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Abstract

Purpose of Review—\We reviewed the most recent literature examining the associations
between the Mediterranean-style diet (MD), neurodegenerative diseases, and markers and
mechanisms of neurodegeneration.

Recent Findings—Most, but not all, epidemiologic studies report a protective association
between MD adherence, cognitive impairment, and brain health. Data from clinical trials
supporting these observational findings are also emerging. Limited evidence suggests that MD
adherence may be protective for Parkinson’s disease risk. Mechanistically, plant polyphenols may
activate similar molecular pathways as caloric restriction diets, which helps explain the
neuroprotective properties of the MD.

Summary—Evidence for cognitive disorders is abundant, but there is a dearth of literature for
other neurodegenerative disorders and for markers of neurodegeneration. Further research is
needed to elucidate the protective role of MD on neurodegeneration, the most salient components
of the MD, and the most sensitive time periods over the lifecourse at which the MD may exert its
effects.
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Introduction

Neurodegenerative diseases constitute a significant proportion of the neurological public
health burden worldwide [1], with Alzheimer’s and Parkinson’s diseases predominantly
affecting the aging population. Alzheimer’s disease (AD) is the most common
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neurodegenerative disease and is expected to affect 13.8 million people by 2050,
approximately a threefold increase from current-day prevalence estimates [2]. Parkinson’s
disease (PD) is the second most common neurodegenerative disorder and currently affects
approximately 315 people per 100,000 [3]. With currently no curative therapies available for
the treatment of neurodegenerative diseases, research efforts have shifted to identifying
targets for prevention.

Modification of lifestyle and health behaviors, such as diet, are particularly effective public
health targets for disease prevention. Given the association between cardiovascular and brain
health [4], researchers posit that well-established cardioprotective dietary patterns, such as
the Mediterranean-style diet (MD), may be protective for neurodegenerative diseases. This
review examines the most current literature on the association of the MD and
neurodegeneration.

Defining and Measuring the Mediterranean-Style Diet

The MD reflects the dietary habits common among populations bordering the Mediterranean
Sea and is characterized by a relatively high intake of fruits, vegetables, monounsaturated
fat, fish, whole grains, legumes, and nuts, as well as moderate alcohol consumption, and a
low intake of red meat, dairy, saturated fat, and refined grains. There are no prescribed
cutpoints or recommended levels of the MD components. Instead, when used in research
studies, participants are compared within the sample to identify those that adhere to this
dietary pattern more or less than the rest of the sample. Typically, in epidemiological studies,
a score is derived to represent MD adherence relative to the cohort, using an approach
developed by Trichopoulou et al., such that individuals are assigned value of 1 for each
beneficial component (fruits, vegetables, legumes, cereals, fish) consumed at or above the
median, for each detrimental component (meat, dairy) consumed below the median, for a
ratio of monounsaturated fats to saturated fats above the median, and for mild to moderate
alcohol consumption. The scores in the food categories are summed (range 0-9), with a
greater score indicating greater similarity to the MD [5]. Other studies have also constructed
MD adherence scores based on absolute values, as opposed to relative values compared to
the sample studied [6, 7].

Adherence to the MD is often ascertained in epidemiological studies based on self-report
using a validated semi-quantitative food frequency questionnaire that is typically intended to
represent dietary habits over the previous year. A few limitations are noteworthy. First, the
early pre-clinical phase of neurodegenerative diseases, like dementia, may impact diet
behavior as well as the ability to accurately recall. Therefore, there is the potential for bias
due to reverse confounding as well as misclassification. These biases underscore the need
for prospective longitudinal studies, with sensitivity analyses excluding the first few years of
follow-up. Some studies base their MD score from a 1-week food intake diary, which is less
susceptible to recall bias, but may be less representative of long-term dietary habits.
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Mediterranean-Style Diet and Cognitive Disorders

Associations with Dementia or Alzheimer’s Disease Risk

Adherence to the MD is one of the top five modifiable protective factors against AD and
cognitive decline in the literature [8]. In 2013, a review of the association between the MD
and neurodegenerative diseases described eight prospective cohort studies and one case-
control study with cognition-related outcomes, including AD, dementia, mild cognitive
impairment (MCI), and cognitive function [9]. All but three of these studies showed
significant positive relationships between adherence to the MD and cognitive health,
indicating a suggestive but inconclusive protective effect [9]. A 2014 meta-analysis included
five prospective studies and showed that those in the highest MD tertile had a 33% lower
risk of AD or MCI compared to those in the lowest tertile, and greater MD adherence was
protective against the progression from MCI to AD [10].

Table 1 describes observational studies published over the past 5 years examining the
association between adherence to the MD and risk of dementia, including AD. Though there
are many studies examining the association of the MD and cognitive performance [11-26],
there are fewer that have examined the risk of dementia, cognitive impairment, or AD [10,
27, 28, 29+, 30-34]. Overall, greater adherence to the MD was associated with lower risk of
dementia or AD. However, this was not consistent throughout all studies. Notably, a cross-
sectional study in Greece sought to use cutpoints to represent adherence to the MD in the
native region, rather than relative to the study sample [27¢]. Researchers defined adherence
to the MD a priori and found that in the Hellenic Longitudinal Investigation of Aging and
Diet population-based cohort (A= 1865, 90 with dementia and 223 with MCI), greater
adherence was associated with a decreased risk of dementia and better cognition, with the
strongest association observed for memory, but also notable for language and visuospatial
perception. In this study, the MD component most strongly protective against prevalent
dementia was fish consumption [27¢]. In contrast, another recent report from the Women’s
Health Initiative Memory Study with a median follow-up of 9 years showed no association
between four well-established healthy diet patterns, including a modified version of the MD,
with incident MCI or dementia [29¢]. Taken together, evidence is suggestive but not definite
for a protective effect of the MD on dementia risk.

Associations with Cognitive Performance and Decline

Greater adherence to the MD may also protect against age-related cognitive decline. In a
large study of older adults in Utah, greater MD adherence was associated with consistently
higher Mini-Mental State Examination (MMSE) scores over 11 years of follow-up [21]. A
more recent 2016 qualitative review covered 18 longitudinal and prospective studies on a
MD in relation to cognition [35]. The authors noted that 13 of these studies reported
associations between MD adherence with improved cognitive function or decreased decline
over time, while 5 of the studies failed to demonstrate these associations. Adherence to the
MD has been positively associated with specific cognitive domains, including memory,
delayed recognition, executive function, long-term working memory, and visual constructs
[27+, 36]. Further research is needed to better understand how the MD may differentially
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impact cognitive domains, and whether different components of the MD may have varying
effects across cognitive domains.

Associations with Vascular Disease

Researchers posit that the neuroprotective effects of the MD are likely due to the increased
consumption of antioxidants and anti-inflammatory agents it provides. Indirect evidence for
the protective role of the MD against dementia and cognitive decline comes from the large
body of evidence linking the MD with many well-established vascular risk factors for
dementia [8]. Most notably, adherence to the MD has been shown to be protective against
obesity, hypertension, and diabetes [6, 37-41]. Many well-conducted epidemiological
studies have also shown that adherence to the MD is an important protective factor for stroke
[42, 43], which is associated with dementia risk. Growing evidence suggests that vascular
and neurodegenerative pathways interact to contribute to dementia risk [4, 44]. Therefore,
vascular disease may mediate the association between the MD and neurodegeneration.

Mediterranean-Style Diet in Clinical Trials

Randomized trials represent the gold standard in epidemiological studies and are important
for inferring causality. Adherence to the MD has been tested in a recent clinical trial called
the Prevencidn con Dieta Mediterranea (PREDIMED) trial, which examined the effect of the
MD on primary cardiovascular prevention in older adults at high cardiovascular risk [43].
Participants were randomized to one of two MD treatment arms (supplemented with extra
virgin olive oil or nuts) vs. a low-fat diet control group. Subsets of this large clinical trial
have been studied to assess effects on cognitive health. In PREDIMED-NAVARRA, 522
participants received a cognitive assessment, including a MMSE and Clock Drawing Test
(CDT) after 6.5 years of nutritional intervention (mean age of 75 at cognitive assessment).
Both of the groups assigned to a MD (with either olive oil or nuts) had better performance
on the MMSE and the CDT as compared to the low-fat diet control group [45].

A random subpopulation that included 285 participants in PREDIMED-NAVARRA was
evaluated by neurologists to assess cognitive performance and status (normal, MCI,
dementia) [46]. Participants in the MD plus olive oil arm demonstrated better post-
intervention performance on fluency and memory tasks and a 66% lower risk of MCI (95%
Cl 3-88%) in comparison to the low-fat control group, whereas participants in the MD plus
nuts group were not different from the low-fat control group in cognitive performance and
status. This PREDIMED-NAVARRA randomized trial provided important confirmation of
the value of a MD in preserving cognitive health. However, it did not examine change in
cognitive performance over time. In 2015, another PREDIMED parallel-group randomized
clinical trial was conducted among cognitively healthy adults at high cardiovascular risk in
Barcelona, Spain (mean age 67 years) [13]. This study included multiple cognitive
assessments in 334 participants to quantify change over time with a median of 4 years after
intervention. Cognitive change was assessed based on an extensive neuropsychological
battery including the MMSE and tests of memory, attention, executive function, and global
cognition. Both of the MD treatment arms exhibited improved cognitive function over time,
while those allocated to the low-fat control diet exhibited cognitive decline. In particular, as
compared to the control arm, those in the MD plus nuts group had improvements in the
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memory domain, and those in the MD plus olive oil group had improvements in attention
and executive function and global cognition.

Mediterranean-Style Diet and Other Neurodegenerative Diseases

A growing but still very limited body of literature suggests that diet plays a role in the
etiology of other neurodegenerative diseases. Evidence for PD is particularly limited in
relation to overall dietary patterns, as most of the literature has focused on individual foods,
food groups, and vitamins or nutrients. A recent study compared 600 PD cases in Italy with
600 matched controls and found no difference between the groups in terms of overall MD
adherence. However, cases consumed less alcohol, fish, and milk and more fruit, cooked
vegetables, and cereals compared to controls, all of which are components that contribute to
the MD score [47]. In contrast, another smaller European case-control study showed that PD
cases reported increased consumption of vegetables, fruits, and fish compared to controls
[48]. A USA-based case-control study with 257 cases and 198 controls showed that
adherence to the MD was inversely associated with the odds of PD and was associated with
a later age of onset [49]. However, because PD can affect dietary habits, particularly with
dysphagia as the disease progresses, cross-sectional studies like these are of limited value in
elucidating how the MD and its components may impact PD risk [47].

A large prospective study found that a diet characterized by high intake of fruits, vegetables,
legumes, whole grains, nuts, fish, and poultry, as well as limited intake of saturated fat, and
moderate alcohol consumption was significantly associated with a lower risk of PD [50].
Other studies that have looked at individual foods and nutrients in relation to PD have
yielded mixed results [51-53]. More research is needed in longitudinal cohort studies to
examine how dietary patterns, particularly in early and mid-life, may impact the incidence
and progression of PD. The sensitive period for determining PD risk is most likely many
decades before diagnosis, which represents a challenge in this field, but also underscores the
need for further study.

Other than PD, literature reporting the association of the MD with other neurodegenerative
diseases is very limited. Few studies have examined the role of diet in predicting
amyotrophic lateral sclerosis (ALS), though two small studies have suggested that fruit
consumption may have the potential to play a protective role [54, 55]. Another recent study
reported no significant association of MD adherence with phenoconversion in Huntington
Disease [56], but other reports suggest that MD adherence in Huntington Disease may be
related to better quality of life [57, 58]. Though ALS and other neurodegenerative disorders
are less prevalent than AD or PD, their impact on quality of life is still substantial, and more
research examining these associations is warranted.

Mediterranean-Style Diet and Markers of Neurodegeneration

Research examining associations of the MD with biomarkers of neurodegeneration may
inform prevention and risk stratification strategies, as well as help elucidate etiology.
Common markers of neurodegeneration include structural markers of brain atrophy and
cortical thinning and the detection of specific proteins in the blood or cerebrospinal fluid
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(CSF). Because neurodegeneration is thought to originate from protein misfolding and
dysregulation intra- or extracellularly, leading to axonal and synaptic loss and cell death
[59], protein-based markers have increasingly become important potential indicators for
future disease risk. Several biomarkers (both pathological and in vivo) of neurodegeneration
and neurodegeneration-related processes have been explored in animal and human studies.

PET Imaging Studies

Specific proteins detectable in the CSF have been implicated as markers of
neurodegeneration in the context of AD and PD [60, 61]. Though examining the CSF is one
of the most direct methods for detecting protein levels in the central nervous system,
obtaining CSF via lumbar punctures is not ideal in a research or prevention setting. As a
result, positron emission tomography (PET) imaging has been utilized to examine correlates
of pathology and brain function in vivo. Amyloid-PET imaging has been increasingly
utilized since its invention [62], and Tau-PET imaging is gradually emerging as an important
marker of neurodegeneration [63]. A small, multi-modal study in cognitively normal,
middle-aged adults found increased beta-amyloid plaque burden and decreased glucose
metabolism in those who adhered to the MD [64]. Similar results were found in a study
examining amyloid and tau pathology through PET imaging in older adults with subjective
memory complaints and MCI; in this study, greater adherence to the MD was associated
with less pathology in both groups [65]. If results can be replicated in larger samples, these
data may support using PET imaging markers as outcome measures in clinical trials.

Structural MRI Markers

Gray Matter Volumetric and Cortical Thickness Measures—Investigators have
used magnetic resonance imaging (MRI)-derived measures of brain volumes and cortical
thicknesses to examine the association of MD and structural brain aging (Fig. 1).
Hippocampal atrophy and cortical thinning of AD-signature regions have been identified as
in vivo imaging markers of AD [66, 67] and are thought to reflect downstream consequences
of beta-amyloid plaque and tau tangle deposition [68].

There are limited studies examining the association between MD and structural brain aging,
and most current studies are cross-sectional, limiting causal inference. Smaller-scale studies
have found that cognitively normal adults with greater MD adherence had thicker cortices in
AD-signature regions and larger brain volumes vs. those with lower MD adherence [22, 69].
In a larger, epidemiological cohort composed of racially and ethnically diverse older adults
in Northern Manhattan, Gu et al. found that greater adherence to the MD was associated
with greater total brain, gray, and white matter volumes and greater mean cortical thickness
[70]. This study also found significant cross-sectional associations between MD adherence
and greater regional gray matter volumes, specifically for the cingulate, parietal and
temporal lobes, and hippocampus, as well as greater superior-frontal cortical thickness [70].
Another epidemiological study of older adults in Rochester, MN showed generally
consistent findings with Gu et al., though associations of MD with specific cortical regions
and associations of specific MD components with cortical thickness differed between these
studies [71]. Greater MD adherence in the Rochester-based study was associated with
frontal, parietal, and occipital cortical thicknesses, and legume, fish, and carbohydrate intake
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were specifically identified as important components of the MD [71]. This is consistent with
a prospective study from the Lothian Birth Cohort of 1936, which examined the association
of MD on change in structural brain aging metrics [72¢]. Luciano et al. showed that greater
MD adherence was not cross-sectionally associated with brain volumes or cortical thickness
but was associated with reduction in gray matter volumes over a 3-year follow up period
[72+<]. This longitudinal study provides stronger evidence that the MD can impact brain
structure over time.

Markers of Cerebral Small Vessel Disease—Cerebral small vessel disease markers
are commonly derived from analysis of brain MR images, and include white matter
hyperintensities, subclinical brain infarcts, perivascular spaces, cerebral microbleeds, and
diffusion tensor imaging markers (fractional anisotropy and mean diffusivity) [73]. Markers
of cerebral small vessel disease have been associated with smaller brain volumes, thinner
cortices, and cognitive impairment in large epidemiological studies [74—76]. Cerebral small
vessel disease is common in old age and theorized to result from cumulative cardiovascular
risk factor burden and subclinical cerebral ischemia over the life course [77]. Given current
evidence suggesting that vascular disease and neurodegeneration may interact or influence
each other to cause disease [4, 44], subclinical vascular pathology should be considered as a
parallel marker for potential neurodegeneration or marker for risk stratification in those at
high risk for neurodegeneration.

Despite well-known associations between the MD and vascular health [42], very few studies
have examined the relationship between the MD and cerebral small vessel disease markers.
Two cross-sectional studies from similar racially and ethnically diverse cohorts have shown
that adherence to MD is associated with less cerebral small vessel burden [78, 79]. Scarmeas
et al. showed in the Washington Heights Inwood Columbia Aging Project (WHICAP) that
MD adherence was associated with reduced silent infarcts but not associated with white
matter hyperintensities, while Gardener et al. showed MD adherence was related to lower
white matter hyperintensity volume in the Northern Manhattan Study [79]. This discrepancy
may be explained by the heterogeneous etiology of white matter hyperintensities, which
includes cerebral small vessel disease as well as blood-brain barrier disruption and
demyelination [80]. Though several studies have associated individual components of MD to
cerebral small vessel disease burden, such as fish intake and alcohol consumption [81, 82],
more research elucidating the association between the MD and other markers of cerebral
small vessel disease is warranted.

Potential Mechanisms

Animal and in vitro models allow for mechanistic investigation into the protective effects of
MD on neurodegeneration. Several recent studies have explored the specific compounds in
the components of MD that may act as neuroprotective factors. Evidence suggests that
specific compounds may act as “caloric restriction mimickers,” activating similar Sirtuin
pathways as caloric restriction diets [83]. Though several compounds have been studied,
plant polyphenols found in extra virgin olive oil and red wine have been of particular interest
[83].
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Using mouse models of beta-amyloid plaque deposition, studies have shown that
administration of extra virgin olive oil improved cognitive performance and reduced beta-
amyloid load and tau [84], with similar results after dietary administration of oleuropein
aglycone and oleocanthal, which are polyphenols found in extra virgin olive oil [85-87].
Further in vitro work has implicated potential role of oleocanthal in attenuating amyloid-
beta oligomer-mediated astrocyte inflammation and synaptic proteins [88]. Hydroxytyrosol
has also been shown to improve insulin sensitivity in a cultured astrocytic model of AD [89],
which is relevant given epidemiological evidence that insulin resistance and diabetes are
related to AD development [90].

Resveratrol, a polyphenol found in red wine, has also been of interest as a potential
compound for the treatment of AD [91, 92]. Recent in vitro work has shown that resveratrol
protected PC12 cells from the apoptotic effects of AB23-35 peptides [93]. A recent
randomized clinical trial recently reported the safety and tolerability of resveratrol in AD
patients [94e¢]. This study also reported declines in mean levels of CSF and plasma Ap40
concentrations between the experimental and placebo groups, while brain volume decreased
in the experimental vs. placebo groups [94e¢]. These data support resveratrol as a possible
treatment strategy for AD.

Conclusions

Although the past 5 years have yielded growing evidence in support of the MD in the
prevention of cognitive impairment and dementia, the evidence remains inconclusive, with
many questions left to be answered. Inconsistencies in the literature may be due to
differences in the cognitive outcomes included (age-related cognitive decline, MCI, overall
dementia, and AD). Cognitive decline and dementia are etiologically heterogeneous
outcomes, with vascular and non-vascular origins, which makes the identification of
protective factors challenging. Also, adherence to the MD is typically a cohort-dependent
variable, and a given individual may score high in one study population and low in another
population where objective adherence to a MD is more prevalent. Differences in study
populations by country of original, race/ethnicity, sex, and associated risk factors may also
play a role, as there is limited information about effect modifiers for the relationship
between MD and cognition. Other factors that may account for inconsistencies across the
literature include [1] bias due to residual confounding by measured and unmeasured
associated lifestyle factors (e.g., physical activity, sleep, social isolation, depression), [2]
differential and non-differential misclassification of diet based on self-report, and [3] limited
follow-up and small sample size resulting in insufficient statistical power. Some studies on
cognition are also lacking multiple neuropsychological assessments over time, needed to
understand how diet can impact cognitive trajectories.

Evidence is mounting that the etiologically sensitive period for determining late-life
cognitive health is mid-life, and perhaps even early-life [95]. Dietary behavior in late-life, a
few years before the age of diagnosis, may be too late to attenuate neurodegeneration. Mid-
life obesity, particularly, abdominal obesity, has been shown to be a well-established risk
factor for dementia and cognitive decline, while the data for late-life obesity is inconsistent
and inconclusive, underscoring the fact that mid-life may be the critical period during which
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diet may impact future neurodegeneration [96]. Late-life dietary habits may only be
associated with cognitive outcomes to the extent that they are highly correlated with mid-life
dietary habits. Ideally, future studies are needed that measure diet in mid-life (or even early-
life), with repeated diet assessments over time, and follow participants for several decades
until they reach the age when cognitive decline is measurable and dementia is diagnosed. In
other words, long-term longitudinal follow-up studies are needed to help identify when
during the lifecourse diet may have the greatest impact on late-life cognition and whether
improvements in diet during mid-life or late-life have the potential to protect brain health
and minimize neurodegeneration. These are the crucial questions that need to be answered in
future studies.

There remains ambiguity regarding the components of the MD that may be driving the
protection against neurodegeneration. Fish consumption has emerged as a component of the
MD that may be a driving factor in its protection against cognitive decline and dementia
[97]. However, other components have also received particular attention. A small
prospective cohort study in Sweden showed no association between adherence to a MD
overall in relation to dementia or brain volume, but increased meat consumption was
associated with an increased risk of dementia and lower brain volume [22]. Further studies
are needed to elucidate which components of the MD are most important for the population
to focus on, and whether these components vary by age, race/ethnicity, or other population
characteristics.

Observational studies are threatened by bias due to confounding from lifestyle factors
associated with dietary patterns that can impact cognitive health, like physical activity,
education, engagement in mentally stimulating activities, social isolation, depression, and
smoking. Though randomized trials are expensive and challenging, the large body of
observational evidence showing varied health benefits of a MD support the value of
conducting clinical trials to examine its effects. However, there are also important
disadvantages when using randomized trials to study diet in relation to neurological
outcomes. Most importantly, adhering to a prescribed diet for a long follow-up period is
extremely difficult to achieve. As participants decrease adherence to their randomized diets
over time, biases including confounding and misclassification are introduced. Alternatively,
application of causal inference methods to these research questions may leverage existing
observational data to help infer causal effects of the MD on neurodegenerative disease.
Finally, translational efforts should be encouraged between mechanistic animal studies and
epidemiological studies in humans to facilitate better interventions in the clinic and
population.

Taken together, these data suggest that the MD can be beneficial for protection against
neurodegenerative diseases. Though AD and dementia are large threats to public health, the
relation between the MD and neurodegenerative diseases should also be studied, as these
conditions confer poor quality of life and increased disability. Future studies should consider
improved methodology to investigate these associations and inform translation to clinical
and public health practice.
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Fig. 1.
Example of a brain magnetic resonance image exhibiting severe brain atrophy. Segmentation

done in FSL. Yellow: segmented white matter; Red: segmented cortical volume; Blue:
cerebrospinal fluid
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