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Background: Adherence to the Mediterranean diet (MedDiet), a primarily plant-based eating pattern, has been associated with lower dementia incidence. Much of the research has focused on Alzheimer’s disease (AD) dementia and mild cognitive impairment (MCI), with less research looking at the preclinical symptomatically silent stages that pre-empt MCI and AD dementia. Although there is evidence from studies conducted globally, no studies have compared the effects of the MedDiet within and outside of the Mediterranean region in one cohort.
Methods: Our study explored cross-sectional and longitudinal associations between MedDiet and cognition in the pan-European EPAD LCS, comparing those living within and outside of the Mediterranean region (as classified by European Union biogeographical definitions). After deriving MEDAS scores to quantify adherence to the MedDiet, we used linear regression and linear mixed effects models to test for associations between the MEDAS score and cognitive function measured by the Four Mountains Test (FMT) and the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS). We additionally calculated MEDAS continuous and PYRAMID scores to provide alternative measures of MedDiet adherence.
Results: We included 1826 participants, mean age 65.69 (±7.42) years, majority female (56.2%) with family history (65.8%) and minority APOEε4 carriers (38.9%). Higher MEDAS scores were associated with better performance on the FMT both cross-sectionally (n = 1,144, ß: −0.11, SE: 0.04, p = 0.007) and longitudinally (slope: 0.10, 95% CI: 0.04–0.17, p: 0.002). The effect was marginally greater in the Mediterranean region in the cross-sectional analysis, with a stronger effect emerging longitudinally. In exploratory analyses, the association between MEDAS and FMT scores was only seen in female participants. A sensitivity analysis excluding Toulouse and Perugia, as cities near, but not within, the biogeographical region, found significant associations between higher MEDAS and MEDAS continuous scores, and a number of RBANS total and index scores.
Conclusion: MedDiet adherence is associated with better FMT scores, with effects seen most strongly in the Mediterranean region from longitudinal data. Our sensitivity analysis suggested a more global cognitive benefit of MedDiet adherence. This study highlights the need to further explore for whom and for what brain health outcomes the MedDiet confers benefit. This evidence would identify a window of opportunity in the life-course to maximise the benefit and better inform public health campaigns and patient-level interventions.
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1 INTRODUCTION
The Mediterranean diet (MedDiet) is a primarily plant-based eating pattern, characterised by a high consumption of fruit, vegetables, legumes, nuts, olive oil and fish, a moderate consumption of red wine and a low consumption of red meat and processed foods (Trichopoulou et al., 2015). The MedDiet has been associated with multiple health benefits, including the maintenance of good brain health (SACN, 2018; Scarmeas et al., 2018). High adherence to a MedDiet has been associated with a 10%–40% lower incidence of dementia, particularly Alzheimer’s disease (Yusufov et al., 2017; Scarmeas et al., 2018). This association has primarily been shown in observational studies conducted within the Mediterranean basin.
Most studies investigating the effects of the MedDiet on brain health have focused on cognition. A systematic review exploring effects of MedDiet on cognition in RCTs reported non-significant or small effects sizes across the five included papers (Radd-Vagenas et al., 2018). Of the included studies one enrolled in the Mediterranean region and four outside of it. A second systematic review including observational studies also highlighted cognitive benefits of the MedDiet when enriched with pork, dairy or olive oil on processing speed and general cognitive function (Gutierrez et al., 2021). There are many proposed mechanisms explaining this apparent association between MedDiet adherence and cognition. As cited by this recent review (Siervo et al., 2021), these mechanisms include effects of the MedDiet on oxidative stress, systolic blood pressure, inflammation, and insulin resistance, all of which have implications for brain health.
The most consistent results from studies exploring MedDiet adherence and cognition are seen in Mediterranean countries. The PREDIMED trial (Spanish results reported here) found that participants randomised to MedDiet with supplemental extra virgin olive oil or nuts performed significantly better on a battery of cognitive tests compared to the control group in both the Navarra and Barcelona cohorts (Martínez-Lapiscina et al., 2013; Valls-Pedret et al., 2015). The InCHIANTI study (Italy) identified long term effects (average follow up period 10.1 years) of the MedDiet on yearly average MMSE decline, whereby those in the high and medium consumption groups experienced significant attenuation of decline (Tanaka et al., 2018). Meanwhile, the Three-City Study (France) found higher adherence to the MedDiet was associated with fewer MMSE errors over time (Féart et al., 2009), with intensive olive oil consumption, defined as used in cooking and dressing, associated with fewer deficits in visual memory and verbal fluency at baseline as well as less decline in visual memory performance over time (Berr et al., 2009).
Evidence for a beneficial effect of the MedDiet on cognition in non-Mediterranean countries is mixed. Higher MedDiet adherence as defined by the Pyramid score, was associated with better global cognitive function, verbal episodic memory, and processing speed performances in an aging UK cohort (Shannon et al., 2019). Adherence to the MedDiet, using a well-established scoring methodology (Panagiotakos et al., 2007), was also associated with a slower rate of cognitive decline in the Memory and Ageing project, a cohort based in the USA (Tangney et al., 2011). Analysis of a cohort study recruiting from the Hispanic community similarly found a significant association between MedDiet adherence, better cognitive performance at the first visit and a slower cognitive decline over 7 years compared to those with lower adherence (Moustafa et al., 2022). A randomized control trial that allocated participants in the USA with normal cognition and MCI to either the MedDiet or Western diet found a borderline significant interaction between diet, diagnosis and time for the cognitive composite, however no individual comparisons between the groups were significant for the cognitive outcome (Hoscheidt et al., 2021). However other observational studies in the UK using the MeDi score (Zhang et al., 2021) and USA using an adapted MeDi score analysing exclusively female participants (Samieri et al., 2013), as well as a clinical trial in Australia using an Australianised MedDiet score (Knight et al., 2016), found no significant benefits of MedDiet adherence across multiple cognitive domains. A future study from Australia analysing data from a cohort study also found no significant associations between the MedDiet, cognition or cognitive decline over 6 years (Chen et al., 2022). This apparent conflict of results between Mediterranean and non-Mediterranean countries, as well as the possibility of sex differences raised by the non-significant results from the UK Women’s Cohort Study and the Women’s Health Study, warrants further investigation.
The apparent differences between the effect of the MedDiet within and outside of the biogeographical Mediterranean region may be due to a multitude of factors. Firstly adherence to a MedDiet has been more common in Southern and European Mediterranean compared to non-Mediterranean countries for a number of years, and although adherence scores are decreasing in Mediterranean countries, they do, on average, remain higher than other countries (Vilarnau et al., 2019). Despite ongoing changes to the food supply common to European Mediterranean countries, resulting in increases in meat and dairy (Garcia-Closas et al., 2007), it may be that the core items remaining, such as olive oil, confer the most benefit to brain health (Khalatbary, 2013; Millman et al., 2021).
Our aim in this study was to test the hypothesis that adherence to a MedDiet would be associated with better cognitive function in a European cohort of participants living at risk for Alzheimer’s disease (AD) dementia. In addition, we aimed to perform a stratified analysis of those living within and outside of the Mediterranean region and an exploratory analysis stratified by sex.
2 MATERIALS AND METHODS
We used data from the European Prevention of Alzheimer’s Dementia Longitudinal Cohort Study (EPAD LCS) for this study. This cohort was selected as it recruited participants both within and outside of the Mediterranean region, allowing an exploration of differences between dietary associations with cognition by region. Explained in full elsewhere (Ritchie et al., 2016; Solomon et al., 2018), briefly the EPAD LCS is a pan-European cohort of participants recruited across a spectrum of risk states for AD dementia. Participants were eligible for inclusion in the EPAD LCS if they were aged 50 years or older, were in generally good health, were able to undergo an MRI and lumbar puncture, did not have dementia at baseline and had a study partner. Participants underwent a baseline visit with several assessments and were followed up at 6 months and then once a year for the duration of the project (2015–2020). Due to the ongoing recruitment throughout the project, participants have varying lengths of follow up (from one visit up to six visits). Participants consented for their data to be used in future research projects and data from the EPAD LCS is fully open access. After completing a data access request, following the EPAD procedures, we accessed the data from the Alzheimer’s Disease Drug Foundation (ADDF) platform. We used data from baseline, year 1, year 2 and year 3 for this study. The main focus of the study was to test for cross-sectional associations. Additional analyses were conducted to explore longitudinal cognitive performance and Mediterranean Diet Adherence Screener (MEDAS) scores.
2.1 Ethics and consent
Ethical approval was obtained in each country participating in the EPAD LCS, and any local governance procedures were followed at each site. All participants provided written informed consent before undergoing any study related activity. Informed consent was documented after the participant had the opportunity to read the approved information sheets and discuss the study with a trained and delegated member of the research team. All participants were required to have the capacity to consent at the time of study entry and dementia was an exclusion criterion at the baseline visit.
2.2 Data
We used the EPAD LCS v.IMI dataset for this analysis, following approval of a data access request (ep-ad.org/open-access-data/overview). EPAD LCS is registered at www.clinicaltrials.gov Identifier: NCT02804789. The dataset includes data from all participants who consented to join the study. Data used in preparation of this article were obtained from the EPAD LCS data set V.IMI, doi:10.34688/epadlcs_v.imi_20.10.30. We excluded participants with missing data in the exposure, outcome, and covariate variables of interest from the analysis. To determine minimum sample size we used G*Power Version 3.1. A sample size of 148 participants, with 74 participants in each group, was the minimum required for an α of 0.05 and a power of 0.95.
2.3 Sociodemographic data
Participants self-reported sociodemographic data through interviews with research staff. For this analysis we were interested in age (in years), education (in years), family history of dementia, sex and whether the site they were attending was based in the Mediterranean, which was used as a proxy for region of residence. We used the European Commission biogeographical region to classify a site as being Mediterranean or non-Mediterranean (European Commission). A list of site allocation is provided in the Supplementary Material (Supplementary Table S1). Both Toulouse and Perugia were situated near the border and for the main analysis are included in the Mediterranean region following consensus discussion by the analytical team. In addition, we conducted a sensitivity analysis with both sites excluded from the Mediterranean region analysis. The results are presented below and in the Supplementary Material.
2.4 Diet questionnaire and dietary score calculations
Participants were asked to complete a dietary questionnaire at baseline and year one reporting on their usual dietary habits for several MedDiet components. The questionnaire was developed for the HATICE study, designed to serve as a MedDiet adherence screener and is available on request (Richard et al., 2019). Participants reported their average consumption each day or week (depending on the question) for 46 items relevant to the MedDiet, including meats, fish and seafood, vegetables, fruits, nuts, legumes, olive oil and alcohol. Three MedDiet scores were calculated for each participant, the MEDAS score, the MEDAS continuous and the MedDiet Pyramid (Pyramid) score using previously published scoring methods. Full details of scoring methodologies are available in the Supplementary Material (Supplementary Table S2). The MEDAS score was used as the primary outcome measure as recommended by the authors of the adherence screener. Initially food responses were calculated as grams per day. Where required by the scoring methodology these scores were then converted to grams per week. From this portions per day or week where then calculated. Briefly the MEDAS score was calculated using a binary scoring method, whereby participants were allocated 0 or one points for each of 14 food groups depending on whether they met consumption criteria (Estruch et al., 2018). The MEDAS continuous was developed by Shannon et al (2019) with points allocated for same consumption criteria as MEDAS but on a continuous scale from 0 to 1, as opposed to binary allocations (Shannon et al., 2019). Similarly the Pyramid score is also coded continuously based on 15 points (Tong et al., 2016). Continuous scores have been shown to have more sensitivity to detecting differences in diet quality, particularly in a UK population (Shannon et al., 2019), and so were included given the large non-Mediterranean population enrolled in the EPAD LCS.
2.5 Cognition
Participants completed a battery of neuropsychological assessments at the baseline, year 1, year 2 and year 3, combining both validated and experimental tasks. Additionally, participants completed cognitive testing at month 6. However, as no dietary data is available at this visit this data was excluded. For this analysis we selected the Four Mountains Test (FMT) (Chan et al., 2016) and the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) (Karantzoulis et al., 2013). The FMT is a task assessing allocentric processing, with participants asked to initially study an image of four mountains and after a brief interval select which one of the four images then presented matches the stimulus but shown from a different point of view. We calculated total scores for each participant with higher scores indicating better performance. As the FMT is a novel research tool there are no normative scores. The RBANS is a clinically validated battery used both clinically and for research in mild cognitive impairment and AD dementia. Participants complete several cognitive tasks which are used to calculate cognitive domain indexes. For this study we used the RBANS total scale index as well as the individual index scores (attention, immediate memory, delayed memory, language, visuospatial constructional). We selected these two cognitive tests to understand differences in both early and more progressed global cognitive impairment. The FMT has been developed by cognitive sciences to specifically target the brain regions first affected by early tau and amyloid accumulation, namely the hippocampus, entorhinal cortex, precuneus and retrosplenial cortex (Nestor et al., 2003; Rowe et al., 2007; Chen et al., 2010; Khan et al., 2014; Ritchie et al., 2017). Conversely performance on the RBANS differences between those with and without greater global deterioration across a number of cognitive domains (Ritchie et al., 2017).
2.6 APOE
At baseline all participants provided a DNA sample which was used for APOEe4 genotyping. This analysis was carried using Taqman Genotyping in a single laboratory on QuantStudio12K Flex, with further details available in the EPAD LCS v500.0 baseline paper (Ritchie et al., 2020). Participants were classified as carriers (regardless of whether they were heterozygous or homozygous for APOEe4 allele) or non-carriers.
2.7 Physical health and medical history
Participants self-reported their smoking history as current, former or non-smokers. Medical histories were collected, and the following variables were selected as covariates in this analysis, selected due to their theoretical association with diet: hypertension, hypercholesterolemia, hyperglycaemia, diabetes, stroke, antihypertensive medication use and diabetic medication use. All measures were binary, categorised as presence or absence of diagnosis or medication use. Height and weight were measured during the participant’s site visit and were used to calculate the body mass index (BMI) which was included as a continuous variable. Participants completed the Pittsburgh Sleep Quality Index (PSQI) questionnaire (Buysse et al., 1989) with higher total scores indicating poorer sleep quality. The scores were used as a continuous measure in the regression models. Self-reported physical activity levels (ranging from never to daily) were extracted and included as a covariate.
2.8 Statistical analysis
All statistical analyses were done in R (Version 4.1.0). Participants with missing data in the variables of interest were excluded from the analysis. Descriptive statistics were calculated for all participants. We initially tested the cohort as a whole and fitted univariate and fully adjusted linear regression models to test for associations between MEDAS and the co-primary outcomes (FMT, RBANS) at baseline. The fully adjusted model included the following variables: sex, age, education, family history, APOE, physical activity, smoking, sleep, BMI, hypertension, hypercholesterolemia, hyperglycaemia, diabetes, stroke, antihypertensive medication use, diabetic medication use, living in the Mediterranean. All covariates were included in the models simultaneously. We tested for interactions between dietary score and region lived in. Our pre-planned stratified analysis split the dataset into participants living in Mediterranean and non-Mediterranean regions and the previously mentioned analysis was replicated with living in the Mediterranean removed as a covariate from the fully adjusted models. We then repeated the analysis with the MEDAS continuous and then the Pyramid scores to explore whether different definitions of MedDiet adherence impacted the observed associations. Finally, we ran our exploratory analysis repeating the above with the cohort stratified by sex, initially as a whole cohort and then by Mediterranean region. We also analysed the longitudinal associations between diet and cognition across all visits, using linear mixed effect models. We modelled for random effects of participant and visit, and included the same covariates as in previous models, initially running the models in the whole cohort and then splitting by biogeographical region.
3 RESULTS
We included 1826 participants in the RBANS analysis and 1,144 participants in the FMT analysis. Compared to participants who were excluded due to missing data, the participants included in either analysis were more likely to be APOEe4 carriers (RBANS: 38.9% vs. 21.6%, p < 0.001; FMT: 39.2% vs. 33.6%, p < 0.001), were younger in the RBANS, but not the FMT cohort (65.69 ± 7.42 years vs. 67.27 ± 8.00 years, p: 0.001) and were more likely to live in the Mediterranean region in either analysis (RBANS: 33.24 vs. 23.8%, p = 0.002; FMT: 38.2% vs. 24.8%, p < 0.001). It may be that the participants with full data were more motivated or able to complete the assessments, however this is just speculative. Full descriptive details of the cohort are presented in Table 1.
TABLE 1 | Descriptive statistics of participants included in the RBANS and Four Mountains Test, FMT analysis.
[image: Table 1]3.1 Associations between dietary scores and cognitive tests at baseline
Higher MEDAS scores were associated with better performance on the Four Mountains Test in unadjusted and fully adjusted models (Unadjusted model β: 0.16, SE: 0.04, p: 0.0003; Fully adjusted model β: 0.11, SE: 0.04, p: 0.007). Higher Pyramid scores were associated with lower RBANS attention index scores in the fully adjusted (but not unadjusted) model (β: −0.58, SE: 0.27, p: 0.04). There were no significant associations seen with the MEDAS continuous or Pyramid scores with the FMT (although a similar, non-significant pattern seen with higher MEDAS continuous scores and higher FMT scores), and no significant associations between any MedDiet score and either total or any other individual index of the RBANS. These results suggest that higher adherence to the MedDiet is associated with better performance on the FMT (better brain health) and may be associated with poorer attention based on the RBANS attention index score although this relationship is less clear as this was only significant in the fully and not unadjusted model. Full details of all models are presented in Table 2. There was a significant interaction of Pyramid score and living outside the Mediterranean region on RBANS immediate memory score, whereby higher Pyramid scores were associated with better performance on this task within this region (fully adjusted model interaction: β: 1.41, SE: 0.53, p: 0.008). There were no other significant interactions between dietary scores and region on any of the other cognitive outcome measures.
TABLE 2 | Fully adjusted linear regression models of MedDiet scores (MEDAS, MEDAS Continuous and Pyramid) with cognitive outcomes, MedDiet score, sex, age, education and APOE shown. Fully Adjusted Model: MedDiet Score, sex, age, education, family history, APOE, physical activity, smoking, sleep, body mass index, hypertension, hypercholesterolemia, hyperglycaemia, diabetes, stroke, antihypertensive medication use, diabetic medication use. AI, attention index; DMI, delayed memory index; FMT, Four Mountains Test; IMI, immediate memory index; LI, language index; m, male; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; VCI, visuoconstructional index.
[image: Table 2]3.2 Stratification by biogeographical region
Our pre-planned secondary analysis was to explore differences between associations of the MedDiet and cognitive function by residential region (Mediterranean vs. non-Mediterranean). Participants living in the Mediterranean [RBANS n = 609 (33.4%); FMT n = 437 (38.2%)] were more likely to be APOEe4 carriers, were less likely to have a family history of dementia, had less education and in the FMT group were younger (RBANS n = 1,217; FMT n = 707). Participants living in the Mediterranean region had significantly higher MEDAS, MEDAS continuous and Pyramid scores compared to participants living in non-Mediterranean regions. Full details on demographics in the two regions are presented in Table 3.
TABLE 3 | Comparison of descriptive statistics between participants living in Mediterranean and non-Mediterranean countries *p < 0.05; ***p < 0.001.
[image: Table 3]The association between higher MedDiet adherence, as measured by the MEDAS score, and higher FMT scores remained marginally significant in both the Mediterranean region (Unadjusted model β: 0.21, SE: 0.07, p: 0.005; Fully adjusted model β: 0.14, SE: 0.07, p: 0.049) and the non-Mediterranean region in the fully adjusted model (Unadjusted model β: 0.14, SE: 0.06, p: 0.01; Fully adjusted model β: 0.11, SE: 0.05, p: 0.45). Interestingly in the non-Mediterranean region higher MEDAS continuous scores were associated with better performance on the FMT (β: 0.13, SE: 0.06, p: 0.03), although this effect was attenuated in the fully adjusted model. For non-Mediterranean participants higher Pyramid score was associated with better performance on the RBANS Immediate Memory index in both unadjusted and fully adjusted models (Unadjusted model: β: 1.02, SE: 0.30, p: 0.0006; Fully adjusted model: β: 0.83, SE: 0.28, p: 0.003). Both the MEDAS and MEDAS continuous scores were also associated with this index in non-Mediterranean participants however these effects were attenuated in fully adjusted models. There were no other significant associations between any of the MedDiet scores and other RBANS total or index scores for participants in either region (Table 4).
TABLE 4 | Linear regression models of MedDiet scores (MEDAS, MEDAS Continuous and Pyramid) with cognitive outcomes living in Mediterranean (FMT: n = 437; RBANS: n = 609) and non-Mediterranean countries (FMT: n = 707; RBANS: n = 1,217). Unadjusted Model: MedDiet Score; Fully Adjusted Model: MedDiet Score, sex, age, education, family history, APOE, physical activity, smoking, sleep, BMI, hypertension, hypercholesterolemia, hyperglycaemia, diabetes, stroke, antihypertensive medication use, diabetic medication use. *p < 0.05; **p < 0.01; ***p < 0.001.
[image: Table 4]3.3 Sex-stratified analyses
There were no diet:sex interactions seen for any dietary score or cognitive outcome. Our exploratory sex-stratified analysis found that the association between higher MEDAS scores and better FMT performance was seen in female, but not male participants (Female, fully adjusted: β: 0.20, SE: 0.06, p: 0.0004; Male, fully adjusted: β: 0.03, SE: 0.06, p: 0.58). There were no other significant associations in fully adjusted models in either group, with full results available in Table 5. When we additionally separated by region, we see that this effect remains in the female participants living in non-Mediterranean regions (Unadjusted model: β: 0.22, SE: 0.07, p: 0.003; Fully adjusted model: β: 0.22, SE: 0.07, p: 0.003). There were no other significant associations seen in this sex- and region-stratified exploratory analysis (see Supplementary Table S3 for full details).
TABLE 5 | Linear regression models of MedDiet scores (MEDAS, MEDAS Continuous and Pyramid) with cognitive outcomes living in male and female participants. Unadjusted Model: MedDiet Score; Fully Adjusted Model: MedDiet Score, age, education, family history, APOE, physical activity, smoking, sleep, BMI, hypertension, hypercholesterolemia, hyperglycaemia, diabetes, stroke, antihypertensive medication use, diabetic medication use, Mediterranean region. *p < 0.05; **p < 0.01; ***p < 0.001.
[image: Table 5]3.4 Sensitivity analysis
We conducted a sensitivity analysis with the MedDiet scores to remove Toulouse and Perugia from the Mediterranean region as they sit on or close to the border of the bio-geographically defined region. Interestingly we see a significant effect of excluding these two sites on the MEDAS and MEDAS continuous scores (Supplementary Table S4). When Toulouse and Perugia are excluded, the significant positive association between higher MEDAS scores and higher FMT performance remains. In addition, there is a positive association between higher MedDiet scores, as measured by the MEDAS and MEDAS continuous on the RBANS total scale, the attention index, the delayed memory index (MEDAS continuous only), the language index and the visuo-constructional index (MEDAS only). There remain no significant associations between the Pyramid score and any of the cognitive tests, and no association with the immediate memory index and any of the MedDiet scores. These results should be interpreted in the context of a sensitivity analysis with reduced sample sizes (FMT: n = 262; RBANS: n = 393), however they suggest an influence of the Toulouse and Perugia sites on the overall results. This may indicate that the MedDiet is particularly impactful in the true Mediterranean region, and less so in borderline areas where dietary practices may blend those of Mediterranean and non-Mediterranean regions.
We conducted a further sensitivity analysis to remove those with a clinical dementia rating (CDR) score of 0.5, which is indicative of MCI (n = 262 in FMT dataset, n = 493 in RBANS dataset). This has no effect on the analysis when the data was considered as a whole cohort on any of the outcome measures. When splitting the data by region there was no longer a significant association between MEDAS score and FMT score for those in the Mediterranean region if people with MCI were excluded (fully adjusted β: 0.10, SE: 0.09, p: 0.24), however the association remained outside of the Mediterranean region (fully adjusted β: 0.13, SE: 0.06, p: 0.02). There were no associations seen in either region with any of the RBANS indexes when those with MCI were excluded from the dataset.
3.5 Longitudinal associations between diet and cognition
There were no significant longitudinal changes in diet as measured using the MEDAS score (Supplementary Table S5).
Linear mixed method models showed a significant association between the MEDAS scores and the FMT, whereby higher adherence to the MedDiet was associated longitudinally with higher FMT scores (n = 1,070; slope: 0.16, SE: 0.03, t: 4.54, 95% CI: 0.09, 0.22, p < 0.001; Adjusted: slope: 0.10, SE: 0.03, t: 3.13, 95% CI: 0.04, 0.17, p: 0.002). This association was seen in the Mediterranean region in both unadjusted and fully adjusted models (Unadjusted: slope: 0.20, SE: 0.05, t: 3.86, 95% CI: 0.10, 0.30, p: 0.0001; Fully adjusted: slope: 0.13, SE: 0.05, t: 2.55, 95% CI: 0.03, 0.22, p: 0.01), while only the unadjusted models were significant in the non-Mediterranean region (Unadjusted: slope: 0.12, SE: 0.05, t: 2.82, 95% CI: 0.04, 0.22, p: 0.005; Adjusted: slope: 0.08, SE: 0.04, t: 1.82, 95% CI: −0.005).
There were no significant longitudinal associations between the MEDAS score and the RBANS total score in unadjusted or fully adjusted models (n = 1825, slope: 0.07, SE: 0.12, t: 0.59, 95% CI: −0.16, 0.30, p: 0.56; Adjusted: slope: −0.03, SE: 0.11, t: −0.30, 95% CI: −0.26, 0.19, p: 0.76). This remained true when the data was split by biogeographical region (Mediterranean region: slope: −0.14, SE: 0.20, t: −0.72, 95% CI: −0.52, 0.24, p: 0.47; Non-Mediterranean region: slope: 0.25, SE: 0.14, t: 1.71, 95% CI: −0.04, 0.53, p: 0.09).
4 DISCUSSION
This study found a greater adherence to the MedDiet, as measured by the MEDAS score, was associated with better performance on the FMT, both cross-sectionally and longitudinally. Participants living in the Mediterranean region had statistically significantly higher MedDiet scores across all three scoring methods, suggesting a higher adherence to the MedDiet compared to those living outside of the Mediterranean region. Our stratified analyses found no differences by biogeographical region at baseline, but a longitudinal association only for those living in the Mediterranean region. Interestingly we see the significant positive association between diet and FMT score in women but not men. Our sensitivity analysis, removing two sites that sat just outside of the border of where the EU commission classify the biogeographical region of the Mediterranean region showed a much broader positive effect of MedDiet adherence on cognition as measured by the RBANS total and index scores.
Our main finding that higher MEDAS score are associated with higher FMT scores, confirms previous research that has associated greater MedDiet adherence with better cognitive performance, although, as with previous research, effect sizes remain small (Radd-Vagenas et al., 2018; Gutierrez et al., 2021). Previous studies have found evidence of an effect of the MedDiet across a broad domain of cognition; however, our analysis only found a significant association with the FMT, a test of allocentric processing, with no significant associations seen in any of the RBANS total or index scores. The FMT is designed to be a test sensitive to the earliest changes associated with AD (Moodley et al., 2015; Ritchie et al., 2018), and in this pre-clinical population may be more appropriate than the RBANS. While many observational studies have conducted cross-sectional analyses, there is growing evidence that there are also longitudinal associations between diet and cognition, as we found in this study (Hossain et al., 2020; Coelho-Júnior et al., 2021; Wade et al., 2021). These findings, alongside the previous evidence base, suggest long term cognitive benefits of adhering to a MedDiet, particularly for those living within the Mediterranean. Considering only those who were cognitively healthy this association was no longer seen in the Mediterranean region but was still seen in the non-Mediterranean region. It may be that the MedDiet is beneficial for cognitive performance in those with disease living in the Mediterranean region, and beneficial for cognitive performance for cognitively healthy participants outside of the Mediterranean region. These findings may also reflect the fact that the sample size was significantly reduced by excluding those with MCI and splitting by region, or could reflect potential recall bias from those with MCI completing the dietary questionnaires and over or under reporting on dietary information.
One of our aims was to explore differences between those living within and outside of the Mediterranean region, to understand if the diet conferred more benefit within the region. Stratified analysis showed a small effect of the diet in the Mediterranean region on FMT performance, with a borderline significant effect in the non-Mediterranean region. Considering our sensitivity analysis, which removed Toulouse and Perugia from the Mediterranean, we see significant positive associations between higher diet adherence (measured by either the MEDAS or MEDAS continuous scores) and cognition across a multitude of measures, including the FMT. These scores can only be treated as exploratory and do involve a much smaller sample size compared to the main analysis. However, the results suggest that the MedDiet may confer greater benefits to those living within the Mediterranean region. Previous studies found associations in Mediterranean countries, and although some sites would be in the over the biogeographical border, most do sit within the true Mediterranean region (Berr et al., 2009; Féart et al., 2009; Martínez-Lapiscina et al., 2013; Valls-Pedret et al., 2015; Tanaka et al., 2018). One hypothesis to explain this possible difference in effect by biogeographical region is life-long adoption of the diet, compared to more recent dietary adaptation, along with ease of access to the food components in a MedDiet. Although there has been an increase in the global access to MedDiet components since the 1960s, some key foods such an olive oil remain much more available within the Mediterranean region (Vareiro et al., 2009). The transferability of the MedDiet outside the Mediterranean is certainly possible, however does bear challenges such as challenging common misconceptions about food components of the diet and often ignoring the need to restrict or avoid certain food groups (Martínez-González et al., 2017). There may also be unmeasured effects on the style of eating, with a convivial social approach to meals commonplace in the Mediterranean (de la Torre-Moral et al., 2021).
Our final analysis investigated the differential association of MedDiet with cognitive outcomes by sex. Contrary to published research we found a significant association between the MEDAS score and FMT performance in female participants rather than male participants. Interestingly in further exploratory work this was only seen in participants living outside of the Mediterranean region, despite previous studies in the UK and USA finding no benefit of the MedDiet on cognition for female participants (Samieri et al., 2013; Zhang et al., 2021). The analysis of the UK Women’s Cohort study tested for associations between MedDiet and reaction time a cohort of women in their 50s (Zhang et al., 2021). Reaction time may be a much less sensitive test of cognitive function compared to the FMT included in our task, and the cohort was over 10 years younger on average than the EPAD LCS, both of which may explain the difference in results between our studies. Analysis of the Women’s Health Study used a comprehensive cognitive battery recruiting a similar age group to our analysis (Samieri et al., 2013). The results we see in the RBANS may reflect the results from the Women’s Health Study, with the FMT being a more sensitive test than either battery for identifying the earliest changes in cognition. A systematic review found no effect of sex on the relationship between cognitive function and MedDiet adherence, although noted that not all studies fully considered sex differences (Kelly et al., 2020). This remains a topic warranting further research.
This study benefited from exploring the research question both cross-sectionally and longitudinally and shows the value of including repeated measures of dietary data and cognitive function in longitudinal cohort studies. The EPAD cohort offered a unique opportunity to directly compare participants living within and outside of the Mediterranean, who otherwise met the same eligibility criteria and represented similar spectrums of risk for AD. Ongoing cohort studies that similarly span regions could consider the addition of dietary data collection to supplement our knowledge in this area. Finally the EPAD cohort was established with cognitive function as a key outcome measure, with cognitive tasks thoroughly considered prior to inclusion (Ritchie et al., 2017). This rigorously designed cognitive test battery designed specifically to detect the earliest stages of AD is a key strength of both the EPAD cohort and this study investigating cognitive outcomes.
We applied three scoring methods to the dietary data to replicate the analytical approach taken in the EPIC-Norfolk study (Shannon et al., 2019). The MEDAS score is one of the most commonly used scores in MedDiet research hence was identified as the primary exposure variable. The two continuous scores were included to provide greater sensitivity which may be important particularly in non-Mediterranean regions where achieving traditional MEDAS cut-offs for each food group may be difficult for participants. Both continuous measures were used as the Pyramid is more widely used, and the MEDAS Continuous has been developed using cohorts recruiting participants in the United Kingdom.
One limitation of our study is that the dietary data questionnaire was exclusively focused on components of the MedDiet. As such it is missing several food groups required to calculate other dietary scores as well as overall energy intake. One consideration that may explain the general lack of association between the diet scores and global cognition, is that any benefits of the MedDiet are attenuated by consumption of unhealthy foods. A study of over 5,000 participants in the Chicago Health and Aging Project found that the MedDiet only had a significant effect on cognitive decline with a low and not a high Western diet score, a high score being an indicator of an unhealthy food consumption pattern (Agarwal et al., 2021). The Western diet is associated with cognitive impairment as well as disruption to hippocampal function and is important in our considerations of brain health (Kanoski and Davidson, 2011). A high glycaemic intake, particularly when included in the diet as an afternoon snack, has been associated with increased dementia risk for APOE-e4 carriers (Gentreau et al., 2020). It may be that we have an unmeasured effect of the Western diet in our results. This may be particularly relevant in the non-Mediterranean regions where the Western diet may be more prevalent, but may also have resulted in missing commonly eaten healthy foods not captured within the questionnaire.
Another limitation of this study is the self-report nature of the questionnaire, introducing the risk of recall bias, with participants forgetting elements of their diet when asked to report a general overview. This is a well-recognised problem in the nutritional field and method of data collection must be balanced between reduction of bias (such as using food diaries) and time considerations (brief recall questionnaires). Future research including dietary metabolomics should be considered to provide a more comprehensive overview of nutritional intake (Siervo et al., 2021).
Future research should further explore the associations of the MedDiet within and outside of the biogeographical Mediterranean region to explore the results from our sensitivity analysis. Research should also explore sex differences in the effects of the MedDiet to inform our understanding of who may benefit the most from this dietary pattern. Finally, research should investigate the impact of the Western diet on any effects of the MedDiet.
5 CONCLUSION
Our study found that the adherence to the MedDiet was associated with better performance on a measure of allocentric processing, both cross sectionally and longitudinally. Sensitivity analysis suggested that those living within the true biogeographical borders of the Mediterranean may have more general cognitive benefit associated with MedDiet adherence, although future research is needed. Understanding more about the associations between the MedDiet and brain health, particularly when and for how long adhering to the dietary pattern is important, will be critical both for designing public health strategies and providing individual patient advice.
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