francesca Felisatti, MSc; Julie Gonneaud, PhD; Brigitte Landeau, MSc;
	Géraldine Rauchs, PhD; Anne Chocat, MD; Anne Quillard, MD; Eglantine Ferrand Devouge, MD;
	Patrik Vuilleumier, MD; RESULTS Among 137 participants (mean [SD] age, 69.4 [3.8] years; 83 [60.6%] female;
	54 [39.4%] male) assigned to the meditation (n = 45), non-native language training (n = 46),
	or no intervention (n = 46) groups, all but 1 completed the trial. There were no differences in
	volume changes of ACC (0.01 [98.75% CI, -0.02 to 0.05]; P = .36) or insula (0.01 [98.75% CI,
	-0.02 to 0.03];

OBJECTIVE To investigate the effects of meditation training on brain integrity in older adults. DESIGN, SETTING, AND PARTICIPANTS Age-Participants were randomly assigned (1:1:1) to (1) an 18-month meditation-based training, (2) a structurally matched non-native language (English) training, or (3) no intervention arm. Analysis took place between December 2020 and October 2021. INTERVENTIONS Meditation and non-native language training included 2-hour weekly group sessions, practice of 20 minutes or longer daily at home, and 1-day intensive practices. MAIN OUTCOMES AND MEASURES Primary outcomes included volume and perfusion of anterior cingulate cortex (ACC) and insula. Main secondary outcomes included a global composite score capturing metacognitive, prosocial, and self-regulatory capacities and constituent subscores.

  Effect of an 18-Month Meditation Training on Regional Brain Volume and Perfusion in Older AdultsOriginal Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology November 2022 Volume 79, Number 11

Table 1 .

 1 Table and in eAppendix and in Supplement .Thedifferencesinthe mean changes over months between meditation and nonnative language training in the global composite score ( . Baseline Characteristics

		Mean (SD)		
			Non-native	
		Meditation	language training	No intervention
	Characteristic	(n = 45)	(n = 45)	(n = 46)
	Age, median (IQR), y	68 (67-72)	69 (67-73)	68 (66-70)
	Female, No. (%)	31 (69)	24 (53)	28 (61)
	Male, No. (%)	14 (31)	21 (47)	18 (39)
	Years of education	13 (3)	12 (3)	14 (2)
	Years in retirement	7 (5-13)	9 (5-13)	6 (4-10)
	Handedness laterality	92 (83-100)	91 (83-100)	92 (83-100)
	BP level, mm Hg			
	Systolic	143.6 (20.1)	145.3 (16.4)	136.7 (20.5)
	Diastolic	86.1 (10.5)	86.6 (10.0)	84.8 (11.7)
	BMI	26.1 (4.6)	26.5 (4.3)	25.9 (4.0)
	Mini-Mental State Examination score	28.9 (1.2)	29.0 (1.0)	29.2 (0.9)
	Montgomery-Åsberg Depression Rating Scale score	1.2 (1.2)	1.2 (1.5)	0.7 (1.0)
	APOE ε4 carriers (≥1 allele), No. (%)	13 (		

Table 2 .

 2 Results From Mixed-Effects Models Assessing Change From Baseline to 18 Months in Meditation and Non-Native Language Training in Composite Scores a

	Effect of an 18-Month Meditation Training on Regional Brain Volume and Perfusion in Older Adults		Original Investigation Research
				Between-group difference	
				in change meditation vs		
		Standardized estimated change (95% CI)	non-native language training	
			Non-native language			
	Outcome	Meditation	training	Mean (95% CI)	P value	
	Global	0.43 (0.20 to 0.67)	-0.09 (-0.12 to 0.30)	0.52 (0.19 to 0.85)	.002	
	Attention regulation capacities Socioemotional capacities Self-knowledge capacities	0.48 (0.28 to 0.69) 0.04 (-0.15 to 0.23) 0.27 (0.07 to 0.48)	0.10 (-0.10 to 0.30) -0.27 (-0.46 to -0.08) -0.01 (-0.22 to 0.20)	0.38 (0.10 to 0.67) 0.31 (0.06 to 0.57) 0.28 (-0.01 to 0.58)	.009 .02 .06	a All analyses were adjusted for baseline scores of the outcome. Positive (negative) estimated mean between-group differences reflect increases (decreases) in composite scores in the meditation intervention.

Table 1

 1 Participant characteristics and between-group differences. β-pos/neg, amyloid positive/negative; BMI, body mass index; MPV, mean platelet volume; η², effect size; NS, not significant; SD, standard deviation.

	Variables	Cognitively unimpaired adults		A β-pos	Group comparisons between
		All	A β-neg controls subgroup	patients	A β-pos patients and A β-neg controls
	N	105	21	45	
	Female % (N)	46.7(49)	52.4(11)	33.3(15)	p = 0.3336
	Age (years; mean ± SD)	49.2 ± 20.1	66.4 ± 9.6	70.8 ± 8.6	p = 0.081
	Education (years; mean ± SD)	13.0 ± 3.3	12.9 ± 3.5	11.6 ± 3.9	p = 0.209
	BMI (kg/m ²; mean ± SD)	23.6 ± 2.9	24.7 ± 3.5	24.4 ± 3.0	p = 0.697
	APOE 4 %(N)	32.4(34)	28.6(6)	62.2(28)	p = 0.022
	Glycemia levels (mmol/L; mean ± SD)	5.3 ± .7	5.5 ± .5	5.5 ± .5	p = 0.853; η² = .001
	Platelet count (G/L; mean ± SD)	245.6 ± 59.3	266.7 ± 62.3	222.2 ± 53.1	p = 0.004; η² = .128
	MPV (fL; mean ± SD)	10.4 ± .8	10.1 ± .7	10.7 ± 1.1	P = 0.021; η² = .079
	Abbreviations: A				
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	All	Women	Men	P *
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TABLE 1 |

 1 Demographics of the study sample.

		Adult Lifespan		Alzheimer's continuum		MCI-to-AD
		CU	CU Aβ-	CU Aβ+	MCI Aβ+	AD Aβ+	Non-	Converters
							converters	
	Sex: n female /n male	111/98	26/20	8/6	13/20	13/18	15/19	6/13

  . More details on the model selection are provided in the Supplementary Method. For the nonlinear relationships, the inflections in the smoothed curves were estimated from the place where a change in model estimates switches signs. Separate LMMs with each MTL subregion as dependent variable were computed. Fixed effect terms included age as an independent variable and sex and education as covariates. Intercepts for participants were entered as random effects. Differences related to sex, education level, or APOE ε4g e n ei na g et r a j e c t o r i e s were also investigated by adding the variable of interest (i.e., sex, education, or apoe)a n di t si n t e r a c t i o nw i t ht h eage term as fixed effects.

	Structural Alterations Across the Alzheimer's
	Continuum
	Structural alterations of MTL subregions across the Alzheimer's
	continuum were investigated in 124 participants, pooling CU
	participants over 60 years of age [both Aβ-(n = 46) and
	Aβ+ (n = 14)], as well as Aβ+ MCI (n = 33) and AD (n =
	31) patients. Baseline volume differences were assessed using
	analyses of covariance (ANCOVAs) with group (ie, Aβ-CU,
	Aβ+ CU, Aβ+ MCI, and Aβ+ AD) as predictors. To estimate
	the volume changes over time, LMMs with random intercept
	and slope per participant were then computed with group, time,

and their interaction as fixed effects. In both ANCOVAs and LMMs, each MTL subregion was entered as a dependent variable in separate models. All models were controlled for age, sex, and education. To compare atrophy across groups, independent ttests adjusted for multiple comparisons using Tukey honestly
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eResults.

In order to harmonise baseline and post-intervention (18 months) assessment scales, each score of 1 in the CAQ questionnaire (baseline) was replaced by a score of 2. Moreover, the LEQ questionnaire includes one question on second language practice. Because the learning and practice of second language is the target of the non-native language intervention arm, we excluded this question from the questionnaire for all participants. Here we show the results of the LMMs when using the original scores of the CAQ and the LEQ.

Effects of the intervention on change in lifestyle factors

When using the original CAQ scores, the LMMs did not show a significant interaction between visit and trial arm. However, Pairwise comparisons shown that there was a significant within-arm standardized estimated change for the no intervention arm (-1.07 (-1.91, -0.93), p = 0.013, eTable 3).

When using the original LEQ scores, the LMMs shown a significant between-group difference over time for the LEQ score (interaction trial arm x visit X 2 (2) = 19.63, p < .001; eTable 2). Pairwise comparisons shown that there was a significant within-arm standardized estimated change for the non-native language intervention arm (-4.45 (-5.93, -2.97), p = <0.001, eTable 3), and a significant mean difference in change between meditation training and non-native language intervention group arms (3.53 (-5.55, -1.51), p = <0.001), and between non-native language intervention group and no intervention arms (4.24 (2.21, 6.27), p = <0.001; eTable 3).

When excluding the question on second language practice, the LMMs did not show a significant interaction between visit and trial arm. This suggests that the significant interaction that we found for the LEQ original score was specifically driven by the non-native language intervention group, whose intervention targeted the learning and practice of second language. Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.

ANNEX

Lifestyle questionnaires

Group Information:

The Medit-Ageing Research Group is listed in Supplement 3.
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The specific effect of physical activity on glucose metabolism in the anterior cingulate cortex (A) and the precuneus/PCC (B).

Statistics were obtained from general linear models, controlling for age, sex, years of education, and apolipoprotein E (APOE) ε4status.Rawvalues are plotted. Dotted lines represent confidence intervals (95%). Abbreviation: PCC, posterior cingulate cortex burden revealed a negative association between amyloid load and physical activity in men, whereas no association appeared in women (see Figure 3B). No interactions were found on the other ROIs or modalities (Table 2).

Complementary analyses

To better understand the influence of different types of activity on our results, analyses were stratified per activity type. Of note, no sex dif-ferences were found when evaluating the average duration of physical activity for each specific activity type (Supplementary Material Two hundred and nine CU adults from the ages 19-85 were recruited from the community using flyers and advertisements in local newspapers, and had normal cognitive performances according to age and education level, without memory complaints. Patients were recruited from a local memory clinic and then stratified by a senior neurologist and neuropsychologists according to standard clinical criteria. Thirty-one patients with AD fulfilled the standard National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) clinical criteria for mild to moderate probable AD (McKhann et al., 1984), and 53 patients with MCI satisfied Petersen's criteria (Petersen and Morris, 2005) at baseline. Among the 53 patients with MCI, 19 converted to AD-dementia (updated on October 23, 2020, post-study clinical follow-up = 20.7 ± 22.9 months).

Participants were followed up to 47 months with one to three neuroimaging/cognitive assessments (±18 months apart). Florbetapir-PET scans were available for each individual and Aβ-positivity was defined using a global neocortical standardized uptake value ratio (SUVr) measure. The positivity threshold was calculated as the 99.9th percentile of the distribution among 45 healthy individuals younger than 40, corresponding to a SUVr of 0.99. SUVr images were corrected for partial volume effect using the three-compartment method [START_REF] Müller-Gärtner | Measurement of Radiotracer concentration in brain gray matter using positron emission tomography: MRI-based correction for partial volume effects[END_REF]. Among the CU aged over 60, 46 were Aβ-and 14 were Aβ+,w h i l e3 3M C Ia n d3 1A D patients were Aβ+.O fn o t e ,A β status was determined using scans acquired at baseline for the vast majority of our population. However, when the SUVr value was not available at baseline but values at following times were below the threshold, we considered the individual as Aβ-(n = 21). In addition, apolipoprotein E (APOE) genotype was available for 203 of the 209 CU, resulting in 53 ε4allelecarriersand150non-carriers.

The demographics of our samples are presented in Table 1.

MRI Data Acquisition

Participants were repeatedly scanned with a Philips Achieva 3T camera at the Cyceron Center (Caen, France). Longitudinal T1-weighted anatomical images were acquired using a threedimensional MTL subregions, including the anterior and the posterior hippocampus (aHPC and pHPC, respectively), the ERC, Brodmann areas (BA) 35 and 36-as PRC components -, and the PHC were automatically segmented using the Automatic Segmentation of Hippocampal Subfields (ASHS) software (Yushkevich et al., 2015;a t l a s : ashsT1_atlas_upennpmc_07202018; Supplementary Figure 1). This multi-atlas segmentation algorithm has the advantage of accounting for the dura mater confounds and MTL cortex anatomic variability (Xie et al., 2019). Participants with a single neuroimaging assessment (usually baseline) were directly segmented using the standard ASHS-T1 pipeline, while the Longitudinal Automatic Segmentation of Hippocampal Subfields (LASHiS) pipeline [START_REF] Shaw | Longitudinal Automatic Segmentation of Hippocampal Subfields (LASHiS) using multi-contrast MRI[END_REF] was used to segment images from participants with longitudinal follow-ups (two or three assessments). This method is directly based on the ASHS algorithm but additionally takes account of the longitudinal aspect of the data by building a single subject template, thus, reducing random errors in the labeling procedure. Rigorous quality control was performed by visually evaluating the segmentation of each subregion for all participants. Failed segmentations were manually edited when feasible (∼30%, for aHPC or pHPC only) or were discarded. Note that for the same individual, some subregions were of adequate quality to be included in analyses while others were not, so the number of subjects for a given MTL subregion was not the same (Supplementary Tables 23456789).

The aHPC and pHPC volumes were summed to obtain the volume of the whole HPC, as well as the BA 35 and 36 volumes to estimate the PRC volume. Left and right volumes were averaged to limit the number of analyses. Raw bilateral volumes were then normalized by the total intracranial volume (TIV-calculated as the sum of the volumes of gray matter, white matter, and cerebrospinal fluid using SPM12) to account for inter individual variability in head size (normalized volume raw = volume 100/TIV), and then z-transformed to improve comparability between the subregions. For this transformation, we used (i) data from baseline CU adults under 40 for analyses performed in the context of typical aging and (ii) data from baseline Aβ-CU older adults for analyses performed in the context of pathological aging.

Cognitive Functioning

Participants repeatedly underwent the same neuropsychological exams as described in detail previously [START_REF] Chételat | FDG-PET measurement is more accurate than neuropsychological assessments to predict global cognitive deterioration in patients with mild cognitive impairment[END_REF][START_REF] Mevel | Age effect on the default mode network, inner thoughts, and cognitive abilities[END_REF]. To obtain robust proxies of cognitive abilities and to minimize the issue of multiple statistical testing, we calculated composite scores reflecting executive functions, processing speed, and episodic memory. Composite scores were derived from individual scores z-transformed using baseline Aβ-CU older adults as the reference since cognition was only investigated in patients. We obtained the processing speed score from the duration of the Trail Making Test (TMT) [START_REF] Reitan | Validity of the trail making test as an indicator of organic brain damage[END_REF] part A and the [START_REF] Stroop | Studies of interference in serial verbal reactions[END_REF] color naming. The executive functions score was computed from a flexibility score calculated with the TMT ((part B -part A)/part A) and an inhibition score calculated with the Stroop [(interference -color naming)/color naming]. The episodic memory score averaged the free recalls of the Encoding, Storage, Retrieval (ESR) paradigm [START_REF] Eustache | L'évaluation clinique de la mémoire. [Clinical assessment of memory[END_REF], the adapted Batterie d'efficience mentale (BEM)-144 [START_REF] Signoret | Batterie d'efficience mnésique[END_REF], and the BEM figure. For all composite scores, higher values indicate better performances. Since some patients failed to complete all the tests, the sample size for a given cognitive domain varies (Supplementary Table 9). significant difference test were used as post-hoc comparing estimated marginal means with the emmeans package [START_REF] Lenth | emmeans: Estimated Marginal Means, aka Least-Squares Means (1.5[END_REF].

Volume Comparisons Between Converters and Non-converters

MTL subregional atrophy was compared between 19 MCIto-AD converters and 34 non-converters. Differences in baseline volumes were investigated using ANCOVAs, and differences in volume decreases using LMMs with by-participant random intercepts. Each MTL subregion was entered as a dependent variable in both types of models. The group (i.e., converters or non-converters) was included as predictor in ANCOVAs, and group, time, and their interaction were included as fixed effects in LMMs. In all models, poststudy clinical follow-up, age, sex, and education were added as covariates.

Relationships Between Cognitive Functioning and Volume

Associations between the cognitive scores and MTL subregions volume were only investigated in Aβ+ MCI and AD patients to avoid ceiling effects and to get enough variance in the scores. Separate LMMs were conducted for each cognitive score (reflecting speed processing, executive functions, and episodic memory) as a dependent variable and for each MTL subregion as a predictor (i.e., 24 tests). Random effects included subject intercepts. All models were adjusted according to the group, time, age, sex, and education.

RESULTS

Aging Differently Impairs MTL Subregions Over the Adult Lifespan

Structural trajectories over the adult lifespan of all the considered MTL subregions are displayed in Figure 1. All MTL subregions volume were significantly related to age using the best-fitted models [HPC: F (317.89) = 14.58, p < 0.001; aHPC: F (344.43) = 8.05, p < 0.001; pHCP: F (316.73) = 17.49, p < 0.001; ERC: F (309.85) = 16.37, p < 0.001; PRC: F (318.03) = 37.23, p < 0.001; BA35: F (290.60) = 14.11, p < 0.001; BA36: F (339.54) = 35.04, p < 0.001; PHC: F (370.18) = 48.41, p < 0.001). Both linear and nonlinear age-related trajectories were found. More precisely, the BA 35 and 36, PRC, and PHC volumes were linearly associated with age, a quadratic term better described this relationship between volume and age for the aHCP and ERC, and a cubic term better described this relationship for the HPC and pHPC (Supplementary Table 1). The estimation of inflection points suggested that the aHPC volume declined from the age of 47 and the ERC volume from the age of 41. The HPC volume approximately increased at the age of 22 and then decreased at 49. The pHPC volume exhibited stability from the ages 37-44 and then started to decline.

When investigating the sex-related differences, a significant main effect of sex was observed for pHPC [F (202.88) = 7.94, p = 0.04] and PHC [F (204.66) = 23.38, p < 0.001], suggesting that women have greater volumes than men (Supplementary Figure 2, Supplementary Table 2). No significant age × sex interaction was found, suggesting that age trajectories were comparable among men and women (Supplementary Table 2). With regard to differences related to APOE4 or education level, results revealed neither an interaction effect with age nor a simple effect of the variable of interest (i.e., apoe or education) for none of all considered MTL subregions (Supplementary Tables 3,4). Aβ+ MCI patients showed significantly smaller HPC, aHPC, pHPC, and ERC volumes compared to Aβ-CU, and to Aβ+ CU. Aβ+ AD patients showed significantly smaller volumes in all MTL subregions compared to Aβ-CU, and to Aβ+ CU. Lastly, Abβ+ AD showed significantly smaller ERC volumes compared to Abβ+ MCI patients. The corresponding statistics are depicted in Supplementary Table 5.

AD Affects MTL Subregions

For longitudinal analyses, the interaction group × time was significant for all the LMMs, suggesting that volume decline differs along the Alzheimer's continuum 6).

Volume Decline in Hippocampal Substructures Differs Between MCI-To-AD Converters and Non-converters

Baseline volumes were not significantly different between MCI-to-AD converters and non-converters for any MTL subregion (Supplementary Table 7). However, converters showed significantly steeper volume decrease over time in hippocampal substructures compared to non-converters [HPC: F (56.14) = 15.09, p < 0.001; aHPC: F (58.21) = 12.44, p < 0.001 and pHPC: F (56.13) = 9.28, p = 0.003) (Figure 4, Supplementary Table 8).

ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Comité de Protection des Personnes Nord-Ouest III. The patients/participants provided their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

GC and VdLS were the principal investigators of the IMAP+ research protocol. CP, FF, and VO contributed to the data acquisition. RdF and LC conceived the study. LC executed

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi. 2021.750154/full#supplementary-material

Conflict of Interest:

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher. 

Curriculum vitae of the candidate

FRANCESCA FELISATTI

French Summary

Mesures de la réserve

Les indicateurs de la réserve cérébrale comprennent les aspects anatomiques du cerveau, comme le nombre de neurones, la taille du cerveau, la densité et l'arborisation dendritique [START_REF] Stern | What is cognitive reserve? Theory and research application of the reserve concept[END_REF]Boros et al., 2017), la circonférence de la tête (Mortimer et al., 2003(Mortimer et al., , 2005)), le volume intracrânien (Van Loenhoud et al., 2018) et cérébral (Solé-Padullés et al., 2009) et l'intégrité microstructurale de la substace blanche (Teipel et al., 2009).

La réserve cognitive est fréquemment mesurées par le biais de proxies, incluant le quotient intellectuel (QI) (Alexander et al., 1997) et le niveau d'éducation (Stern et al., 1992), et les facteurs qui contribuent à un style de vie actif et stimulant tout au long de la vie (Valenzuela & Sachdev, 2006;[START_REF] Ou | Fasting blood glucose and cerebrospinal fluid Alzheimer's biomarkers in non-diabetic cognitively normal elders: the CABLE study[END_REF], comme l'activité cognitive, physique et sociale ou les habitudes alimentaires.

Mécanismes de réserve: résistance et résilience

Il a été observé que certains facteurs liés au style de vie pouvaient prévenir ou ralentir la progression de la pathologie de la MA (Arenaza-Urquijo et al., 2017). Deux mécanismes principaux ont été proposés: "résistance" et "résilience" (Arenaza-Urquijo & [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]Vemuri, , 2020)).

La résistance est un mécanisme de protection qui empêche l'apparition et le développement de pathologies cérébrales liées à l'âge ou à la MA et favorise l'intégrité cognitive. Elle désigne alors une personne qui ne présente pas de pathologie ou qui en présente moins que prévu et dont la cognition est préservée. En revanche, la résilience est un mécanisme compensatoire qui représente la capacité à faire face ou à tolérer la présence d'altérations cérébrales, permettant ainsi de rester cognitivement normal. Une personne résiliente maintiendrait alors des capacités cognitives supérieures à celles attendues par rapport au niveau de pathologie (Arenaza-Urquijo & [START_REF] Arenaza-Urquijo | Resistance vs resilience to Alzheimer disease[END_REF]Vemuri, , 2020;;Negash et al., 2013).

Il a été suggéré que différents mécanismes de réserve jouent un rôle différentiel au cours de l'évolution de la maladie, avec des effets davantage neuroprotecteurs initialement [START_REF] Corder | Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer's disease in late onset families[END_REF] et a été associé à un risque accru de déclin cognitif et de MA [START_REF] Honea | Impact of APOE on the healthy aging brain: A voxel-based MRI and DTI study[END_REF][START_REF] Zhang | Leisure Activities, APOE ε4, and Cognitive Decline: A Longitudinal Cohort Study[END_REF]Zhang, Jin, et al., 2021). De manière intéressante, les facteurs de style de vie pourraient moduler l'association entre APOE4 et les marqueurs cérébraux et cognitifs du vieillissement et de la MA. En effet, un style de vie sain pourrait contribuer à contrecarrer l'effet délétère de l'allèle 4 de l'APOE sur la santé cérébrale et cognitive des porteurs [START_REF] Kivipelto | Apolipoprotein E 4 magnifies lifestyle risks for dementia: a population-based study[END_REF].

Toutefois, des résultats contradictoires ont été mis en évidence ; aucun effet interactif du style de vie et du statut APOE4 sur les mesures cérébrales et cognitives, ou un effet plus important chez les non-porteurs [START_REF] Hill | Adherence to the Mediterranean Diet Is not Related to Beta-Amyloid Deposition: Data from the Women's Healthy Ageing Project[END_REF][START_REF] Jeon | Midlife Lifestyle Activities Moderate APOE ε4 Effect on in vivo Alzheimer's Disease Pathologies[END_REF][START_REF] Martin-Willett | The influence of a 16-week exercise program, APOE status, and age on executive function task performance: A randomized trial[END_REF] ayant également été rapportés. [START_REF] Podewils | Physical activity, APOE genotype, and dementia risk: Findings from the Cardiovascular Health Cognition Study[END_REF][START_REF] Stephan | A high level of household physical activity compensates for lack of leisure time physical activity with regard to deficit accumulation: Results from the KORA-Age study[END_REF] qui est souvent associée aux troubles cognitifs et à la démence [START_REF] Wallace | Relationship between frailty and Alzheimer's disease biomarkers: A scoping review[END_REF].

L'augmentation de l'activité physique totale après l'entraînement à la méditation était associée à une pratique informelle plus importante de la méditation pendant l'intervention, reflétant l'adoption d'une attitude méditative pendant les activités quotidiennes. Cela indique que les participants qui ont davantage adopté cette attitude ont modifié leur style de vie en augmentant leur activité physique. L'augmentation de l'activité physique totale dans le groupe de méditation était également associée à une augmentation de la composante constructive du score composite de méditation, qui saisit les capacités socio-émotionnelles (Schlosser et al., 2022). Ce résultat confirme que le développement d'attitudes et de qualités méditatives facilite le choix d'un style de vie sain. En effet, la pratique de la méditation entraîne des aptitudes psychologiques qui aident à réduire des images de soi inadaptées, et à cultiver des qualités pro-sociales et un engagement envers des valeurs éthiques (Dahl et al., 2015), augmentant ainsi l'adhésion à un style de vie physiquement actif [START_REF] Kennedy | Mindfulness and Physical Activity[END_REF][START_REF] Butryn | Measuring the ability to tolerate activity-related discomfort: Initial validation of the physical activity acceptance questionnaire (PAAQ)[END_REF][START_REF] Hayes | Acceptance and Commitment Therapy, Relational Frame Theory, and the Third Wave of Behavioral and Cognitive Therapies[END_REF].

Enfin, une activité physique à la maison plus élevée dans le groupe d'entraînement à la méditation était associée à une augmentation de la cognition globale après l'intervention, suggérant que les participants qui pratiquent la méditation et qui augmentent leur niveau d'activité physique obtiennent de meilleurs résultats cognitifs (Erickson et al., 2019;Whitfield et al., 2022). Ce dernier résultat pourrait indiquer un effet bénéfique de la méditation sur la

Implications cliniques

Une compréhension globale des facteurs qui influencent l'impact du style de vie sur le cerveau et la cognition des personnes âgées est cruciale pour l'élaboration d'approches préventives personnalisées contre le vieillissement cérébral et le développement de la MA.

Le stade préclinique de la MA revêt une importance particulière pour la modification de la maladie, car c'est à ce stade que les bénéfices de la prévention peuvent être les plus importants. Cela souligne l'importance d'identifier des facteurs de risque spécifiques pouvant être ciblés par des stratégies préventives avant la manifestation des symptômes cliniques [START_REF] Sperling | Toward defining the preclinical stages of Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF].

Parmi ces facteurs, le style de vie et les facteurs de risque cardiovasculaire contribuent considérablement au risque de MA, et agir sur leur réduction représente une véritable opportunité pour des programmes non pharmacologiques visant à préserver le bien-être et la santé mentale de la population âgée (Livingston et al., 2020;[START_REF] Yaffe | Modifiable Risk Factors and Prevention of Dementia: What Is the Latest Evidence?[END_REF]. En plus, ces programmes devraient tenir compte de la variabilité exprimée par les personnes présentant un risque génétique de MA et envisager des interventions adaptées en fonction de cette prédisposition génétique.

Les stratégies de réduction des risques liés au style de vie impliquent des changements de comportement. Un obstacle important à l'efficacité de ces stratégies préventives est que les comportements malsains et inadaptés sont souvent profondément ancrés et difficiles à changer. Puisqu'elle aborde les dimensions émotionnelles et attentionnelles du vieillissement, la méditation est un candidat prometteur pour modifier durablement les comportements liés au style de vie afin de promouvoir la santé mentale et le bien-être des personnes âgées (Lutz et al., 2021). Nos données apportent de premiers résultats prometteurs en ce sens. Il est notamment possible qu'une intervention basée sur la méditation soit plus efficace que des programmes de style de vie classiques utilisés seuls pour ancrer de tels changements de comportement chez les séniors [START_REF] Moffitt | The efficacy of a self-managed Acceptance and Commitment Therapy intervention DVD for physical activity initiation[END_REF].