Major changes occur at the cerebral level with aging. Cerebral atrophy develops progressively. Multiple lesions related to small vessel diseases are detected in association with cerebral atrophy including white-matter hyperintensities, lacunes, microbleeds, dilated perivascular spaces and cerebral, including cortex, atrophy. The clinical impact and predictive value of these Imaging makers were examined.

Introduction

In the brain, the microvasculature is in close contact with the neural tissue. After large and medium-sized arteries, blood flow is distributed to arterioles which have one or two layers of smooth muscle cells in their media and thereafter to capillaries of less than 10 microns in diameter and that do not have contractile cells in their wall [START_REF] Macvicar | Neuroscience: controlled capillaries[END_REF]. These latter are surrounded by pericytes whose role is not fully understood yet [START_REF] Peppiatt | Bidirectional control of CNS capillary diameter by pericytes[END_REF]. Venules follow the capillary bed for collecting blood after oxygen consumption in larger veins and sinuses. Major changes occur with aging in the microvasculature in association with the progressive loss of the main neural components of cerebral tissue [START_REF] Balbi | Dysfunction of mouse cerebral arteries during early aging[END_REF]. All individuals do not present similar changes and various factors including genetic and vascular risk factors can largely influence the effects of aging on the cerebral microvasculature.

During the past two decades, the development of magnetic resonance imaging (MRI) has revolutionized the study of cerebral aging [START_REF] Fazekas | Pathologic correlates of incidental MRI white matter signal hyperintensities[END_REF][START_REF] Grafton | Comparison of postmortem magnetic resonance imaging and neuropathologic findings in the cerebral white matter[END_REF][START_REF] Ferrer | Arteriolosclerotic leucoencephalopathy in the elderly and its relation to white matter lesions in Binswanger's disease, multi-infarct encephalopathy and Alzheimer's disease[END_REF]. Multiple epidemiological studies obtained with MRI showed frequent signal changes in the cerebral tissue related to aging. Particularly, accumulating evidence supports that aging is frequently associated with the occurrence of white-matter hyperintensities on T2 or FLAIR images, covert infarcts, microbleeds, dilated perivascular spaces and cerebral atrophy resulting from microvessels' alterations [START_REF] Hilal | Prevalence, risk factors and consequences of cerebral small vessel diseases: data from three Asian countries[END_REF]. The exact pathophysiology of these different lesions is not understood [START_REF] Joutel | Pathogenesis of white matter changes in cerebral small vessel diseases: beyond vessel-intrinsic mechanisms[END_REF]. However, their clinical value and possible consequences at individual level are now progressively deciphered.

Because of the multiple eponyms and terms used for describing these MRI lesions observed in the literature up to the beginning of the 21 st century, an important effort was made in 2013 for proposing common terms in the literature for reporting cerebrovascular lesions detected so frequently on MRI with aging. The STandards for ReportIng Vascular changes on nEuroimaging or STRIVE criteria were proposed for defining white-matter hyperintensities, recent small subcortical infarcts, lacunes, perivascular spaces and cerebral microbleeds [START_REF] Wardlaw | Neuroimaging standards for research into small vessel disease and its contribution to ageing and neurodegeneration[END_REF]. The terms of leukoaraiosis, of lacunar infarction or of microhemorrhages should no longer be used and totally abandoned because they are not only confusing but also inaccurate [START_REF] Wardlaw | Neuroimaging standards for research into small vessel disease and its contribution to ageing and neurodegeneration[END_REF].

T2 or FLAIR white-matter hyperintensities (WMH)

During the eighties, at time of the first clinical MRI investigations in humans, clinicians were surprised to detect so frequently WMH on their elderly patients' images, often in the total absence of clinical manifestations. Only in the nineties, the prevalence and incidence of these lesions was properly investigated in large cohorts obtained in the general population. Large studies such as the Rotterdam study [START_REF] De Leeuw | Prevalence of cerebral white matter lesions in elderly people: a population based magnetic resonance imaging study[END_REF], the Cardio-Vascular Health Study , the Atherosclerosis Risk in Community (ARIC) study [START_REF] Graff-Radford | Neuroimaging Correlates of Cerebral Microbleeds: The ARIC Study (Atherosclerosis Risk in Communities)[END_REF] and in France, the Three City (3C) study [START_REF] Godin | Joint effect of white matter lesions and hippocampal volumes on severity of cognitive decline: the 3C-Dijon MRI study[END_REF] provided key information concerning the risk factors and clinical correlates of such lesions developing with aging [START_REF] Longstreth | Clinical correlates of white matter findings on cranial magnetic resonance imaging of 3301 elderly people. The Cardiovascular Health Study[END_REF]. In parallel to these studies, a profusion of small or large cross-sectional and longitudinal studies was reported in elderly individuals in various clinical contexts particularly after stroke, cognitive complaints or decline [START_REF] Pantoni | Leukoaraiosis predicts hidden global functioning impairment in nondisabled older people: the LADIS (Leukoaraiosis and Disability in the Elderly) Study[END_REF] or even after the occurrence of dementia [START_REF] Ferrer | Arteriolosclerotic leucoencephalopathy in the elderly and its relation to white matter lesions in Binswanger's disease, multi-infarct encephalopathy and Alzheimer's disease[END_REF].

The results of all of these epidemiological MRI studies showed that WMH are frequently detected in elderly people. Their prevalence is variable according to the imaging criteria used for their definition, to the selection criteria used for elderly individuals included in the different cohorts and their clinical status at entry, to the country and also to the magnet strength and MRI sequences [START_REF] De Guio | Reproducibility and variability of quantitative magnetic resonance imaging markers in cerebral small vessel disease[END_REF]. However, globally, the prevalence of WMH varies from 50 to 90% in the different studies with a huge age-related increase between 60 and 90 years [START_REF] Vermeer | Homocysteine, silent brain infarcts, and white matter lesions: The Rotterdam Scan Study[END_REF][START_REF] Kuller | White matter grade and ventricular volume on brain MRI as markers of longevity in the cardiovascular health study[END_REF][START_REF] Wong | Cerebral white matter lesions, retinopathy, and incident clinical stroke[END_REF] }. Most importantly, the extent of WMH appears to dramatically increase according to age in these different cohorts. This was initially established using various semi-quantitative scales, the most famous of which is that validated by Fazekas and collaborators [START_REF] Prins | Measuring progression of cerebral white matter lesions on MRI: visual rating and volumetrics[END_REF]. Thus, the frequency of confluent WMH seems to vary from less than 5% before age 60 years up to 30-40% at 80 years both in European as well as in Asian populations [START_REF] Hilal | Prevalence, risk factors and consequences of cerebral small vessel diseases: data from three Asian countries[END_REF].

This variable extent of WMH in elderly populations was repeatedly investigated. In the literature, multiple vascular risk factors were found associated with the extent of WMH in elderly individuals. High blood pressure appears clearly as the most consistently related to the amount of WMH [START_REF] Dufouil | Effects of blood pressure lowering on cerebral white matter hyperintensities in patients with stroke: the PROGRESS (Perindopril Protection Against Recurrent Stroke Study) Magnetic Resonance Imaging Substudy[END_REF][START_REF] Godin | Antihypertensive treatment and change in blood pressure are associated with the progression of white matter lesion volumes: the Three-City (3C)-Dijon Magnetic Resonance Imaging Study[END_REF]. Both the level of systolic blood pressure, the level of diastolic blood pressure, the mean blood pressure, the use of an antihypertensive treatment as well as the blood pressure variability were found independently related to the volume of WMH in cross-sectional studies [START_REF] Avet | Leukoaraiosis and ambulatory blood pressure load in a healthy elderly cohort study: the PROOF study[END_REF][START_REF] Klarenbeek | Ambulatory blood pressure in patients with lacunar stroke: association with total MRI burden of cerebral small vessel disease[END_REF][START_REF] Liu | Different impacts of blood pressure variability on the progression of cerebral microbleeds and white matter lesions[END_REF][START_REF] Conijn | Microbleeds, lacunar infarcts, white matter lesions and cerebrovascular reactivity --a 7 T study[END_REF][START_REF] Poels | Prevalence and risk factors of cerebral microbleeds: an update of the Rotterdam scan study[END_REF][START_REF] Schwartz | Association of ambulatory blood pressure with ischemic brain injury[END_REF][START_REF] Gomez-Angelats | Blood pressure variability and silent cerebral damage in essential hypertension[END_REF]. The clinical impact of WMH has been also largely analyzed. However, in most studies, interpretation of results remains difficult because of the frequent association of WMH with covert infarcts, microbleeds or cerebral atrophy whose impact was not often discerned. Moreover, WMH on T2-weighted images do not have the same value as WMH observed on FLAIR images. Particularly, lacunes that correspond to cerebral holes resulting from focal ischemic insults appear hyperintense as other categories of tissue lesions on T2-weighted images whereas they are easily separated from other types of WMH using FLAIR images [START_REF] Viswanathan | Impact of MRI markers in subcortical vascular dementia: a multi-modal analysis in CADASIL[END_REF]. Pathological data have also confirmed the wide variety of tissue lesions underlying WMH (gliosis, demyelination, axonal loss, edema, incomplete infarction, complete infarction) which may also explain the variable clinical correlates of these MRI lesions [START_REF] Erkinjuntti | Diffuse vacuolization (spongiosis) and arteriolosclerosis in the frontal white matter occurs in vascular dementia[END_REF][START_REF] Akiguchi | Alterations in glia and axons in the brains of Binswanger's disease patients[END_REF][START_REF] Jones | Characterization of white matter damage in ischemic leukoaraiosis with diffusion tensor MRI[END_REF]. When brain atrophy, the number of cerebral small cavities and microbleeds are also considered, the clinical weight of WMH appears mainly related to their extent, location and to the presence of associated lesions [START_REF] Viswanathan | Impact of MRI markers in subcortical vascular dementia: a multi-modal analysis in CADASIL[END_REF]. Several authors previously observed that WMH located in the periventricular areas might have more effects on cognition and disability in elderly individuals than other types of WMH. Today, accumulating evidence suggests that WMH in periventricular areas may have different clinical consequences than WMH distant from the ventricles. Recent results obtained in a genetic model of cerebral small vessel disease suggest even that not only their clinical consequences but also their underlying pathophysiology might largely differ [START_REF] Duchesnay | Different Types of White Matter Hyperintensities in CADASIL[END_REF][START_REF] De Guio | Different types of white matter hyperintensities in CADASIL: Insights from 7-Tesla MRI[END_REF]. In this rare disorder, periventricular WMH were found related to cerebral atrophy and accumulation of lacunes suggesting that they may result from chronic hypoperfusion [START_REF] Duchesnay | Different Types of White Matter Hyperintensities in CADASIL[END_REF][START_REF] De Guio | Different types of white matter hyperintensities in CADASIL: Insights from 7-Tesla MRI[END_REF]. In contrast, WMH under the cortex appeared clinically benign and associated with brain inflation. Whether distinct mechanisms are also involved in WMH frequently detected in elderly subjects remains undetermined. However, clearly, multiple types of WMH can co-exist with distinct clinical effects combined to the effect of age, cerebral atrophy or associated lesions [START_REF] Jouvent | Brain atrophy is related to lacunar lesions and tissue microstructural changes in CADASIL[END_REF][START_REF] Jouvent | Cerebral atrophy in cerebrovascular disorders[END_REF].

At the cognitive level, WMH are often associated with decreased cognitive speed. The increased time to complete a cognitive task might be among the earliest clinical manifestation of these lesions [START_REF] Jouvent | Reaction Time is a Marker of Early Cognitive and Behavioral Alterations in Pure Cerebral Small Vessel Disease[END_REF][START_REF] Duering | Identification of a strategic brain network underlying processing speed deficits in vascular cognitive impairment[END_REF]. WMH have also been repeatedly related to performances in attention, concentration, and in multiple executive functions [START_REF] Jokinen | Longitudinal cognitive decline in subcortical ischemic vascular disease--the LADIS Study[END_REF][START_REF] Prins | Cerebral smallvessel disease and decline in information processing speed, executive function and memory[END_REF][START_REF] Peters | The pattern of cognitive performance in CADASIL: a monogenic condition leading to subcortical ischemic vascular dementia[END_REF]. The location of WMH might explain these effects at the cognitive level. Particularly, there is accumulating evidence suggesting that WMH located in the frontal lobes close to the ventricles are able to interrupt or alter the connectivity through the forceps minor of the frontal cortices [START_REF] Duering | Identification of a strategic brain network underlying processing speed deficits in vascular cognitive impairment[END_REF][START_REF] Duering | Strategic white matter tracts for processing speed deficits in age-related small vessel disease[END_REF][START_REF] Righart | Impact of regional cortical and subcortical changes on processing speed in cerebral small vessel disease[END_REF]. WMH in the frontal lobe may also affect the thalamo-cortical fibers and slow down cognitive processing by interrupting or reducing the connectivity between basal ganglia and the cortex [START_REF] Duering | Strategic white matter tracts for processing speed deficits in age-related small vessel disease[END_REF]. Interestingly, in the CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts) model where cerebral atrophy appears very late during the course of the disease, WMH were found associated with executive dysfunction, reduced cognitive processing, and attention changes but could not account alone for severe cognitive change or dementia [START_REF] Benisty | White-Matter Lesions Without Lacunar Infarcts in CADASIL[END_REF]. In addition to executive dysfunction, WMH in elderly people were found strongly related to some motor disturbances. Particularly, gait and balance disorders can be observed in presence of extensive WMH. Walking speed, the time and ability to stand up from a chair or the time for maintaining a single-leg stance have been found strongly related to the extent of WMH in the LADIS study in non-disabled elderly subjects consulting at hospital [START_REF] Blahak | Deep frontal and periventricular age related white matter changes but not basal ganglia and infratentorial hyperintensities are associated with falls: cross sectional results from the LADIS study[END_REF][START_REF] Baezner | Association of gait and balance disorders with age-related white matter changes: the LADIS study[END_REF].

In elderly individuals, WMH should be considered also as an important risk marker. In longitudinal studies obtained in various populations, mostly in western countries, WMH is clearly an independent risk factor of stroke [START_REF] Vermeer | Silent brain infarcts and white matter lesions increase stroke risk in the general population: the Rotterdam Scan Study[END_REF]. This was reported in all large cohorts including more recently in the 3C study with a follow-up of more than 10 years [START_REF] Kaffashian | Differential Effect of White-Matter Lesions and Covert Brain Infarcts on the Risk of Ischemic Stroke and Intracerebral Hemorrhage[END_REF]. Thus, the risk of stroke more than doubles at 10 years after taking into account multiple potential confounders when WMH are extensive. In elderly populations, the presence of such lesions on MRI was also found repeatedly associated with cognitive decline after a long follow-up [START_REF] Longstreth | Clinical correlates of white matter findings on cranial magnetic resonance imaging of 3301 elderly people. The Cardiovascular Health Study[END_REF][START_REF] Kaffashian | Long-Term Clinical Impact of Vascular Brain Lesions on Magnetic Resonance Imaging in Older Adults in the Population[END_REF]. The presence of confluent WMH at baseline is also an independent risk factor of dementia in elderly populations [START_REF] Kaffashian | Long-Term Clinical Impact of Vascular Brain Lesions on Magnetic Resonance Imaging in Older Adults in the Population[END_REF]. This risk appears independent from that related to associate lesions such as lacunes. Finally, not only are WMH associated with covert infarcts, lacunes, microbleeds or perivascular spaces which are the other major MRI markers of cerebral small-vessel disease in multiple cross-sectional studies, their extent was also found repeatedly related to cerebral atrophy in studies performed before the era of FLAIR images in elderly subjects [START_REF] Jouvent | Cerebral atrophy in cerebrovascular disorders[END_REF].

Covert infarcts and lacunes

With the widespread diffusion of MRI, small cavities presumably resulting from focal ischemic lesions are often detected in healthy individuals in the absence of stroke events. These lesions were initially called "silent infarcts" before these terms were challenged due to subtle but real consequences of these lesions, particularly at the cognitive level [START_REF] Vermeer | Prevalence and risk factors of silent brain infarcts in the population-based Rotterdam Scan Study[END_REF]. The term "covert infarct" [START_REF] Longstreth | Incidence, Manifestations, and Predictors of Brain Infarcts Defined by Serial Cranial Magnetic Resonance Imaging in the Elderly The Cardiovascular Health Study[END_REF] is now preferred to describe these MRI lesions. Covert infarcts are particularly frequent in elderly subjects [START_REF] Longstreth | Incidence, Manifestations, and Predictors of Brain Infarcts Defined by Serial Cranial Magnetic Resonance Imaging in the Elderly The Cardiovascular Health Study[END_REF][START_REF] Black | Vascular cognitive impairment: epidemiology, subtypes, diagnosis and management[END_REF]. In the largest epidemiological studies, their prevalence appears largely variable but always increasing with aging. Between 5 and 30% of individuals considered as healthy subjects may harbor a covert infarct or a lacune on their MRI at age 80 years [START_REF] Vermeer | Silent brain infarcts and the risk of dementia and cognitive decline[END_REF][START_REF] Mosley | Cerebral MRI findings and cognitive functioning: the Atherosclerosis Risk in Communities study[END_REF].

Accumulating evidence suggests that the vascular risk factors of stroke are also those of these small lesions which are however mostly detected incidentally. Hypertension, diabetes or hypercholesterolemia were found associated with their frequency in elderly populations [START_REF] Vermeer | Silent brain infarcts: a systematic review[END_REF]. Most importantly, these lesions are associated with an increased risk of incident stroke in elderly individuals. Interestingly, covert infarcts are not only associated with a larger incidence of ischemic stroke but also with an increased risk of hemorrhagic stroke. With combined data from the Cardio-Vascular Health Study and the ARIC study, Folsom et al. observed that the risk of intracerebral hemorrhage more than tripled in presence of more than three covert infarcts than in the total absence of such lesions [START_REF] Folsom | Risk of intraparenchymal hemorrhage with magnetic resonance imaging-defined leukoaraiosis and brain infarcts[END_REF].

The potential long-term impact of these lesions according to their location was initially studied in the Rotterdam study. Unsurprisingly, lacunes in basal ganglia and particularly in the thalamus were found associated with altered performances in executive tests while those outside were found more related to memory performances [START_REF] Vermeer | Silent brain infarcts and the risk of dementia and cognitive decline[END_REF][START_REF] Vermeer | Silent brain infarcts: a systematic review[END_REF]. These findings were confirmed later in the LADIS study comprising nondisabled elderly subjects from neurology clinics [START_REF] Benisty | Location of lacunar infarcts correlates with cognition in a sample of non-disabled subjects with age-related whitematter changes: the LADIS study[END_REF]. Some results also support that covert infarcts may also be associated with an increased risk of cognitive decline [START_REF] Jokinen | Incident lacunes influence cognitive decline: the LADIS study[END_REF]. However, this was not always confirmed. Recently, in the 3C study in which lacunes were carefully separated from dilated perivascular spaces based on the 3D shape of MRI lesions and using millimetric slices, lacunes were not found to increase the risk of subsequent dementia after more than 10 years of follow-up [START_REF] Kaffashian | Long-Term Clinical Impact of Vascular Brain Lesions on Magnetic Resonance Imaging in Older Adults in the Population[END_REF]. The results were contrasting with the obvious risk of cognitive decline brought by confluent WMH [START_REF] Kaffashian | Long-Term Clinical Impact of Vascular Brain Lesions on Magnetic Resonance Imaging in Older Adults in the Population[END_REF]. However, whatever these considerations, the accumulation of such lesions (which differs from the risk related to a single lesion) appears clearly deleterious to brain functioning. In the CADASIL model of an accelerated and pure ischemic small-vessel disease, accumulation of these lesions were found significantly associated with increasing cognitive decline and disability over three years [START_REF] Chabriat | Predictors of Clinical Worsening in Cerebral Autosomal Dominant Arteriopathy With Subcortical Infarcts and Leukoencephalopathy Prospective Cohort Study[END_REF]. The impact of these lesions might also differ according to the presence or absence of associated lesions. We can hypothesize that recovery of subtle cerebral dysfunction is more likely at an early stage when the rest of the brain is undamaged than at a late stage, in presence of multiple associated cerebral lesions.

Microbleeds

Microbleeds correspond to small areas of signal void (less than 10 mm in diameter) associated with blooming effects on all MRI sequences highly sensitive to magnetic heterogeneity which produces large artifacts in presence of iron (T2* or susceptibility-weighted-imaging sequences) [START_REF] Wardlaw | Neuroimaging standards for research into small vessel disease and its contribution to ageing and neurodegeneration[END_REF]. The term of microbleeds is now adopted at the international level although this term remains questionable. Actually, these signal abnormalities correspond to tattoos of iron deposits and not really to "true" bleeding. The prevalence of these signal abnormalities in the general population is about 5%, it increases considerably in stroke patients who present these lesions on MRI in about one-third of cases and in more than twothirds of hemorrhagic cases [START_REF] Cordonnier | Spontaneous brain microbleeds: systematic review, subgroup analyses and standards for study design and reporting[END_REF]. In the Rotterdam study, the incidence of microbleeds was investigated longitudinally in 831 elderly individuals, half of whom had microbleeds at baseline. Incident microbleeds over 3.4 years was detected in about 10% of individuals, half of whom presented with more than two incident lesions [START_REF] Poels | Incidence of cerebral microbleeds in the general population: the Rotterdam Scan Study[END_REF]. Predictors of incident microbleeds in this cohort were age, the presence and number of microbleeds at baseline, the level of systolic blood pressure and pulse pressure [START_REF] Poels | Incidence of cerebral microbleeds in the general population: the Rotterdam Scan Study[END_REF]. While severe hypertension was found related to incident deep and infratentorial microbleeds, Apo ε4/ε4 was found associated with lobar microbleeds in line with the preferential accumulation of these lesions in lobar areas in presence of cerebral amyloid angiopathy [START_REF] Charidimou | Brain hemorrhage recurrence, small vessel disease type, and cerebral microbleeds: A meta-analysis[END_REF].

The potential predictive value of microbleeds has been evaluated in multiple studies. First, in patients with intracerebral hemorrhages, the number of microbleeds in cortical lobar regions was found strongly related to the risk of hemorrhage recurrence in elderly people [START_REF] Greenberg | Hemorrhage burden predicts recurrent intracerebral hemorrhage after lobar hemorrhage[END_REF]. When microbleeds are presumably related to cerebral amyloid angiopathy, observed only in lobar regions without any obvious identified cause and after age 55 years, the risk of recurrence appears more than seven times higher than in presence of microbleeds located in the deepest cerebral areas and in presence of hypertension [START_REF] Charidimou | Brain hemorrhage recurrence, small vessel disease type, and cerebral microbleeds: A meta-analysis[END_REF]. The number of microbleeds has been also found associated with the risk of ischemic stroke in patients with cerebral small-vessel diseases (figure 1) and who had a previous lacunar stroke suggesting that microbleeds are related to the severity of the vessel disease after an ischemic event [START_REF] Shoamanesh | Microbleeds in the Secondary Prevention of Small Subcortical Strokes Trial: Stroke, mortality, and treatment interactions[END_REF].

More recently, the increased risk of intracerebral hemorrhage in presence of such lesions has also been confirmed in patients who had an ischemic stroke related to thromboembolism [START_REF] Wilson | Outcome of intracerebral hemorrhage associated with different oral anticoagulants[END_REF]. However, accumulating data strongly suggest that the increased risk of hemorrhage in presence of microbleeds does not exceed the absolute risk of ischemic stroke, even in presence of multiple lobar microbleeds. Thus antithrombotic treatments in occlusive vascular disorders or atrial fibrillation should not be interrupted only based on the presence of such MRI lesions [START_REF] Wilson | Cerebral microbleeds and stroke risk after ischaemic stroke or transient ischaemic attack: a pooled analysis of individual patient data from cohort studies[END_REF]. Moreover, the presence and number of microbleeds should not alter decisions of acute stroke treatment based on thrombolytics or thrombectomy [START_REF] Turc | Microbleed Status and 3-Month Outcome After Intravenous Thrombolysis in 717 Patients With Acute Ischemic Stroke[END_REF][START_REF] Choi | Impact of Microbleeds on Outcome Following Recanalization in Patients With Acute Ischemic Stroke. Stroke; a journal of cerebral circulation[END_REF].

Interestingly, some pathological data recently suggested that microbleeds do not necessarily occur after the rupture of the microvessel wall but can also result from transient leakage of blood cells through the blood brain barrier [START_REF] Chang | Brain Endothelial Erythrophagocytosis and Hemoglobin Transmigration Across Brain Endothelium: Implications for Pathogenesis of Cerebral Microbleeds[END_REF] possibly passing through pericytes [START_REF] Fisher | Cerebral microbleeds in the elderly: a pathological analysis[END_REF] or can even occur after very small thrombosis [START_REF] Van Veluw | Heterogeneous histopathology of cortical microbleeds in cerebral amyloid angiopathy[END_REF]. Preclinical results in a mouse model with COL4A1 mutation and prone to develop cerebral hemorrhages also support that microbleeds may occur predominantly at the capillary level while true hemorrhages may result from the loss of smooth-muscle cells and structural defects of arterioles [START_REF] Ratelade | Severity of arterial defects in the retina correlates with the burden of intracerebral haemorrhage in COL4A1related stroke[END_REF] Altogether, these data emphasize that the pathophysiological and clinical significance of this imaging marker is finally much more complex than previously thought.

Perivascular spaces

In daily clinical practice, with the development of high-resolution MRI and increasing use of 3 Teslas MRI devices, identification of perivascular spaces is frequent [START_REF] Pollock | Perivascular spaces in the basal ganglia of the human brain: their relationship to lacunes[END_REF]. They correspond to fluid-filled spaces that follow the typical course of a vessel and having a signal intensity similar to the cerebrospinal fluid on all sequences. Because they follow the course of penetrating vessels, they appear linear when imaged parallel to the course of the vessel, and round or ovoid, with a diameter generally smaller than 3 mm, when imaged perpendicular to the course of the vessel. In elderly people their prevalence is 100% but the number and extent of perivascular spaces on MRI varies considerably among individuals [START_REF] Zhu | Frequency and location of dilated Virchow-Robin spaces in elderly people: a population-based 3D MR imaging study[END_REF]. There are different methods for evaluating the extent and number of the corresponding signal changes. In basal ganglia, perivascular spaces can appear dilated and very numerous leading to the so-called "etat criblé" which is detected in 1.3% of individuals aged more than 65 years in the 3 Cities cohort study [START_REF] Zhu | Frequency and location of dilated Virchow-Robin spaces in elderly people: a population-based 3D MR imaging study[END_REF].

Accumulating data support that the number and extent of dilated perivascular spaces increases with age, male sex and increased level of blood pressure, both hypertension, systolic blood pressure, diastolic blood pressure or the use of and antihypertensive agent [START_REF] Zhu | Frequency and location of dilated Virchow-Robin spaces in elderly people: a population-based 3D MR imaging study[END_REF]. The extent of dilated perivascular spaces on MRI also appears related to the severity of the other MRI markers of small-vessel disease suggesting that the visibility of perivascular spaces on MRI is related to the development of alterations in the microvasculature [START_REF] Cumurciuc | Dilation of Virchow-Robin spaces in CADASIL[END_REF]. Some recent data also suggest that dilated perivascular spaces within the white matter may be related to the development of amyloid deposits in perforating cerebral vessels [START_REF] Van Veluw | Cerebral amyloid angiopathy severity is linked to dilation of juxtacortical perivascular spaces[END_REF][START_REF] Van Rooden | Early Magnetic Resonance Imaging and Cognitive Markers of Hereditary Cerebral Amyloid Angiopathy[END_REF]. There are also results in the literature indicating that extensive dilated perivascular spaces in the white matter may increase the risk of degenerative dementia [START_REF] Zhu | High degree of dilated Virchow-Robin spaces on MRI is associated with increased risk of dementia[END_REF] and are associated with an increased risk of intracerebral hemorrhage in probable cerebral amyloid angiopathy [START_REF] Boulouis | Hemorrhage recurrence risk factors in cerebral amyloid angiopathy: Comparative analysis of the overall small vessel disease severity score versus individual neuroimaging markers[END_REF].

Cerebral Atrophy

The decrease of brain volume with aging may start between age 30 and 40 years. The atrophy rate is moderate at 40 years an estimated about 0.2% per year, it accelerates progressively with aging reaching after 70 years of age about 0.5%/year [START_REF] Peters | Ageing and the brain[END_REF]. At age 75 years, the brain volume is estimated about 10% lower than that measured at 30 years. Brain atrophy during normal aging seems to predominate in the prefrontal cortex and hippocampal regions [START_REF] Peters | Ageing and the brain[END_REF]. In pathological states, the atrophy rate appears much larger and the atrophy process develops differently at the regional level according to the underlying pathology.

In Alzheimer's disease patients, atrophy starts in the medial temporal lobes at the cortical level and can exceed 1% per year. Annual hippocampal atrophy rates between 4 and 5% have already been measured at advanced stage of the disease [START_REF] Pini | Brain atrophy in Alzheimer's Disease and aging[END_REF]. In patients with only mild cognitive impairment, an annual atrophy rate of 0.5% was measured globally in addition to brain shrinking related to normal aging [START_REF] Tabatabaei-Jafari | Cerebral atrophy in mild cognitive impairment: A systematic review with meta-analysis[END_REF]. Both the gray-and white-matter loss seem to participate in the cerebral atrophy observed with mild cognitive impairment pathology, Alzheimer's disease or in cerebral small-vessel diseases.

The development of a small-vessel disease during aging obviously accelerates the cerebral atrophy process [START_REF] Foster | Pyramidal neurons of the prefrontal cortex in post-stroke, vascular and other ageing-related dementias[END_REF]. Lacunes occurring in the deepest parts of the brain can promote the occurrence of cerebral atrophy. An incident small deep infarct was previously shown to cause regional cortical thinning presumably related to secondary degeneration of subcortical white-matter fibers [START_REF] Duering | Incident subcortical infarcts induce focal thinning in connected cortical regions[END_REF]. In line, hippocampal atrophy can also be detected with accumulation of ischemic subcortical lesions [START_REF] O'sullivan | Hippocampal volume is an independent predictor of cognitive performance in CADASIL[END_REF] (figure 2). This has been particularly reported in CADASIL, a pure model of ischemic small vessel disease caused by NOTCH3 protein mutation in the wall of arterioles and capillaries. The study of CADASIL also shows that, in contrast, white-matter signal abnormalities are not necessarily related to cerebral atrophy [START_REF] Jouvent | Brain atrophy is related to lacunar lesions and tissue microstructural changes in CADASIL[END_REF]. Some data even suggest that the deepest white-matter lesions predominating in periventricular areas might be associated with brain shrinking while white-matter signal abnormalities detected more remotely are associated with brain inflation [START_REF] Lambert | Longitudinal patterns of leukoaraiosis and brain atrophy in symptomatic small vessel disease[END_REF][START_REF] De Guio | White matter edema at the early stage of cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy[END_REF][START_REF] Kloppenborg | Cerebral small-vessel disease and progression of brain atrophy: the SMART-MR study[END_REF].

An important aspect of atrophy measures is that they appear strongly related to the severity of cognitive decline and disability. Brain atrophy and cortex thinning appear not only key markers of aging and degenerative disorders but also of cerebral small-vessel diseases. Cerebral atrophy outperforms all other lesions in predicting cognitive outcome and disability in a genetic model of small-vessel disease. This is also observed in elderly individuals with memory complaints or minor stroke [START_REF] Jokinen | Brain atrophy accelerates cognitive decline in cerebral small vessel disease: the LADIS study[END_REF]. In summary, the atrophy process is a key marker of cerebral small-vessel disease and increases with accumulating cerebral tissue lesions leading to axonal loss, neuronal and astrocytes degeneration in addition to aging effects [START_REF] Jouvent | Cortical changes in cerebral small vessel diseases: a 3D MRI study of cortical morphology in CADASIL[END_REF]. In line, neuronal apoptosis can develop in the cortex with accumulation of subcortical lesions in the white matter or basal ganglia [START_REF] Viswanathan | Cortical neuronal apoptosis in CADASIL[END_REF]. Thus, measurement of atrophy may capture all these multifocal and/or diffuse pathological processes observed in elderly people related to cognitive and motor decline developing with aging. Recently, accumulation of very small ischemic lesions called microinfarcts was detected with high-resolution MRI in vivo or at post-mortem in patients with amyloid angiopathy [START_REF] Van Veluw | Microbleed and microinfarct detection in amyloid angiopathy: a high-resolution MRIhistopathology study[END_REF] or with ischemic small-vessel disease as CADASIL [START_REF] Jouvent | Intracortical infarcts in small vessel disease: a combined 7-T postmortem MRI and neuropathological case study in cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy[END_REF]. They are not detected with clinical MRI but may also participate in the cortex shrinking and atrophy developing with aging.

Conclusion

Normal aging is associated with cerebral tissue loss and this process seems to accelerate after 60-70 years in healthy individuals. Cerebral and cortex atrophy develop earlier and more largely in Alzheimer's disease or mild cognitive impairment patients in relation to various degenerative processes. Cerebral atrophy is thus a key biomarker to investigate the course of degenerative disorders and potential effects of preventative drugs. In presence of a small-vessel disease, accumulation of white-matter lesions or lacunes can accelerate the development of cerebral tissue loss during aging. The most severe tissue lesions, lacunes (holes) and axonal lesions (directly related to lacunes or white-matter lesions) can lead to remote cerebral tissue degeneration that can involve both white-matter fibers and cortex. Tissue loss is thus increased with the severity of the underlying small-vessel disease.

In future, analysis of different small-vessel disease markers might help to select the population at highest risk of ischemic and hemorrhagic events but as well as individuals at highest risk of cognitive decline and increasing disability. These biomarkers might be used not only to stratify but also to control the efficiency of preventative strategies or treatments. In the future, prevention of cognitive decline and disability in elderly subjects may target the accumulation of microvascular lesions such as white-matter hyperintensities, lacunes, microinfarcts, microbleeds or the spread of dilated perivascular spaces that are now visible and measurable on MRI several decades before clinical manifestations related to cerebral aging.
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