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INTRODUCTION

Amnestic mild cognitive impairment (aMCI) denotes a clinical syndrome characterized by cognitive deficits in the context of preserved activities of daily living and can represent a prodromal stage of Alzheimer's disease (AD) [START_REF] Petersen | Early diagnosis of Alzheimer's disease: is MCI too late?[END_REF]. Individuals with aMCI due to AD present abnormalities in AD biomarkers years prior to symptom onset, including abnormal accumulation of amyloid-beta (Aβ) and tau proteins and neurodegeneration [START_REF] Prestia | Prediction of dementia in MCI patients based on core diagnostic markers for Alzheimer disease[END_REF][START_REF] Mattsson | CSF biomarkers and incipient Alzheimer disease in patients with mild cognitive impairment[END_REF], which are key pathological processes in the AD cascade [START_REF] Jr | Hypothetical model of dynamic biomarkers of the Alzheimer's pathological cascade[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].

However, other processes are also thought to play a role in the disease pathogenesis, such as vascular dysfunction [START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF].

Vascular dysfunction can be assessed in vivo using arterial spin labelling (ASL), a non-invasive magnetic resonance imaging (MRI) technique that measures brain perfusion, i.e. the nutrients' and oxygen supply through the cerebral blood flow (CBF) using the arterial blood water as endogenous tracer [START_REF] Jezzard | Arterial spin labeling for the measurement of cerebral perfusion and angiography[END_REF][START_REF] Williams | Magnetic resonance imaging of perfusion using spin inversion of arterial water[END_REF]. Brain hypoperfusion can be observed early in the progression of AD, i.e. from prodromal stages [START_REF] Zhang | Cerebral blood flow measured by arterial spin labeling MRI at resting state in normal aging and Alzheimer's disease[END_REF], in the precuneus/posterior cingulate cortex, inferior parietal lobe, anterior cingulate cortex, hippocampus, medial and lateral temporal cortex, inferior and medial frontal gyri [START_REF] Bangen | Assessment of Alzheimer's disease risk with functional magnetic resonance imaging: an arterial spin labeling study[END_REF][START_REF] Lou | Changes of cerebral perfusion and functional brain network organization in patients with mild cognitive impairment[END_REF][START_REF] Johnson | Pattern of cerebral hypoperfusion in Alzheimer disease and mild cognitive impairment measured with arterial spin-labeling MR imaging: initial experience[END_REF][START_REF] Alexopoulos | Perfusion abnormalities in mild cognitive impairment and mild dementia in Alzheimer's disease measured by pulsed arterial spin labeling MRI[END_REF][START_REF] Okonkwo | Cerebral blood flow is diminished in asymptomatic middle-aged adults with maternal history of Alzheimer's disease[END_REF][START_REF] Michels | Arterial spin labeling imaging reveals widespread and Aβindependent reductions in cerebral blood flow in elderly apolipoprotein epsilon-4 carriers[END_REF][START_REF] Kim | Associations between cerebral blood flow and structural and functional brain imaging measures in individuals with neuropsychologically defined mild cognitive impairment[END_REF] Importantly, these areas correspond to hubs of functional networks affected in AD, i.e. the default mode network (DMN) and the limbic network (LIN) [START_REF] Pievani | Brain connectivity in neurodegenerative diseases-from phenotype to proteinopathy[END_REF][START_REF] Badhwar | Resting-state network dysfunction in Alzheimer's disease: a systematic review and meta-analysis[END_REF][START_REF] Pini | Age at onset reveals different functional connectivity abnormalities in prodromal Alzheimer's disease[END_REF]. DMN and LIN impairment is widely documented in aMCI [START_REF] Vogelaere | Altered default-mode network activation in mild cognitive impairment compared with healthy aging[END_REF][START_REF] Lee | Default mode network functional connectivity in early and late mild cognitive impairment[END_REF][START_REF] Gour | Functional connectivity changes differ in early and late-onset alzheimer's disease[END_REF], and DMN and LIN areas might be the earliest sites of AD pathological changes, i.e. amyloid and tau accumulation [START_REF] Maass | Alzheimer's pathology targets distinct memory networks in the ageing brain[END_REF][START_REF] Braak | Frequency of stages of Alzheimer-related lesions in different age categories[END_REF][START_REF] Palmqvist | Earliest accumulation of β-amyloid occurs within the default-mode network and concurrently affects brain connectivity[END_REF][START_REF] Cho | Predicted sequence of cortical tau and amyloid-β deposition in Alzheimer disease spectrum[END_REF]. Moreover, damages to these networks are clinically relevant being linked to memory retrieval and autobiographical memory (DMN), semantic memory, behavior, and item recognition memory (LIN), which are typically impaired in aMCI and AD [START_REF] Ranganath | Two cortical systems for memory-guided behaviour[END_REF][START_REF] Catani | A revised limbic system model for memory, emotion and behaviour[END_REF][START_REF] Barbeau | Evaluation of visual recognition memory in MCI patients[END_REF].

While some studies suggest that ASL may be a promising marker for AD diagnosis [START_REF] Tosun | Diagnostic utility of ASL-MRI and FDG-PET in the behavioral variant of FTD and AD[END_REF], early detection [START_REF] Hays | The utility of cerebral blood flow as a biomarker of preclinical Alzheimer's disease[END_REF], monitoring of disease progression and conversion from aMCI to AD [START_REF] Binnewijzend | Cerebral blood flow measured with 3D pseudocontinuous arterial spin-labeling MR imaging in Alzheimer disease and mild cognitive impairment: a marker for disease severity[END_REF][START_REF] Chao | ASL perfusion MRI predicts cognitive decline and conversion from MCI to dementia[END_REF], no study has yet assessed whether CBF changes in the DMN and LIN may represent valid AD markers. The assessment of perfusion convergent and discriminant validity can provide important information on its clinical validity and thus utility. Convergent validity can be assessed by investigating the association with core AD markers / features and discriminant validity through associations with AD unrelated features.

Current evidence for the convergent validity of perfusion measures in aMCI is provided by studies reporting an association between single photon emission computed tomography (SPECT) and ASL CBF level in areas of the DMN and/or LIN and Aβ accumulation [START_REF] Mattsson | Association of brain amyloid-β with cerebral perfusion and structure in Alzheimer's disease and mild cognitive impairment[END_REF][START_REF] Kikukawa | Amyloid deposition and CBF patterns predict conversion of mild cognitive impairment to dementia[END_REF][START_REF] Tosun | Alzheimer''s Disease Neuroimaging Initiative (2016) Discriminative Power of Arterial Spin Labeling Magnetic Resonance Imaging and 18F-Fluorodeoxyglucose Positron Emission Tomography Changes for Amyloid-beta-Positive Subjects in the Alzheimer's Disease Continuum[END_REF], tau burden [START_REF] Habert | Brain perfusion SPECT correlates with CSF biomarkers in Alzheimer's disease[END_REF] and longitudinal tau deposition [START_REF] Leuzy | Longitudinal uncoupling of cerebral perfusion, glucose metabolism, and tau deposition in Alzheimer's disease[END_REF], and cortical atrophy in the medial temporal lobe [START_REF] Caroli | Brain perfusion correlates of medial temporal lobe atrophy and white matter hyperintensities in mild cognitive impairment[END_REF] Previous studies also reported an association between episodic memory decline and hypoperfusion in the middle frontal cortex and anterior cingulate cortex [START_REF] Chao | ASL perfusion MRI predicts cognitive decline and conversion from MCI to dementia[END_REF][START_REF] Vis | Arterialspin-labeling (ASL) perfusion MRI predicts cognitive function in elderly individuals: A 4-year longitudinal study[END_REF] (DMN hubs). When considering genetic risk factors for AD, some ASL reports revealed a relationship between CBF and apolipoprotein E (APOE) Ɛ4 allele, although the direction of these associations is conflicting [START_REF] Wierenga | Effect of mild cognitive impairment and APOE genotype on resting cerebral blood flow and its association with cognition[END_REF][START_REF] Kim | Regional cerebral perfusion in patients with Alzheimer's disease and mild cognitive impairment: effect of APOE epsilon4 allele[END_REF]. Finally, increasing vascular burden has also been associated with hypoperfusion in ASL or SPECT studies [START_REF] Kim | Associations between cerebral blood flow and structural and functional brain imaging measures in individuals with neuropsychologically defined mild cognitive impairment[END_REF][START_REF] Caroli | Brain perfusion correlates of medial temporal lobe atrophy and white matter hyperintensities in mild cognitive impairment[END_REF].

Discriminant validity can be assessed by investigating features that have been described as relatively unimpaired or affected in later in AD. For example, sensorimotor, visual, and cerebellar areas are among the last brain regions affected by amyloid and tau [START_REF] Braak | Frequency of stages of Alzheimer-related lesions in different age categories[END_REF], and by functional, structural and metabolic dysfunctions [START_REF] Chhatwal | Preferential degradation of cognitive networks differentiates Alzheimer's disease from ageing[END_REF][START_REF] Grothe | Alzheimer's Disease Neuroimaging Initiative (2016) Spatial patterns of atrophy, hypometabolism, and amyloid deposition in Alzheimer's disease correspond to dissociable functional brain networks[END_REF]. At the cognitive level, visuo-spatial and executive functions are affected later than memory [START_REF] Firth | Sequences of cognitive decline in typical Alzheimer's disease and posterior cortical atrophy estimated using a novel event-based model of disease progression[END_REF], congruently with pathology spread to the neocortex.

The aim of the present study was to investigate in aMCI patients the convergent and discriminant validity of ASL perfusion in DMN and LIN networks. To test the convergent validity, we selected: (i) genetic risk factors (APOE Ɛ4 status); (ii) core pathological features (Aβ and p-tau); (iii) neurodegenerative features (hippocampal volumes and total tau); (iv) neuropsychological features (episodic memory); and (v) vascular burden (white matter lesions). For discriminant validity, we selected two unrelated features (i.e., volume of the cerebellum and non-memory cognitive functions) and two unrelated networks (i.e., sensorimotor [SMN] and visual [VIS] networks).

MATERIALS AND METHODS

PARTICIPANTS

Subjects were enrolled in the PharmaCog -WP5/European ADNI project (https://www.alzheimereurope.org/Research/PharmaCog). Briefly, participants underwent a baseline assessment and follow-up examinations every 6 months for at least 2 years or until patient progressed to clinical dementia. Each assessment included a clinical and cognitive evaluation, and MRI exam. Cerebrospinal fluid (CSF) sampling was performed at baseline and after 18 months. ASL was included later in the study, starting from month 24 (T24). Therefore, for the present study we included only subjects evaluated at T24 who had not yet converted to dementia. The initial cohort included 16 aMCI, which were recruited from Marseille (n = 3), Brescia (n = 8), and Naples (n = 5). Two subjects were subsequently excluded due to MRI issues (see section "ASL processing"), leading to a final sample of 14 aMCI. Inclusion and exclusion criteria, clinical and neuropsychological assessment have been previously described [START_REF] Galluzzi | Clinical and biomarker profiling of prodromal Alzheimer's disease in workpackage 5 of the Innovative Medicines Initiative PharmaCog project: a 'European ADNI study[END_REF].

The study was approved by the local ethical committees or institutional review boards of the participating institutions, and all subjects provided written informed consent prior to participation in the study.

MRI MRI ACQUISITION

All MRI scans were performed on 3T Siemens machines (Siemens Verio for Marseille, Siemens Allegra for Brescia, and Siemens Biograph mMR for Naples), and only vendor-provided sequences were used. The MRI protocol included anatomical 3D T1-weighted (T1-w), 2D T2*-weighted, 2D T2weighted-fluid-attenuated inversion recovery (FLAIR), resting-state functional MRI, diffusion tensor imaging, and 2D ASL sequences. For the aim of this study, we analyzed only the ASL, 3D T1-w, and 2D T2 FLAIR scans. ASL MRI protocols were harmonized choosing the same sequence type (pulsed ASL PICORE Q2TIPS, 2D gradient-echo EPI) and optimizing all the relevant sequence parameters (TR, TE, inversion times , flip angle, number of measurements, number of slices, and voxel size), with minimal variations across sites. A calibration scan (M0) with the same parameters as the corresponding ASL sequence but longer repetition time (10 s) was also acquired to estimate the equilibrium magnetization of arterial blood. For 3D T1-w, the harmonization procedure has been previously described [START_REF] Jovicich | Brain morphometry reproducibility in multicenter 3T MRI studies: a comparison of cross-sectional and longitudinal segmentations[END_REF]. The parameters of all the acquired images were automatically checked for their compliance with the harmonized protocol by M. R. using in-house scripts. The Supplementary Table 1 summarizes the scanner and sequences' details.

MRI PROCESSING ASL PROCESSING

Due to excessive motion during the acquisitions, two subjects were excluded leading to a final sample of 14 aMCI patients. ASL data were preprocessed and analyzed using FMRIB Software Library (FSL) v5.0.9. Data were first realigned to account for movement artefacts and then corrected for nuisance effects using the 6 head motion profiles plus the mean white matter and CSF signals in a linear regression. In addition, the coregistration parameters from ASL space to individual T1-w were estimated using the M0 calibration scan as reference image (rigid-body registration with 6 degrees of freedom [DOF] and boundary-based registration [BBR] cost function). Each T1-w image was also normalized to the 2-mm Montreal Neurological Institute (MNI) standard space using a non-linear method (FMRIB's nonlinear image registration tool [FNIRT], https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ FNIRT).

Pre-processed control and label volumes were pair-wise subtracted and averaged to obtain perfusionweighted images, which were quantified into CBF (ml/100g/min) applying the general kinetic model [START_REF] Buxton | A general kinetic model for quantitative perfusion imaging with arterial spin labeling[END_REF]and following the white paper recommendations [START_REF] Alsop | Recommended implementation of arterial spin-labeled perfusion MRI for clinical applications: a consensus of the ISMRM perfusion study group and the European consortium for ASL in dementia[END_REF].

Partial volume corrected (PVC) CBF maps were also created for each subject. In detail, tissue probability maps derived from the segmentation of the individual T1-w were first smoothed to mimic the ASL resolution. These smoothed maps were then downsampled to the ASL space using the inverse of the previously estimated transformation matrix and applied to calculate the PVC CBF maps according to a previously described procedure [START_REF] Du | Hypoperfusion in frontotemporal dementia and Alzheimer disease by arterial spin labeling MRI[END_REF]. Finally, each CBF map was spatially normalized using the joint ASL/T1-w and T1-w/MNI space transformation parameters.

We selected the DMN and the LIN as networks of interest (NOIs) for AD related networks, while the SMN and the VIS were included for AD unrelated networks. The Schaefer parcellation (7 resting-state functional MRI networks and 100 parcels, 2 mm resolution) [START_REF] Schaefer | Local-global parcellation of the human cerebral cortex from intrinsic functional connectivity MRI[END_REF]was used to derive the masks of the NOIs.

3D T1-W PROCESSING

All T1-w scans underwent a visual quality check [START_REF] Backhausen | Quality control of structural MRI images applied using FreeSurfer-a hands-on workflow to rate motion artifacts[END_REF], performed by a 5-year experienced investigator (G. Q.), and were then processed using the cross-sectional pipeline of FreeSurfer v6.0 [START_REF] Dale | Cortical surface-based analysis: I. Segmentation and surface reconstruction[END_REF][START_REF] Fischl | Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain[END_REF] (https:// surfer.nmr.mgh.harvard.edu/). The standard procedure includes the motion and non-uniformity corrections, skull stripping, linear and non-linear Talairach transformations from native to MNI305 standard space, intensity normalization, white matter and deep structures segmentation, gray/white matter boundary tessellation, topology correction, and surface deformation to derive the brain white and outer (pial) surfaces according to the grey/white matter intensity gradients. Several deformable procedures are then implemented to create surface-based data, including the cortex parcellation according to gyri and sulci. All outputs were visually inspected (G. Q.), and none required manual editing.

Hippocampal and cerebellar cortex volumes were selected as AD related and unrelated features, respectively. Volumes were averaged across hemispheres and corrected for the total intracranial volume (ICV) automatically extracted by FreeSurfer.

2D T2 FLAIR PROCESSING

Vascular burden (AD-related feature) was estimated using the total volume of white matter hyperintensities (WMHs) on FLAIR images. The lesion prediction algorithm (LPA) [START_REF] Schmidt | An automated tool for detection of FLAIR-hyperintense white-matter lesions in multiple sclerosis[END_REF][START_REF] Ribaldi | Accuracy and reproducibility of automated white matter hyperintensities segmentation with lesion segmentation tool: A European multi-site 3T study[END_REF], as implemented in the Lesion Segmentation Tool (LST) toolbox (version 2.0.15; https://www.statisticalmodelling.de/lst.html) for the Statistical Parametric Mapping (SPM) 12 (https://www.fil.ion.ucl.ac.uk/ spm/software/spm12/) tool, was used to segment WMHs. The respective 3D T1-w image was used as reference image for the coregistration before lesions' segmentation. Lesion probability maps were then binarized after applying a standard threshold κ > 0.95. For each subject, the total WMHs volume was calculated by LPA, and then corrected for the ICV computed with FreeSurfer.

APOE GENOTYPING

APOE genotyping (AD-related feature) was performed at the Mario Negri Institute of Milan. The genomic DNA (gDNA) was extracted from whole blood with a dedicated kit (Promega, Madison, WI, USA) and its quality and quantity was assessed by UV 260/280 measure while integrity was assessed by agarose gel electrophoresis. A real-time polymerase chain reaction (RT-PCR) with TaqMan technology (Life Technologies, Carlsbad, CA, USA) was then performed on about 50 ng gDNA. The instrument's software automatically performed showed the genotype calling, which was finally visually checked through the generated fluorescence plots.

CSF BIOMARKERS

The CSF was collected at the baseline and at the third timepoint of the PharmaCog study, thus we included the closest timepoint available (18 months) for comparisons with ASL data. The CSF samples were pre-processed, frozen, and centrally stored at the Mario Negri Institute of Milan, following the recommendation coming from the Alzheimer's Association Quality Control Programme for CSF biomarkers [START_REF] Mattsson | The Alzheimer's Association external quality control program for cerebrospinal fluid biomarkers[END_REF]. The quantification of CSF levels of Aβ42, t-tau and p-tau at residue 181 (AD related features) was performed using the single-parameter colorimetric enzyme-linked immunosorbent assay (ELISA) kits (Innogenetics, Belgium). A sigmoidal standard curve was plotted to allow the quantitative expression (pg/mL) of measured 450 nm light absorbance. Lower CSF levels of Aβ42 are considered mirror of higher levels of cerebral amyloid plaques, while higher CSF levels of p-tau and t-tau are indicative of greater cerebral tau pathology and neuronal injury [START_REF] Jr | Hypothetical model of dynamic biomarkers of the Alzheimer's pathological cascade[END_REF].

COGNITION

The complete clinical and cognitive evaluation has been described elsewhere [START_REF] Galluzzi | Clinical and biomarker profiling of prodromal Alzheimer's disease in workpackage 5 of the Innovative Medicines Initiative PharmaCog project: a 'European ADNI study[END_REF]. Briefly, participants underwent a cognitive (Mini-mental state examination and Alzheimer's disease assessment scale-Cognitive subscale), functional (Functional assessment questionnaire), mood and behavior (Geriatric depression scale) assessment and a complete multidomain neuropsychological evaluation using the Cambridge Neuropsychological Test Automated Battery (CANTAB; https:// www.cambridgecognition.com/cantab/) [START_REF] Galluzzi | Clinical and biomarker profiling of prodromal Alzheimer's disease in workpackage 5 of the Innovative Medicines Initiative PharmaCog project: a 'European ADNI study[END_REF]. For this study, the number of errors at the Paired Associated Learning Test (PAL) was selected as a measure of episodic memory (AD-related feature).

The reaction time at the Reaction Time (RTI) test was included as a measure of attention and processing speed (AD-unrelated feature) [START_REF] Nathan | Association between CSF biomarkers, hippocampal volume and cognitive function in patients with amnestic mild cognitive impairment (MCI)[END_REF].

STATISTICAL ANALYSIS

Statistical analyses were performed using IBM SPSS Statistics for Windows, version 23. The Partial correlation was used to test the correlation between CBF and AD core pathophysiological (CSF Aβ42 and p-tau levels), neurodegeneration (CSF t-tau levels, hippocampal and cerebellar volumes), and cognitive (episodic memory and processing speed) feature, and vascular burden (total WMHs volume), meanwhile controlling for scanner effects. For genetic features, CBF measures were compared between APOE Ɛ4 carriers (Ɛ4+) and APOE Ɛ4 non-carriers (Ɛ4-) using the General Linear Model (ANCOVA).

The same analyses were conducted to test correlation between the CBF of SMN and VIS and ADrelated and unrelated features, and to compare Ɛ4+ vs Ɛ4-. MRI site was included as a covariate in all the analyses to correct for potential scanner-related differences. These comparisons were assessed at an uncorrected threshold of p < 0.05. In addition, the results were also assessed after multiple comparisons correction with Bonferroni (correcting for AD-related features to avoid type 1 error, n = 7; p < 0.007).

RESULTS

CLINICAL, DEMOGRAPHIC, AND GENETIC FEATURES

Table 1 summarizes the clinical and demographic features of aMCI subjects. More than half of patients were Ɛ4+ (57%) and had prodromal AD (58%) (i.e., AD-like Aβ42/p-tau ratio based on established cutoffs depending on APOE Ɛ4 status [START_REF] Marizzoni | CSF cut-offs for MCI due to AD depend on APOEε4 carrier status[END_REF]). Moreover, all subjects with clinical follow-up available (n = 10) converted to dementia. The complete neuropsychological assessment included in the PharmaCog assessment is shown for descriptive purposes in the Supplementary Table 2.

CONVERGENT AND DISCRIMINANT VALIDITY NETWORKS' PERFUSION

Table 2 summarizes the values of networks' CBF and of AD-related and unrelated features.

CONVERGENT VALIDITY

Compared to Ɛ4-, Ɛ4+ had lower perfusion in the DMN (p = 0.039; Figure 1) and LIN (p = 0.004; Figure 2). However, only the latter survived multiple comparisons correction. Concerning AD pathophysiological markers, CSF Aβ42 levels showed a positive association with CBF levels of the LIN (r = 0.678, p = 0.022; Figure 2), which did not survive multiple comparisons correction. As post-hoc analysis, an effect of the APOE Ɛ4 allele on CSF Aβ42 levels was also observed (CSF Aβ42: 492 ± 111 vs 959 ± 149 pg/ml in Ɛ4+ vs. Ɛ4-; F = 38.120, p < 0.001).

No significant correlation emerged with the CBF of the DMN (p > 0.050; Figure 1). Similarly, no association was detected between CSF p-tau levels and CBF of the DMN (Figure 1) nor the LIN (Figure 2) (p > 0.050). As regards neurodegeneration markers, CSF t-tau levels and hippocampal volume were not significantly associated (p > 0.050) with CBF in the DMN (Figure 1) or the LIN (Figure 2). Episodic memory impairment (PAL, number of errors) was negatively associated to CBF levels within the LIN (r = -0.779, p = 0.002; Figure 2). This association survived multiple comparisons correction. A post-hoc test for the association between episodic memory impairment and CSF markers showed a correlation with Aβ42 (r = -0.713, p = 0.011) but not with p-tau (r = 0.333, p = 0.317).

Moreover, the episodic memory impairment was different between Ɛ4+ (number of errors: 94 ± 37) and Ɛ4-(76 ± 27) (F = 6.466, p = 0.027). No association (p > 0.050) was detected with CBF in the DMN (Figure 1). Finally, WMHs volume did not show any significant association (p > 0.050) with CBF within DMN (Figure 1) or LIN (Figure 2).

DISCRIMINANT VALIDITY

No significant association was detected between CBF in the DMN and LIN and AD-unrelated features (i.e., cerebellar atrophy and processing speed; p > 0.050; Figures 12). Moreover, no association was detected between CBF in AD-unrelated networks and AD features (p > 0.050; Supplementary Figures 12).

DISCUSSION

In this study, we investigated the validity of ASL perfusion as possible AD marker in aMCI, assessing the convergent and discriminant validity of CBF within two AD-related networks (DMN and LIN). In line with our hypotheses, the convergent validity was supported by significant associations with several AD features, while the lack of association between perfusion and AD-unrelated features / networks supported their discriminant validity. Taken together, these results show the promise of networks' perfusion as an AD marker in aMCI patients.

Convergent validity was supported by the significant association of CBF with 3 out of 5 AD-related features (APOE Ɛ4 allele, amyloidosis, and memory). Notably, the observation of significant associations with APOE Ɛ4 allele and Aβ load, but not with tau, neurodegeneration and vascular features, suggests a link between perfusion and upstream, but not downstream, AD processes [START_REF] Jr | Hypothetical model of dynamic biomarkers of the Alzheimer's pathological cascade[END_REF]. The finding of lower DMN and LIN perfusion in Ɛ4+ compared to Ɛ4-is in line with the study of Wierenga and colleagues [START_REF] Wierenga | Effect of mild cognitive impairment and APOE genotype on resting cerebral blood flow and its association with cognition[END_REF] that reported lower CBF in Ɛ4+, mapping to the parahippocampal and fusiform gyri (DMN and LIN temporal regions). Other previous reports on the effect of APOE genotype on perfusion found mixed results [START_REF] Bangen | Assessment of Alzheimer's disease risk with functional magnetic resonance imaging: an arterial spin labeling study[END_REF][START_REF] Wierenga | Effect of mild cognitive impairment and APOE genotype on resting cerebral blood flow and its association with cognition[END_REF][START_REF] Kim | Regional cerebral perfusion in patients with Alzheimer's disease and mild cognitive impairment: effect of APOE epsilon4 allele[END_REF][START_REF] Luckhaus | The relation of regional cerebral perfusion and atrophy in mild cognitive impairment (MCI) and early Alzheimer's dementia[END_REF]; however, none specifically focused on AD-related circuits. The regional specificity of our findings is also corroborated by the relative sparing of AD unrelated networks (SMN and VIS). Preclinical data suggest that APOE Ɛ4 may have a role in neurovascular dysfunction, promoting inflammatory processes that, in turn, increase the bloodbrain barrier permeability (BBB) to breakdown and disrupt microvascular integrity, especially in the hippocampal and parahippocampal regions (core DMN areas) [START_REF] Liu | Impaired parahippocampus connectivity in mild cognitive impairment and Alzheimer's disease[END_REF][START_REF] Halliday | Accelerated pericyte degeneration and blood-brain barrier breakdown in apolipoprotein E4 carriers with Alzheimer's disease[END_REF]. The association between LIN hypoperfusion and amyloidosis is in line with previous studies reporting lower CBF in the entorhinal cortex [START_REF] Tosun | Alzheimer''s Disease Neuroimaging Initiative (2016) Discriminative Power of Arterial Spin Labeling Magnetic Resonance Imaging and 18F-Fluorodeoxyglucose Positron Emission Tomography Changes for Amyloid-beta-Positive Subjects in the Alzheimer's Disease Continuum[END_REF] and inferior temporal gyrus [START_REF] Mattsson | Association of brain amyloid-β with cerebral perfusion and structure in Alzheimer's disease and mild cognitive impairment[END_REF][START_REF] Tosun | Alzheimer''s Disease Neuroimaging Initiative (2016) Discriminative Power of Arterial Spin Labeling Magnetic Resonance Imaging and 18F-Fluorodeoxyglucose Positron Emission Tomography Changes for Amyloid-beta-Positive Subjects in the Alzheimer's Disease Continuum[END_REF] of aMCI with higher Aβ load. LIN areas (orbitofrontal, entorhinal and anterior temporal) are among the first regions affected by amyloid deposition (Braak stage A [START_REF] Braak | Frequency of stages of Alzheimer-related lesions in different age categories[END_REF]), while DMN core areas (hippocampus and precuneus) are affected slightly later (Braak stage B [START_REF] Braak | Frequency of stages of Alzheimer-related lesions in different age categories[END_REF]), thus providing a possible explanation for lack of association between CBF and amyloidosis in the DMN, which is consistently reported in MCI [START_REF] Lou | Changes of cerebral perfusion and functional brain network organization in patients with mild cognitive impairment[END_REF][START_REF] Johnson | Pattern of cerebral hypoperfusion in Alzheimer disease and mild cognitive impairment measured with arterial spin-labeling MR imaging: initial experience[END_REF][START_REF] Alexopoulos | Perfusion abnormalities in mild cognitive impairment and mild dementia in Alzheimer's disease measured by pulsed arterial spin labeling MRI[END_REF][START_REF] Okonkwo | Cerebral blood flow is diminished in asymptomatic middle-aged adults with maternal history of Alzheimer's disease[END_REF][START_REF] Michels | Arterial spin labeling imaging reveals widespread and Aβindependent reductions in cerebral blood flow in elderly apolipoprotein epsilon-4 carriers[END_REF][START_REF] Kim | Associations between cerebral blood flow and structural and functional brain imaging measures in individuals with neuropsychologically defined mild cognitive impairment[END_REF]. However, we cannot exclude that this null result could be related to some methodological differences or limitations of our design, such as the usage of a measure lacking spatial specificity (i.e., CSF), the 6-month gap between CSF and MRI acquisition, or the small sample size. Notably, the association between Aβ and LIN hypoperfusion may be explained by other mechanisms than a direct effect of Aβ on perfusion. For example, this relationship may be primarily driven by the presence of APOE Ɛ4 allele. Indeed, the presence of APOE Ɛ4 allele is associated with amyloidosis [START_REF] Liu | Apolipoprotein E and Alzheimer disease: risk, mechanisms and therapy[END_REF], an effect we observed also in our sample. Thus, the association between LIN hypoperfusion and amyloidosis may be the indirect result of a pathological cascade initiated by APOE Ɛ4 rather than a direct effect of amyloid deposition. Longitudinal studies are however needed to explore the causal relationship between APOE status, amyloid, and perfusion. In this sense, future amyloid PET studies will be useful to clarify the topographical relations between amyloid deposition and brain perfusion.

LIN perfusion was also associated with episodic memory impairment, in line with LIN topography and function, since the medial temporal lobe is critically involved in episodic memory [START_REF] Ranganath | Two cortical systems for memory-guided behaviour[END_REF][START_REF] Catani | A revised limbic system model for memory, emotion and behaviour[END_REF] Previous studies reported an association between the episodic memory decline and hypoperfusion in the DMN areas (i.e. middle frontal cortex [START_REF] Chao | ASL perfusion MRI predicts cognitive decline and conversion from MCI to dementia[END_REF] and anterior cingulate cortex [START_REF] Chao | ASL perfusion MRI predicts cognitive decline and conversion from MCI to dementia[END_REF][START_REF] Vis | Arterialspin-labeling (ASL) perfusion MRI predicts cognitive function in elderly individuals: A 4-year longitudinal study[END_REF]). Our finding of an association with APOE Ɛ4, amyloid and worse memory performance (i.e., increasing number of errors), but not with tau or neurodegeneration, suggests that LIN hypoperfusion might be related to cognitive deficits through APOE or Aβ-related processes rather than tau-or neurodegeneration-related processes. Indeed, in our sample the episodic memory impairment showed a correlation with Aβ42 and differed between Ɛ4+ and Ɛ4-, supporting our hypothesis of a downstream role of APOE in influencing Aβmediated processes in AD cognitive features. The present results could however be related to the fact that the PAL is a spatial memory task and recent findings using PET amyloid ligands reported a relation between a spatial hippocampus dependent memory task and the presence of amyloid [START_REF] Webb | Beta-amyloid burden predicts poorer mnemonic discrimination in cognitively normal older adults[END_REF]. Taken together, these results suggest that, at least in this sample, amyloidosis but not tau plays a role in the association between spatial memory and limbic hypoperfusion.

When focusing on vascular damage, we did not find any association between WMHs and CBF in any NOIs. A possible explanation may be that vascular damage is primarily associated to tau pathology and neurodegeneration [START_REF] Tosto | Alzheimer's Disease Neuroimaging Initiative (2015) The effect of white matter hyperintensities on neurodegeneration in mild cognitive impairment[END_REF][START_REF] Mcaleese | Cortical tau load is associated with white matter hyperintensities[END_REF], and, therefore, the association with vascular and neurodegenerative features may occur later in AD course.

The discriminant validity was largely supported by our results, as no association emerged between DMN and/or LIN perfusion and the selected AD-unrelated features. Similarly, no association was detected between CBF in AD unrelated networks and AD features.

The major strength of this study is the comprehensive assessment of perfusion in relation with AD pathophysiological features, and the use of a network-based approach. Indeed, it has been previously reported that amyloid and tau proteins spread through functionally connected areas [START_REF] Pereira | Amyloid and tau accumulate across distinct spatial networks and are differentially associated with brain connectivity[END_REF][START_REF] Vogel | Spread of pathological tau proteins through communicating neurons in human Alzheimer's disease[END_REF]. Focusing on brain networks rather than on single regions would better reflect the underling pathology. This study also has several limitations. First, the small sample size limits the generalizability of the results and some associations did not survive multiple comparison correction. Thus, our results should be taken with caution and further studies in larger samples are needed to confirm our results. A second limitation is that some parameters of our ASL sequence are sub-optimal in the current state-of-the-art and other protocols such as pseudocontinuous ASL with 3D acquisition are generally recommended for studies in neurodegenerative diseases [START_REF] Alsop | Recommended implementation of arterial spin-labeled perfusion MRI for clinical applications: a consensus of the ISMRM perfusion study group and the European consortium for ASL in dementia[END_REF]. Moreover, as the elderly population is generally affected by occlusion and / or stenosis of large vessel, future studies should consider the usage of more advanced sequences, such as multi-TI or velocity-selective ASL, to limit the effect of delayed arterial transit time. However, despite these sequence limitations, we found significant results which seem to be very promising for future ASL application in the AD clinical setting. Another limitation is the use of CSF instead of PET to measure Aβ and tau levels, which did not enable us to investigate local/regional effects. However, a possible advantage of CSF is that it may detect amyloid alterations earlier than PET due to better technical sensitivity [START_REF] Palmqvist | Alzheimer's Disease Neuroimaging Initiative (2016) Cerebrospinal fluid analysis detects cerebral amyloid-β accumulation earlier than positron emission tomography[END_REF]. Finally, there is a temporal mismatch between CSF assessment and ASL MRI acquisition, as the first was conducted after 18 months and the latter after 24 months. Future studies including MRI and CSF data collected at similar timepoints will be important to confirm our results.

CONCLUSION

Our results support the validity of DMN and LIN perfusion as AD markers in aMCI, indicating a significant association between CBF and amyloidosis, APOE Ɛ4, and memory impairment.
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 1 Figure 1. Association between default mode network perfusion and AD features in MCI: APOE status
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 2 Figure 2. Association between limbic network perfusion and AD features in MCI: APOE status (panel

Table 1 . Demographic, clinical, biomarker, and genetic features of MCI patients.

 1 Data missing for 2 patientsAbbreviations: MCI, mild cognitive impairment; CSF, cerebrospinal fluid; Aβ42, amyloid β peptide 1-42; t-tau, total tau protein; p-tau, phospho-tau protein; APOE, the Apolipoprotein E gene; Ɛ4, allele 4 of the Apolipoprotein E gene; pg/ml, picogram/milliliter.

	Demographic characteristics

a

Table 2 .

 2 Brain perfusion, neurodegenerative, cognitive, and vascular features of MCI patients. Volumes are corrected for total intracranial volume.

	Abbreviations: SD, standard deviation; ml, milliliters; g, grams; min, minutes; mm, millimeters; cm,
	centimeters; ms, milliseconds.

b Test from the Cambridge Neuropsychological Test Automated Battery (CANTAB).
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