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Objective

The Multidomain Alzheimer Preventive Trial (MAPT) was designed to assess the effect of omega-3 supplementation and multidomain intervention on cognitive decline of subjects with subjective memory complaint. In term of cognitive testing, no significant effect was found. In this paper, we evaluate the effect of the interventions on the brain morphological changes.

Methods Subjects with MRI acquisitions at baseline and at 36 months were included (N=376). Morphological changes were characterized by volume measurements and nonlinear deformation.

Results

The multidomain intervention was associated with a significant effect on the 3-year brain morphological changes in the deformation-based approach. Differences were mainly located in the left periventricular area next to the temporoparietal junction. These changes were associated with better cognitive performance and mood/behavior stabilization. No effect of the omega-3 supplementation was observed. Discussion This result suggests a possible effect on cognition, not yet observable after 3 years. We argue that neuroimaging could help define whether early intervention strategies are effective to delay cognitive decline and dementia.

Introduction 1.The MAPT study

Subjective memory complaint (SMD) in individuals with unimpaired performance on cognitive tests is regarded as a possible risk factor of Alzheimer's disease (AD) [START_REF] Van Oijen | Subjective memory complaints, education, and risk of alzheimer's disease[END_REF]. For this reason, people with SMD represent a promising population to put in place early interventions, and prevention strategies [START_REF] Andrieu | Guidage study: a 5-year double blind, randomised trial of egb 761 for the prevention of alzheimer's disease in elderly subjects with memory complaints. i. rationale, design and baseline data[END_REF]. Current evidence suggests that multi-domain interventions targeting nutrition, physical exercise, cognitive activity and social stimulation may improve cognitive health [START_REF] Kivipelto | Lifestyle interventions to prevent cognitive impairment, dementia and Alzheimer disease[END_REF] in older adults with SMD [START_REF] Ngandu | A 2 year multidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus control to prevent cognitive decline in at-risk elderly people (FINGER): a randomised controlled trial[END_REF]. For instance, an increase in omega-3 polyunsaturated fatty acid intake has been proposed as a possible intervention for preventing or delaying age-related cognitive decline [START_REF] Dacks | Current evidence for the clinical use of long-chain polyunsaturated N-3 fatty acids to prevent age-related cognitive decline and Alzheimer's disease[END_REF].

The Multidomain Alzheimer Preventive Trial (MAPT) was a 3-year multi-centric randomized placebocontrolled trial designed to assess the effect of omega-3 supplementation and a multidomain intervention (MDI) on cognitive decline of subjects with SMD. The multidomain intervention consisted of regular group sessions focusing on physical activity, cognitive training, nutritional advice and social stimulation and of an individual preventive consultation to follow each participant. The supplementation in omega-3 polyunsaturated fatty acids was tested in comparison with a placebo. 1680 Subjects were randomized in four parallel groups including three intervention groups (omega-3 alone, MDI plus placebo, MDI plus omega-3) and a placebo control group. All participants in the MAPT study underwent extensive and longitudinal clinical testing, including classical clinical scales and tasks to assess the physical and cognitive functioning, the autonomy in activities of daily living, and the presence cognitive and behavioral disturbances. Furthermore, a sub-sample of participants underwent structural magnetic resonance imaging (sMRI) both at baseline and at the end of the 3-year trial. A complete description of the trial is published in [START_REF] Vellas | MAPT study: A multidomain approach for preventing alzheimer's disease: design and baseline data[END_REF]. [START_REF] Andrieu | Effect of long-term omega 3 polyunsaturated fatty acid supplementation with or without multidomain intervention on cognitive function in elderly adults with memory complaints (MAPT): a randomised, placebo-controlled trial[END_REF] studied the effects of the treatments on the cognition, as indexed by a combination of classical clinical and cognitive tests, and found no significant differences between any of the three intervention groups and the placebo group. An hypothesis to explain these negative results is that the cognitive tests employed in MAPT study were not sensitive enough to detect subtle longitudinal changes in subjects with SMD, that, by definition, are characterized by non-impaired performance on classical cognitive testing. Screening neuropsychological tests are designed to have good inter-rater and test-retest reliability as well as concurrent validity and predictive validity in MCI and AD but also in other forms of dementia. However these tests may be less adapted for fine assessments of cognitive changes [START_REF] Cullen | A review of screening tests for cognitive impairment[END_REF] and they have been criticized for lack of sensitivity in patients with mild dementia or subjective cognitive complaints [START_REF] Tierney | Prediction of Probable Alzheimer Disease in Patients With Symptoms Suggestive of Memory Impairment: Value of the Mini-Mental State Examination[END_REF].

Moreover, conclusions on the efficacy of such preventive strategy may be affected by the design of the interventions (choice of activities, frequency, supplementation dose, etc) and by the main dementia-related risk factors in the population [START_REF] Isaacson | The clinical practice of risk reduction for Alzheimer's disease: A precision medicine approach[END_REF]. In order to design effective interventions, we need to be able to precisely assess the patient longitudinal condition and to focus on the most important interventions to limit the impact on the patient life [START_REF] Robinson | Proactive approaches to identifying dementia and dementia risk; a qualitative study of public attitudes and preferences[END_REF].

In this context, the assessment of brain morphological changes can provide complementary information on the interventions' effect. A similar question was addressed in [START_REF] Stephen | Brain volumes and cortical thickness on MRI in the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER)[END_REF], the effect of a MDI on the brain morphology was evaluated for the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER). No significant effect was found on the morphological changes but a correlation between the baseline morphology and the cognitive benefits was highlighted.

In this paper, we investigate the effect of both MAPT interventions on brain morphology to verify whether brain changes may represent a more sensitive biomarker of the treatments' effects.

Longitudinal modeling of the brain morphology

Structural magnetic resonance imaging (sMRI) has been proven helpful to characterize neuropsychiatric conditions [START_REF] Bron | Standardized evaluation of algorithms for computer-aided diagnosis of dementia based on structural MRI: The CADDementia challenge[END_REF][START_REF] Jack | Transition rates between amyloid and neurodegeneration biomarker states and to dementia: a populationbased, longitudinal cohort study[END_REF][START_REF] Lorenzi | Probabilistic disease progression modeling to characterize diagnostic uncertainty: application to staging and prediction in alzheimer's disease[END_REF] or to assess the efficacy of specific treatments [START_REF] Lieberman | Antipsychotic Drug Effects on Brain Morphology in First-Episode Psychosis[END_REF].

In particular, knowledge of the spatial pattern and rate of decline of cerebral brain volume provides valuable information for detecting early neurodegenerative disease such as Alzheimer's disease at different stages of disease progression [START_REF] Mcdonald | Regional rates of neocortical atrophy from normal aging to early Alzheimer disease[END_REF]. For example, atrophy in Alzheimer's disease is not uniform across brain regions, nor does it follow a linear trajectory. The atrophy rate is greater in early disease stages within the medial temporal cortex, and in later stages within prefrontal, parietal, posterior temporal and cingulate cortex [START_REF] Risacher | Longitudinal MRI atrophy biomarkers: Relationship to conversion in the ADNI cohort[END_REF]. This non-linear behavior of the atrophy is also characterized by an acceleration phase during the early stages of the disease, specifically hippocampal and entorhinal atrophy in mild cognitive impairment [START_REF] Sabuncu | The Dynamics of Cortical and Hippocampal Atrophy in Alzheimer Disease[END_REF][START_REF] Devanand | Hippocampal and entorhinal atrophy in mild cognitive impairment: Prediction of Alzheimer disease[END_REF][START_REF] Colliot | Discrimination between alzheimer disease, mild cognitive impairment, and normal aging by using automated segmentation of the hippocampus[END_REF]. However, to our knowledge, there is no strong evidence that measure of regional brain atrophy is relevant to predict symptomatic change in patients with cognitive complaints and normal neuropsychological tests [START_REF] Saykin | Older adults with cognitive complaints show brain atrophy similar to that of amnestic mci[END_REF][START_REF] Sluimer | Whole-brain atrophy rate and cognitive decline: longitudinal mr study of memory clinic patients[END_REF].

These usual morphometric features are generally obtained from a priori defined regions of interests (ROIs) such as the hippocampi or the ventricles. They offer valuable quantitative assessments but can be limited and many alternatives have been proposed during the last decades to assess the local differences in brain tissues composition and shape [START_REF] Ashburner | Voxel-Based Morphometry-The Methods[END_REF][START_REF] Qiu | Combining anatomical manifold information via diffeomorphic metric mappings for studying cortical thinning of the cingulate gyrus in schizophrenia[END_REF][START_REF] Hutton | A comparison between voxel-based cortical thickness and voxel-based morphometry in normal aging[END_REF].

Deformation based approaches describe the voxel-wise shape remodeling [START_REF] Ashburner | Identifying global anatomical differences: Deformation-based morphometry[END_REF]. Anatomical and morphological differences are estimated using registration and modeled by diffeomorphic deformations. These transformations of the space convey direct information on the visible changes of the brain. These approaches can be really powerful to describe the aging brain trajectory [START_REF] Sivera | A model of brain morphological changes related to aging and Alzheimer's disease from cross-sectional assessments[END_REF] and to explore the potential morphological correlates to cognitive changes [START_REF] Schmidt-Wilcke | Memory performance correlates with gray matter density in the ento-/perirhinal cortex and posterior hippocampus in patients with mild cognitive impairment and healthy controls -A voxel based morphometry study[END_REF].

Method

Participants

Every subjects of the MAPT cohort with two MRI acquisitions at baseline and 36 months were included. The total sample includes 377 subjects, randomized in the MDI plus omega-3 group (N=98), the MDI plus placebo group (N=100), the omega-3 alone group (N=87), or the placebo control group (N=92). The demographic features and the genetic, cognitive and functional profile of subjects at baseline are reported in Table 1.

Demographic data includes age, sex and education. Cognitive data include the Mini-Mental State Examination (MMSE) [START_REF] Folstein | Mini-mental state". A practical method for grading the cognitive state of patients for the clinician[END_REF], the Free and Cued Selective Reminding Test [START_REF] Grober | Screening for dementia by memory testing[END_REF], self-reported Visual-analogue scale (EVA) [START_REF] Mcnair | Self-assessment of cognitive deficits[END_REF], the Digit Symbol Substitution Test [START_REF] Wechsler | Manual for the Wechsler adult intelligence scale -revised[END_REF], the Trail Making Tests (TMT-A and TMT-B) [START_REF] Reitan | Validity of the Trail Making Test as an Indicator of Organic Brain Damage[END_REF]) and verbal letter fluency (Controlled Oral Word Association Test [START_REF] Cardebat | Formal and semantic lexical evocation in normal subjects. Performance and dynamics of production as a function of sex, age and educational level[END_REF]). Behavioral and functional data include the Geriatric Depression Scale (GDS) [START_REF] Yesavage | Development and validation of a geriatric depression screening scale: a preliminary report[END_REF], the Short Physical Performance Battery (SPPB) [START_REF] Guralnik | Lower extremity function and subsequent disability: consistency across studies, predictive models, and value of gait speed alone compared with the short physical performance battery[END_REF] and everyday life assessments using the Alzheimer's Disease Cooperative Study Activities of Daily Living Prevention Instrument (ADCS) [START_REF] Galasko | ADCS Prevention Instrument Project: assessment of instrumental activities of daily living for community-dwelling elderly individuals in dementia prevention clinical trials[END_REF]).

In order to verify that the 3-year change of the subjects cognitive, behavioral and functional profile in our sub-sample (ie. subjects with two MRIs, N=377) is comparable to the original study population (N=1680), we submitted the scores changes (results at M36 minus results at baseline) of each of the available tests to separate ANOVAs with Group (MDI plus omega-3, MDI plus placebo, omega-3 alone, placebo) as betweensubject factor.

One subject (from the omega-3 alone group) was excluded from the image analysis due to a failure of execution of the processing pipeline. The statistical analyses of the morphological changes, using segmentation and registration, were performed on 376 subjects. 

Regional atrophy and cortical thickness assessments

First, the longitudinal morphological changes were evaluated using cortical thickness and sub-cortical volumetric measures. The imaging data was processed using the longitudinal stream available in the FreeSurfer software [START_REF] Reuter | Within-subject template estimation for unbiased longitudinal image analysis[END_REF]. We decided to focus our analysis on the regions of the brain well-known to be atrophying in dementia from early stages (MCI) to severe stages [START_REF] Whitwell | 3d maps from multiple mri illustrate changing atrophy patterns as subjects progress from mild cognitive impairment to alzheimer's disease[END_REF]. The changes were measured between the baseline and the 36-month follow-up.

For the volumetric information 24 regions were selected, and changes in global left plus right regions were computed for 9 of these regions. The cortical thickness was evaluated in 34 regions of each hemispheres. Similarly the left/right averages were added to the analysis. We also assessed the effect on changes on the total white and gray-matter volume and the brain parenchyma fraction (BPF). In total the morphology is characterized by 142 scalar variables (the extensive list is available in supplementary material) giving an exploratory overview of a large spectrum of possible changes.

The difference between the treatment groups was tested using an ordinary linear model with no cross effect. A non-parametric re-randomization test was performed to correct for multiple comparisons.

Statistical analysis of the deformations

Modeling the brain morphology

The deformation-based approach used in this work is based on an efficient parametrization of diffeomorphisms using stationary velocity fields [START_REF] Arsigny | A log-euclidean framework for statistics on diffeomorphisms[END_REF]. In this setting, smooth and reversible deformations that spatially align the anatomies are estimated through non-linear registration [START_REF] Lorenzi | Efficient Parallel Transport of Deformations in Time Series of Images: From Schild's to Pole Ladder[END_REF] between pairs of images. These deformations are fully parametrized by the flow of a stationary velocity field (SVF). From these deformations it is possible to compute the corresponding volume changes locally in the brain [START_REF] Lorenzi | LCC-Demons: a robust and accurate symmetric diffeomorphic registration algorithm[END_REF]), but it is also possible to analyze the longitudinal intra-subject trajectory directly in the deformation space using the SVFs transported in a common reference space where they can be compared [START_REF] Hadj-Hamou | Longitudinal analysis of image time series with diffeomorphic deformations: a computational framework based on stationary velocity fields[END_REF].

Assessing the effect of the treatments on the brain

The objective was to assess the effect of both MAPT interventions (MDI and omega-3 supplementation) on the brain morphological changes. To do so, we tested the H 0 hypothesis that the treatments were not correlated with the vector fields parametrizing the deformations. However these fields are high dimensional and repeating the test for every voxel will result in a large number of correlated tests. To address this problem, we used a non-parametric re-randomization test to control for family-wise error rate (FWER). This statistical approach does not require strong assumptions on the data distribution, especially when the patients are in a randomized trial, and is well fitted to the neuroimaging settings [START_REF] Nichols | Nonparametric permutation tests for functional neuroimaging: A primer with examples[END_REF].

Several statistics can be used at the voxel level; most of them are based on the comparison of the residual variance matrix and the model variance matrix. Here, the voxel statistic was based on the likelihood ratio to compare the goodness of fit between the linear model taking into account the treatments and the constant model. No additional covariate was included in our model. The maximum of this statistic was then used to summarize the result over the whole brain.

For each random permutation of the subjects, the maximum of the likelihood-ratio statistic map is computed on the whole brain area. These values give an empirical distribution of the maximum statistic under H 0 . This empirical distribution allows us to compute, for the real group assignment, the resulting p-value.

In order to get a reliable p-value estimation, N = 2000 permutations were computed. Indeed, the standard deviation of the p-value estimation at a significance level of α = 0.05 is equal to:

P = α(1 -α)/N ≈ 0.005
Additional likelihood-ratio analyses were performed to assess the effect of both the omega-3 and the multidomain intervention variables individually. For these analyses the same permutations of the 376 subjects were used, the only difference being that the linear model tested only took into account one variable of interest.

Results about the existence of a global difference in morphological change are not really informative and we are also interested in the interpretation of the eventual difference and their relation to a progression toward more advanced diseased stages. To achieve this we first visualized the voxel-wise z-value maps. They give insights on where the difference were correlated with the treatments. Then, the mean changes were computed for each subgroups, and the local differences were highlighted. This allows to make hypotheses about the properties of these differences.

Results

Cognitive, behavioral and functional assessment

Results regarding the 3-year change of the subjects cognitive, behavioral and functional profile in our subsample are reported in Table 2. The score changes (results at M36 minus results at baseline) of each of the available tests are evaluated using ANOVAs with Group (MDI plus omega-3, MDI plus placebo, omega-3 alone, placebo) as between-subject factor. Table 2: Changes of the cognitive, behavioral and functional assessments in the three intervention groups compared with the control group.

Converging with previous reports [START_REF] Andrieu | Effect of long-term omega 3 polyunsaturated fatty acid supplementation with or without multidomain intervention on cognitive function in elderly adults with memory complaints (MAPT): a randomised, placebo-controlled trial[END_REF], no significant effect of the intervention was found on the overall cognitive decline (Mini-Mental State Examination), on depression (Geriatric Depression Scale), and on physical fitness (Short Physical Performance Battery). Similarly, no consequences were found on everyday life (Alzheimer's Disease Cooperative Study Activities of Daily Living Prevention Instrument).

Concerning the change of the cognitive profile, no effect of group was found on the memory (as indexed by classical neurophysiological tests -Free and Cued Selective Reminding Test -and self-report -Visualanalogue scale EVA) attention and executive functions (Digit Symbol Substitution Test and TMT-A and TMT-B) or verbal letter fluency (Controlled Oral Word Association Test). A significant effect on semantic verbal fluency (Category Naming Test) was found (p=.027), but post-hoc comparisons (Bonferroni corrected) revealed no-significant difference between the three intervention groups and the control group, and among the different intervention groups. These results argue that our subsample (N=377) is comparable to the original study population (N=1680).

Segmentation-based statistical analysis of the intervention's effect

These results rely on the longitudinal processing stream of the FreeSurfer software. All the results for the change of every volumes and cortical thickness are reported in supplementary material. Table 3 summarizes the global result. No effect was observable in any regions, including the total white-matter, gray-matter or brain volume to intra cranial volume, for both interventions. This absence of observable effect is not related to the large number variables selected in this exploratory approach. Indeed the strongest difference were measured in the corpus callosum posterior and the left thalamus and their respective p-values without correction (respectively 0.036 and 0.043) were quite large. As a consequence no meaningful conclusion or hypothesis can be drawn from this experiment. 3: Statistical analysis of morphological assessments relatively to treatment groups. Differences are evaluated using a simple linear model with no cross-effect. We report here the results for a selection of variables and for the global statistic. The complete results for the 142 morphological variables are reported in supplementary material. The maximum is attained on the volume of the posterior corpus callosum but the result is not significant after correction for multiple tests.

Deformation-based statistical analysis of the intervention's effect

A significant effect of the treatments was found on the morphological changes over the 3 years of followup (p-value = 0.018). This result for the primary efficacy analysis jointly considers both treatments (MDI and omega-3) and is corrected for the whole brain voxel-wise comparisons. The localization of this effect is visible in Figure 1a. The effect is stronger in the periventricular area in the left hemisphere near the temporoparietal junction (TPJ). Few differences are also visible in the right temporal lobe, but these are not statistically significant. Further testing was conducted to evaluate if the observed effect was associated with the omega-3 or the MDI. Firstly, the linear model associated with the omega-3 was found not to be significantly better than the constant model (p-value = 0.927). In this context, the small differences visible in Figure 1b in the ventricles -a region that often reflects morphological changes affecting the brain at a larger scale -may not even be specifically associated with the treatment. Secondly, the MDI-only model led to significant results (p-value = 0.026). Moreover the pattern observed for the MDI was really similar to the one found for the joint modeling (see Figure 1c). Finally, the model taking into account both variables did not perform significantly better than the one taking into account the MDI only (p-value=0.933).

To summarize, the observed morphological differences were only associated with the MDI. The full 3dimensional statistical z-map for the MDI is then reproduced in Figure 2. The positive cluster extent in the left posterior periventricular area seems to indicate a relatively localized effect. However the non-significant differences in the corresponding area in the right hemisphere and in the right temporal lobe may indicate the existence of changes in regions We should also keep in mind that the effect can be smoothed by the High values indicate a difference in the morphological changes that is associated with the treatment status. Intensity thresholds correspond to the non-corrected parametric testing at level 0.05 (lower threshold) and 0.001 (higher threshold). regularization of the deformations and that the displacements which are visible in this area could be induced by morphological changes in other parts of the brain. 

Description of the MDI effect on the brain morphology

In this section we focus on the description of the MDI effect. The omega-3 status is ignored to increase sample sizes as no morphological effect have been found. We first consider the group-average deformations, then the log-Jacobian of the SVFs are computed to assess the atrophy associated with these deformations (see [START_REF] Lorenzi | LCC-Demons: a robust and accurate symmetric diffeomorphic registration algorithm[END_REF]).

Figure 3 represents the mean velocity fields parametrizing the longitudinal deformations for the group undergoing MDI and for the control group. Both fields are similar and correspond to a normal aging process. The difference in the periventricular area is nonetheless visible with a deformation of smaller amplitude for the MDI group. The localization of the effect is visible with an asymmetrical pattern and a stronger difference in the left TPJ. We also note a reduction of the deformation in both temporal lobes for subjects undergoing the MDI.

The log-Jacobian maps are represented in Figure 4 to shows the local volume changes induced by the average deformations with or without the MDI. The difference shows a reduction of the atrophy in the whole brain: there is less atrophy in the parenchyma and less expansion in the CSF. Relatively to the deformations, the spatial pattern is less localized and the specific effect in the left TPJ is less visible. This observation suggests that the longitudinal difference is associated with a global difference in volume loss but also a more complex reconfiguration of the morphology.

The atrophy maps are also integrated using the 44-region FreeSurfer segmentation introduced in section 3.2. This operation gives another estimation of the volume changes of the regions of interest. The statistical analysis of these results shows a stronger effect of the MDI on the left lateral ventricle, the left inferior ventricle and the right hippocampus. However there is no significant result when correcting for multiple comparisons. This analysis reinforces the hypothesis of a difference that is only partially due to volume changes and is associated to a more complex morphological reconfiguration. 

Relation to cognitive and behavioral scores

No direct cognitive effects of the treatment was observed. However, it is possible to relate the observed morphological differences to clinical assessments in order to better interpret the results. In this section we measured the correlation between the MDI specific morphological effect and the cognitive changes measured by the clinical scores.

In the previous section, a regression model was used to evaluate the effect of the MDI on the morphology. The SVFs that parametrized this model were used to linearly decomposed the individual trajectories. The explanatory variable resulting from this decomposition was then analyzed in relation with the change of four cognitive and behavioral scores as measured by the difference in score between the 3-year followup and the baseline.

The four selected variables, introduced previously, are the Mini Mental State Examination (MMSE), the Geriatric Depression Scale (GDS), the free recall test and the category naming verbal fluency test. The analysis was done using the whole population (i.e. the 376 subjects).

The correlation between the coefficients of the morphological decomposition and each clinical variable was assessed using a Fisher test. The results are presented in Table 4. The intercept measures the average change in cognitive/behavioral score in the whole population while the coefficient corresponds to the additional change that is associated to the longitudinal morphological difference between the control and the MDI group.

The MDI specific brain changes were significantly associated with positive cognitive and behavioral effects: decrease in the GDS total score and increase of the memory recall test. For comparison, no significant change in GDS was observed for the control group while a general improvement in recall performance was observed for the overall population (the morphological changes of interest being associated with greater amelioration). The effect on MMSE and fluency was not significant but, in both cases, it corresponded to a slowing of the cognitive decline. 4: Test for correlation between the MDI morphological effect and the cognitive and behavioral clinical assessments. The intercepts correspond to the average 3-year change, the coefficients correspond to the additional score change for a morphological change equal to the difference between the control group and the MDI group.

Discussion

Interpretation of the morphological changes

The statistical analysis of the brain deformations estimated from structural MRIs showed a possible effect of the MDI on the morphological changes. Differences were observed in periventricular area and in the temporal lobes in an asymmetrical pattern. The effect was stronger in the left hemisphere near the precuneus and using non-parametric analyses, we showed that this effect was statistically significant. The localization of this effect in the deep white matter may indicate a direct effect on the myelinised axons in this area. Damages on the white matter tracks are not necessarily correlated with cortical atrophy in patients with mild cognitive impairment [START_REF] Agosta | White Matter Damage in Alzheimer Disease and Its Relationship to Gray Matter Atrophy[END_REF] and these changes could be early signs of the decline before the cortical atrophy. Moreover physiological changes in this area may have complex implications on the general cognitive condition and are consequently hard to characterize using cognitive testing.

The asymmetry could be related to the selection of exercises proposed in the MDI. A focus on tasks strongly relying on language would be associated with a stronger effect on the left hemisphere. While lexicalsemantic processing is not affected in every case of AD, it is well established that this domain is typically affected early in the disease course, and it thus constitutes a primary target for detection and prognosis of MCI [START_REF] Taler | Language performance in Alzheimer's disease and mild cognitive impairment: A comparative review[END_REF].

Similarities can be found with early Alzheimer atrophy patterns where cortical atrophy is first observed in the temporal lobes, in the inferior parietal and posterior cingulate [START_REF] Mcdonald | Regional rates of neocortical atrophy from normal aging to early Alzheimer disease[END_REF]. The difference of atrophy measured between controls and MDI subjects is smoother and less localized but is not incompatible with this pattern. [START_REF] Thompson | Tracking Alzheimer's Disease[END_REF] demonstrated that cortical atrophy occurred earlier and progressed faster in the left hemisphere than in the right in patients with Alzheimer's disease. Hippocampal asymmetry was found to significantly reduce in subjects with dementia [START_REF] Barnes | Does Alzheimer's Disease Affect Hippocampal Asymmetry? Evidence from a Cross-Sectional and Longitudinal Volumetric MRI Study[END_REF][START_REF] Shi | Hippocampal volume and asymmetry in mild cognitive impairment and Alzheimer's disease: Meta-analyses of MRI studies[END_REF]. Cerebral atrophy and asymmetry changes in cognitively impaired patients are less understand and less wellestablished in comparison with healthy aging. As brain asymmetry is believed to be favorable for efficient multitask information processing and survival [START_REF] Rogers | Advantages and disadvantages of lateralization[END_REF], the shifted lateralization of healthy elderly in caudal anterior cingulate, parahippocampal, and entorhinal gyri may be more protective and compensatory than destructive in the maintenance of the cognitive and emotional homeostasis [START_REF] Lütcke | Lateralized Anterior Cingulate Function during Error Processing and Conflict Monitoring as Revealed by High-Resolution fMRI[END_REF], probably in response to the regional atrophy and decreased laterality during aging [START_REF] Liu | The effects of age and sex on cortical sulci in the elderly[END_REF][START_REF] Sowell | Mapping cortical change across the human life span[END_REF]. In our case, one interpretation is that the intervention would increase or contribute to maintain the cognitive reserve in these areas leading to an asymmetric delay on the disease progression.

More generally, the global reduction of deformation and atrophy that is associated with the MDI, may indicate that a slower progression thanks to the interventions.

Limitations

The selected morphometric approach gives a rough localization of visible structural displacements in the brain. The localization incertitude is reinforced by the fact that registration algorithms are not able to accurately estimate deformations in homogeneous intensity areas. By consequence, the method can be more sensitive in high contrast area and miss some information elsewhere. For example, the differences are always more visible at the ventricles boundaries (high contrast between the tissue and the CSF) and this bias may contribute to the localization of the findings. Moreover the deformation is not always directly related to local volume changes and the atrophy of a region creates apparent displacements in neighboring regions. The use of a full diffeomorphic deformation is powerful to detect subtle changes but the increase in complexity and generality makes the interpretation of the results more difficult.

Concerning the clinical implication, the interpretation is also complex because we can only consider the joint effect of the MDI which regroups a large spectrum of activity (social interactions, physical cognitive exercises, nutritional advice, etc.). The interpretation is also made difficult because no direct effect of the treatments on the cognitive changes has been shown. The analysis presented in section 3.5 proposes a first evaluation of the relation between these morphological changes and the cognitive condition. However these relations are evaluated on the same dataset and the results could be really sensitive to hidden exogenous variables.

The implementation of the statistical model has its own limitations. It makes the GLM model applicable to multivariate fields but does not includes alternative approaches such as mixed-effect modeling or computational optimizations. It would also be interesting to try to replicate these results with a different morphological modeling and statistical approach as the model choice and the software may influence the findings [START_REF] Bowring | Same data-different software-different results? analytic variability of group fmri results[END_REF].

Finally, some limitations that have been highlighted regarding the MAPT study (see [START_REF] Yassine | Lessons from the Multidomain Alzheimer Preventive Trial[END_REF]; [START_REF] Coley | Lessons from the Multidomain Alzheimer Preventive Trial -Authors' reply[END_REF]) are particularly relevant for our work. First the absence of effect of the omega-3 may be related to the prescribed doses or by the relatively short duration of the study (3 years only). Second, in the assessment of the effect of the MDI, we need to be aware that this intervention was not double-blind due to the nature of the intervention.

Perspectives

Further analyses should be done to better understand the nature of the changes, their localization and the long-term consequence on the cognition.

An analysis of the deformation over a longer time interval could increase the accuracy of the estimation. It would also make it possible to link the local deformations to the cognitive evaluation despite the intrinsic variability of these assessments. Then, in conjunction with structural images, metabolic or functional imaging would give complementary information on the localization and the nature of the changes. Diffusion imaging could help validating the hypothesis concerning the effect of the interventions on the white matter tracks.

In order to design better protocols, it would be interesting to know the relative contribution of each intervention within the MDI. We should however note that the observed joint effect is relatively weak and it would not be an easy task. The asymmetry of the findings suggesting a possible language-related effect, it would also be interesting to have more lexical-semantic tests in futures multidomain interventions trials.

It would also be useful to be able to adapt to the specific patient needs. [START_REF] Stephen | Brain volumes and cortical thickness on MRI in the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER)[END_REF] suggest that the MDI may be more effective for patients with less morphological changes. A similar analysis could be done for the MAPT and, more generally, neuroimaging could be helpful to personalize the intervention to the patient condition.

Finally, the long-term effect on cognition should be assessed. The correlation of the morphological effect with the cognitive and behavioral changes suggests a possible long-term improvement of the subjects cognitive and behavioral profile that could be comparable to the normal speed of the cognitive decline. It could be interesting to focus on cognitive tests evaluating functions which rely on the highlighted areas. However even if these changes are correlated, we have no proof that the MDI has a long-term protective effect that could be used for the prevention of the cognitive decline and of an eventual dementia.

Conclusion

In the context of the MAPT study, a significant effect of the multidomain intervention on the brain morphology was found. The voxel-wise deformation-based approach highlights differences in the white matter near the left temporoparietal junction. These morphological changes correspond to a slower age progression and are correlated with better performance in cognitive assessment. These results are in agreement with previous studies suggesting a positive effect of a similar intervention on cognitive health in older adults [START_REF] Kivipelto | Lifestyle interventions to prevent cognitive impairment, dementia and Alzheimer disease[END_REF]. No visible effect was found for the omega-3 supplementation relatively to the placebo. To go further, the long-term effects of the intervention on the cognitive and behavioral condition should be evaluated.

From the methodological standpoint, the results of the present study suggest that the statistical analysis of longitudinal deformations may be a powerful tool to assess the morphological changes and the effect of a treatment even without priors on the affected areas. In this work, we were unable to observe these differences using the volumetric approach, which suggest that the observed effect is associated with a complex morphological reconfiguration that cannot be reduced to simple local volume changes. This work thus suggests that the morphological changes may be helpful to link physiological changes and cognitive changes, even before the changes in cognitive functions are clinically relevant.

In the light of the lack of results on the clinical criteria used in MAPT patients and our results, future interventional trials on subjects with SMD or in the early stages of the disease progression should include alternative to the classical cognitive, behavioral and functional assessment, potentially more sensitive to subtle changes. The joint use of more specific clinical and image-based biomarkers changes could allow earlier detection of a risk of conversion in MCI or AD.

Figure 1 :

 1 Figure 1: Localization of the treatments effect on the longitudinal morphological changes for: (a) both categorical variables associated with the omega-3 supplementation and the multidomain intervention, (b) omega-3 only, (c) multidomain intervention only. Color bars indicate the magnitude of the z-values for the likelihood-ratio test for the variables of interest in the linear regression of the local deformation parameters.High values indicate a difference in the morphological changes that is associated with the treatment status. Intensity thresholds correspond to the non-corrected parametric testing at level 0.05 (lower threshold) and 0.001 (higher threshold).

Figure 2 :

 2 Figure 2: Multi-slices visualization of the MDI effect on the longitudinal morphological changes. Color bars indicate the magnitude of z-values for the corresponding test. This figure proposes a more complete visualization of the results shown in Figure 1(c). Slices are sampled regularly every 12 mm in the longitudinal axis and every 15 mm along the axial axis.

Figure 3 :

 3 Figure 3: Mean velocity fields parametrizing the deformations for the subjects without MDI (left) and with MDI (center). The difference (right, scaled x5) highlights the changes associated with the intervention. The two means are really similar, the main difference is a smaller amplitude of deformation in the periventricular area.

Figure 4 :

 4 Figure 4: Mean atrophy for the subjects without MDI (left) and with MDI (center) and the difference (right) to highlights the changes associated with the intervention. The two means are really similar, the difference correspond to a global slower atrophy pattern.

Free and Cued Selective Reminding Test

  

		Multidomain plus polyunsaturated fatty acids (n=98)	Multidomain plus placebo (n=100)	Polyunsaturated fatty acids (n=87)	Placebo (n=92)	Overall (n=377)
	Age, years	74,96 [4,22]	74,34 [3,84]	74,67 [3,68]	74,48 [4,03]	74,61 [3,95]
	Female sex	59 (60,2)	69 (69,0)	57 (65,5)	57 (62,0)	242 (64,2)
	Education					
	No diploma or primary school certificate	16 (16,5)	14 (14,0)	14 (16,3)	16 (17,58)	60 (16,0)
	Secondary education	38 (39,2)	27 (27,0)	23 (26,7)	26 (28,57)	114 (30,5)
	High school diploma	16 (16,5)	13 (13,0)	14 (16,3)	10 (11,0)	53 (14,2)
	University level	27 (27,8)	46 (46,0)	35 (40,7)	39 (42,9)	147 (39,3)
	APOE ε4 (n=23 missing data)	19 (20,7)	26 (28,3)	16 (19,5)	21 (23,9)	82 (23,2)
	Mini Mental State Examination	28,13 [1,53]	28,38 [1,43]	28,39 [1,48]	27,99 [1,56]	28,22 [1,50]
	Clinical dementia rating					
	0	57 (58,2)	54 (54,0)	49 (56,3)	44 (47,8)	204 (54,1)
	0•5	41 (41,8)	46 (46,0)	38 (43,7)	48 (52,2)	173 (45,9)
	Free recall*	27,70 [5,51]	28,26 [6,88]	29,16 [5,47]	27,36 [6,78]	28,10 [6,22]
	Total recall*	45,45 [3,08]	45,73 [3,22]	46,37 [2,40]	45,30 [4,33]	45,70 [3,35]
	Trail Making Test					
	Part A	44,11 [16,71]	44,27 [16,28]	43,71 [13,58]	43,22 [12,91]	43,84 [14,98]
	Part B (n=2 missing data)	107,41 [46,70]	106,91 [42,35]	110,94 [43,39]	110,40 [53,83]	108,82 [46,59]
	Verbal fluency					
	Category Naming Test	28,17 [6,70]	28,11 [7,98]	28,44 [6,92]	28,58 [7,37]	28,32 [7,24]
	Controlled Oral Word Association Test	22,16 [5,78]	22,44 [7,54]	22,05 [5,89]	22,46 [5,81]	22,28 [6,30]
	DSST (WAIS-R coding)	40,59 [10,29]	41,10 [10,48]	39,30 [8,91]	39,36 [8,16]	40,13 [9,55]
	Memory functioning ‡	48,64 [16,17]	48,57 [16,98]	47,39 [15,94]	49,42 [18,85]	48,53 [16,97]
	Consequences of everyday life ‡	39,77 [24,72]	36,14 [23,57]	37,94 [24,32]	38,37 [21,95]	38,04 [23,61]
	Geriatric Depression Scale (n=2 missing data)	2,80 [1,94]	3,28 [2,44]	3,41 [2,46]	3,18 [2,82]	3,16 [2,43]
	Short Physical Performance Battery	11,00 [1,44]	11,14 [1,26]	10,76 [1,28]	11,01 [1,39]	10,98 [1,35]

Data are mean (SD), or n (%), unless otherwise specified. Percentages were calculated on the basis of the number of participants for whom data were available for each criterion. DSST=Digit Symbol Substitution Test. WAIS-R=Wechsler Adult Intelligence Scale-Revised. ADCSADLPI=Alzheimer's Disease Cooperative Study Activities of Daily Living Prevention Instrument. *48 is the total possible score. ‡Measured on a visual analogue scale.
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