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ARTICLE INFO ABSTRACT

Keywords: Despite the reported benefits of diet on cognition in older adults, randomized controlled trials (RCT) testing the
Cognition impact of dietary interventions on cognitive scores have yielded less promising results when cognition was
Neuroimaging

assessed via neuropsychological tests. More recently, neuroimaging has been used to identify more subtle brain-
related changes associated to cognition. Hence, employing a combination of neuroimaging techniques with
neuropsychological tests could clarify this controversy.

To determine the effect of diet on cognitive performance, we conducted a systematic review of PubMed and
Scopus databases for all studies, on middle-aged and older adults, combining neuroimaging, neuropsychological
tests, and data on dietary patterns. The inclusion criteria were met by 14 observational studies and no RCTs. The
range of brain measures assessed varied from volumes to white matter integrity, functional connectivity, brain
glucose metabolism and beta-amyloid deposition. Given the variability of methods used in assessing cognitive
performance, diet and brain correlates, conducting a meta-analysis was not possible.

Here the evidence suggests that, in observational studies, dietary patterns may be associated with brain
correlates that have been shown to precede cognitive decline. As such, neuroimaging should be included in
future RCTs to identify any benefits of diet on brain measures linked with cognitive health.

Dietary pattern
Neuropsychological assessment
Middle-aged

Older adults

One major limitation of the current published literature is that neuro-
cognitive tests and dietary assessments, alongside neuroimaging, are

1. Introduction

Existing evidence suggests that healthy dietary patterns can posi-
tively impact on cognitive health in aging. Longitudinal prospective
studies have reported slower rates of cognitive decline with higher
scores of adherence to healthy dietary patterns (Tangney et al., 2011;
Qin et al., 2015; Wengreen et al., 2013; Morris et al., 2015). Conversely,
randomized controlled trials (RCTs) have yielded less promising results.
Whereas some RCTs have shown that a Mediterranean-type diet (Med-
Diet) can delay cognitive decline (Valls-Pedret et al., 2015), others have
found no statistical difference in cognitive performance between the
MedDiet and a habitual diet (Knight et al., 2016; Marseglia et al., 2018).

rarely measured and analyzed in the same study. Employing a combi-
nation of neurocognitive and neuroimaging approaches could provide
clarification as to discrepant findings reported in observational studies
as compared to RCTs.

The debate on dietary patterns and cognitive decline has gained new
prominence with the advent of cutting-edge neuroimaging techniques.
These can both measure meaningful variations in brain correlates when
detectable changes are not captured by neurocognitive tests (Sizonenko
et al., 2013; Monti et al., 2015; Zamroziewicz and Barbey, 2016), and
predict cognitive trajectories (Reddan et al., 2018). For instance,
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changes in cerebral white matter integrity, studied using diffusion
magnetic resonance imaging (MRI), were: (i) associated with cognitive
performance (Vernooij et al., 2009; Cremers et al., 2016); (ii) detectable
before cognitive impairment (Wang et al., 2012); and (iii) predictive of
cognitive decline (Defrancesco et al., 2014). In addition, alterations of
specific regional brain volumes were detected prior to the decline of
cognitive function (Smith et al., 2007). As such, neuroimaging has the
potential to inform whether healthy dietary patterns are associated with
beneficial changes in brain measures such as brain glucose uptake,
structural connectivity and brain volumes. As shown in studies
employing both neuroimaging and neuropsychological tests, dietary
interventions focusing on specific nutrients have shown beneficial ef-
fects on cognition and brain correlates in older adults with preserved
and impaired cognition. For instance, consumption of fish oil supple-
ments (2.2 g/day of long chain omega-3 fatty acids) increased white
matter integrity, gray matter volume, reduced the loss of gray matter
and enhanced executive performance by 26 % in healthy women (aged
50-75 years), when compared to placebo, after 26 weeks (Witte et al.,
2014). Similarly, interventions studying the consumption of dietary
flavanol supplements and concentrated grape juice on similar outcomes
yielded positive findings (Krikorian et al., 2012; Brickman et al., 2014).
These findings suggest that certain nutrients may positively impact on
cognitive performance. Yet, as nutrients are not eaten in isolation but
consumed in combination, it is most likely that dietary effects on the
brain occur as a result of additive/synergistic interactions between nu-
trients (Zwilling et al., 2019; Scarmeas et al., 2018).

To understand the effect of the breadth of the interactions of dietary
patterns, an overview of how these patterns impact on cognition and
brain correlates obtained by using several neuroimaging techniques is
currently lacking. Thus, to establish whether, and how, dietary patterns
associate with cognition, the simultaneous use of neurocognitive tests
and neuroimaging could allow for an improved assessment of the cu-
mulative effects of a dietary pattern and provide additional information

Records identified in
relevant literature
(n=40)

Records identified
through database
search (n=217)

Records screened on title and abstract (n=257)

= Removed duplicates (n=13)
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on the mechanisms impacting on cognition. To the best of our knowl-
edge, no systematic review has been conducted on studies measuring
dietary patterns, neuroimaging correlates and neurocognitive tests.

2. Methods

To determine whether dietary patterns are associated with different
brain correlates and cognitive domains in middle-aged and older adults,
this systematic review considered studies including community dwelling
adults aged 50 years or older, with varying levels of adherence to the
studied dietary patterns (exposure and comparison group), and the as-
sociations with brain correlates and cognitive scores (outcomes). The
PICO format was followed (Richardson et al., 1995).

A comprehensive search was conducted in PubMed and Scopus da-
tabases. Key terms and medical subject headings (MeSH), used to search
titles, abstracts and keywords, included “nutrition” or “eating habits” or
“nutrients” or “diet” and “functional MRI” or “MRI” and “cognition”.
Additional records identified through manual search were also incor-
porated (Fig. 1). All study design types with human participants were
included. Date of the last search was February 2020. Studies were
included if they met the following criteria: 1) included a neurocognitive
test or battery of tests; 2) included a measure of dietary patterns as
opposed to single nutrients; 3) included participants aged 50 years or
older; and 4) included at least one neuroimaging technique. Articles
were excluded if they were reviews or protocols, published in languages
other than English, or if the effect of the diet itself could not be ascer-
tained (e.g. interventions where a given dietary pattern and exercise
were studied together). The screening of titles and abstracts was carried
out independently by two reviewers (BR and EAA). The authors met to
reach consensus on which articles should be included and conflicts were
resolved through discussion.

Records excluded based on title and abstract

] [ Screening J [Identificationj

(n=152)

Full-text articles assessed for eligibility (n=92)

— | Full-text articles excluded (n=78)

Eligibility

I

Studies included in the review (n=14)

Included

[

Age <50 (n=15)

No dietary intake data (n=6)

Studies focusing on specific nutrients/food items (n=33)
No neurocognitive tests (n=6)

Protocols, reviews, case study and comments (n=14)

Not possible to identify the effect of diet independent of
another variable (e.g., diet+exercise (n=3)

Articles not in English (n=1)

Fig. 1. Flow diagram of the study selection process.
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2.1. Quality assessment

To appraise the quality of included studies, the Quality assessment
tool for Observational Cohort and Cross-Sectional Studies from the Na-
tional Heart, Lung, and Blood Institute of the National Institutes of
Health (NIH) was used (National Institute of Health National Heart,
2019). This tool is comprised of 14 questions: 1) is the research question
or objective of the paper clearly stated?; 2) was the studied population
well specified and defined?; 3) was the participation rate of the eligible
population equal or greater than 50 %?; 4) were all participants
recruited from the same or similar population?; 5) was the sample size,
power description, variances or effect sizes reported?; 6) were the ex-
posures of interest measured prior to the measurement of outcomes?; 7)
was the given timeframe enough to expect associations?; 8) were
different levels of exposure studied?; 9) were the exposure variables
clearly defined, valid, reliable and consistently implemented across all
participants?; 10) was the exposure assessment repeated?; 11) were the
outcome variables clearly defined, valid, reliable and consistently
implemented across all participants?; 12) were the outcome assessors
blinded to the exposure status?; 13) was loss to follow-up lower than 20
%?; 14) were the key potential confounders controlled for?

3. Results

Overall, 257 articles were identified, out of which 13 were excluded
after identification of duplicates and 152 after screening of the title and
abstract. As a result, 92 full-text articles were assessed for eligibility. Of
these, 14 were included in this review (Table 1).

3.1. Study design and statistical analyses

Both cross-sectional and longitudinal observational studies met the
inclusion criteria for this review. All of the longitudinal studies
described the effect of dietary patterns assessed prior to the cognition-
related and brain imaging-related outcome, thereafter referred to as
past dietary patterns as opposed to concurrent dietary patterns, which
were assessed during the study when cognition- and brain-related out-
comes were measured. Of the longitudinal studies, except for Gu et al.,
2018, all the other longitudinal studies assessed adherence to the
MedDiet. Of those which focused on the MedDiet, two studies conducted
additional analyses either on the robustness of the applied MedDiet
score (Berti et al., 2018) or the stability of the pattern over time (Pel-
letier et al., 2015). Berti et al., 2018 reproduced the findings with a
different MedDiet score, and Pelletier., et al. 2015 confirmed the sta-
bility of the pattern. Specifically, over time, those in the high extreme
end of the MedDiet score reported a higher consumption of fruits, le-
gumes, vegetables, fish, a moderated alcohol intake, and lower meat
intakes (Pelletier et al., 2015).

With regards to statistical analyses, studies reported bivariate re-
lationships, direct and indirect contributions of diet on a given outcome
through third-variable effects models, and structural equation modelling
to evaluate interdependent relationships. Adherence to the MedDiet
scores was studied either as a continuous variable (Titova et al., 2013;
Pelletier et al., 2015; Luciano et al., 2017; Mosconi et al., 2014, 2018) or
dichotomous variable, i.e. high vs low adherence to the MedDiet (Gu
et al., 2015; Karstens et al., 2019; Mosconi et al., 2014; Walters et al.,
2018). Except for the study by Gu et al., 2016, in which the authors
ranked the loading factors of the relevant cluster of nutrients, all of the
remaining studies utilising PCA included the loading factors values as
continuous variables.

3.2. Target groups
Only studies with community-dwelling, non-institutionalized par-

ticipants were considered (Table 2 and 3). Most studies excluded in-
dividuals with dementia, except Gu et al., 2016, 2018 and Titova et al.,
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2013, with the latter two including the participants with some degree of
cognitive impairment or dementia in all analyses. The majority of the
studies excluded participants with medical conditions or history of
conditions that could affect brain structure or function (Berti et al.,
2015; Bowman et al., 2012; Zwilling et al., 2019; Karstens et al., 2019;
Berti et al., 2018; Mosconi et al., 2014, 2018; Gu et al., 2018; Walters
etal., 2018) and Titova et al., 2013 excluded participants whose diseases
could induce changes in diet and lifestyle (e.g. diabetes, stroke). Those
that did not exclude participants based on these conditions entered these
variables into the models as covariates (Pelletier et al., 2015; Gu et al.,
2015, 2018; Luciano et al., 2017). Nine of the studies included exclu-
sively older adults (i.e., participants aged 60 years old or older), with 5
studies including also younger adults (i.e., participants aged 25 years or
older) as well as older adults (Walters et al., 2018; Mosconi et al., 2018,
2014; Berti et al., 2015, 2018).

3.3. Dietary intake assessment

Several tools were applied to assess dietary patterns (Table 2 and 3).
Most of the studies used food frequency questionnaires (FFQ) (Gu et al.,
2015; Berti et al., 2015; Gu et al., 2016; Luciano et al., 2017; Gu et al.,
2018; Karstens et al., 2019; Mosconi et al., 2014; Berti et al., 2018;
Mosconi et al., 2018; Walters et al., 2018). One study combined a FFQ
with a 24 h dietary recall (Pelletier et al., 2015), two inferred dietary
intake from blood biomarkers (Zwilling et al., 2019; Bowman et al.,
2012), and one collected a 7-day non-weighed food diary (Titova et al.,
2013). Except for the studies by Luciano et al., 2017 and Mosconi et al.,
2014, in which it was not clear who completed the FFQ, trained in-
terviewers administered the dietary assessment tools in all other studies.
Intakes of nutritional supplements were not reported in any of the
studies.

3.4. Dietary patterns ascertainment

Dietary patterns were ascertained either through principal compo-
nent analysis (PCA), reduced-rank regression (RRR) or scores/ques-
tionnaires assessing the adherence to the dietary pattern (Tables 2 and
3). In the case of the PCA, both food frequency questionnaires (Berti
etal., 2015; Guet al., 2016) and blood parameters (Zwilling et al., 2019;
Bowman et al., 2012) were used to determine the clusters of nutrients.
The study utilising RRR employed a FFQ to ascertain the dietary intake
and used inflammatory blood biomarkers as responsive variables to
obtain the nutrients clusters (Gu et al., 2018). As for the studies using
scores/questionnaires, only studies focusing on the MedDiet met the
inclusion criteria. To assess the adherence to the MedDiet two criteria
were used: Trichopoulou et al., 2003 (Titova et al., 2013; Mosconi et al.,
2014; Gu et al., 2015; Pelletier et al., 2015; Gu et al., 2016; Luciano
et al., 2017; Mosconi et al., 2018; Berti et al., 2018; Walters et al., 2018)
and Panagiotakos et al., 2007 (Karstens et al., 2019). Note that studies
differed in terms of adjusting for energy intake, cut-offs and studied
dietary variables (see supplementary material for an in-depth
description).

3.5. Neuropsychological assessment

Cognitive domains that are known to decline with age were the
target of the applied neurocognitive testing (Table A.1). As such, general
cognition, executive function, memory, attention, language and visuo-
spatial were studied. Except for Luciano et al., 2017, who only studied
general cognition through Mini-mental State Examination (MMSE), the
remaining studies incorporated a diverse set of tests (Table A.1). Of the
studies that applied several questionnaires, five utilized the raw scores
of the neurocognitive tests (Berti et al., 2015, 2018; Bowman et al.,
2012; Zwilling et al., 2019; Mosconi et al., 2014), four computed a
composite score per studied cognitive domain (Gu et al., 2015, 2016; Gu
etal., 2018; Karstens et al., 2019), two analyzed both raw and composite



Table 1

Summary of the brain correlates associated with dietary/nutrient patterns.

Brain correlates

Author, Dietary variables Volume/density WMH White Matter Functional connectivity Glucose Metabolism PiB Retention Association between dietary
year Integrity pattern and cognitive score?
(cognitive domain)
Gu, 2016 Vit E and PUFA - - Increased FA - - - Yes (L, M, SE, VS)*
Vit E and PUFA No? B B B 1 medial, inferior, lateral No No
frontal cortex
o . iddle fi 1, cingul.
Antioxidants and Fibers No® - - - 1 middle frontal, cingulate No No
cortex (L);
Berti, 2015 Fats (saturated, trans- a | middle and inferior temporal
1 |GM of frontal cortex - - - cortex, frontal cortex (R), and No No
saturated, cholesterol) .
parietal cortex (L)
ietal, frontal
Vit B12 and D 1 GiVI of temporal and frontal cortex B _ B 1 superior and medial temporal irﬁiagzsferi;:n a No
R) areas )
cingulate cortex
. WP fronto-parietal and
Vit B12 and D' - - - WP fronto-parietal an . Yes (EXE)
default networks
1 WP somatomotor and
e n-6 - — — ventral attention — - Yes (EXE)*
Zwilling,
2019 networks
n-3 - - - 1 WP visual network - - Yes (EXE)
Carotene - - - 1 WP limbic network - - No
Lycopene No Yes (M, EXE?)
MUFA:SFA - - - |WP ventral attention - - Yes (EXE)
Low Ca, Vit D, A, E, B, Ca, n-3
Gu, 2018 and antioxidants + high 1 TBV, TGMV, and TWMV No - - — - YES (VS) *
cholesterol
vitamins B, C, D, and E Larger TBV No - - - - Yes (G, EXE, ATT, VS)
Bowman, . 1
2012 marine -3 FA No WMH - - - Yes (EXE)
Trans-fat Smaller TBV No - - - - Yes (G, ATT, M, L, PS)
Lower
Pelleti . P
€ eter, MedDiet No? No diffusivity - - - No*
2015
values
. . a 1 frontal cortex and
Berti, 2018 (low) MedDiet No' - - - | temporal and PCC/precuneus . No
left parietal cortex
Mosconi, . 1 thickness of EC, PCC, OFC, inferior
MedD: — — - _ _ N
2018 edDiet and middle temporal gyrus?. ® °
Walters, . b
2018 (Low) MedDiet No - - - | PCC No No
K . .
azr;;:ns, (high) MedDiet Larger GM of the dentate gyr‘usb No - - - Yes (M, Lr)
M i . . .
g;c&m, (high) MedDiet Thicker OFC, EC and PCC® - - - - - No
Titova, MedDiet No? - - - - - No
2013 Meat TBV? - - - - - Yes (composite)
1TBV, TGMV, and TWMV, cingulate
MedDiet/(high) MedDiet cortex, PL, TL, HP and CT of the - - - - - No
superior-frontal region®
. . 1GMV of temporal lobe and
high) F - - - - - -
Gu, 2015 (high) Fruit hippocampus®

(low) Meat

(high) Fish

1TBV, TGMYV, cingulate cortex, PL,
TL, and CT of the superior-frontal
regionb

(continued on next page)
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Table 1 (continued)

Brain correlates

Association between dietary

PiB Retention

Functional connectivity Glucose Metabolism

White Matter
Integrity

WMH

Volume/density

Dietary variables

Author,
year

pattern and cognitive score?

(cognitive domain)

1TGMV and mean CT, cingulate

cortex, PL, TL, HP and CT of the

superior-frontal region”

No

| reduction of total brain volume but ~ —

not GMV?

(High) MedDiet

Luciano,

2017

The included studies and reported dietary patterns were ordered to facilitate comparison between patterns and associations with cognitive domains and brain correlates. The reported brain correlates are bilateral if not

indicated otherwise (R = right, L

Left). Null associations are indicated with a “No”, non-studied links with a hyphen (-).

Abbreviations: ATT attention, CT cortical thickness, EC entorhinal cortex, EXE executive, FA fractional anisotropy, G global cognitive function, HP hippocampus, L language, Lr ; learning; Lleft, M memory, OFC

orbitofrontal cortex, PL parietal lobe, PCC posterior cingulate cortex, PS processing speed, R right, SE Speed/executive, TBV total brain volume, TGMV total gray matter volume, TL temporal lobe TWMV total white matter

volume, VS visuospatial, WMH - white matter hyperintensities, WP — world propensity.

INutrient patterns denomination altered from the original denomination to facilitate interpretation of the table.

2A latent factor of brain structure was generated by combining the ROI thickness measures using CFA to represent that construct.

1 increased/higher; | decreased/lower.

#mediation analyses.

*Lower MD and higher FA in the region that appeared preserved by the MedDiet were generally strongly associated with higher cognitive scores.

ayoxel-based morphometry; Psurface-based morphometry.
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scores (Pelletier et al., 2015; Mosconi et al., 2018) and two combined all
cognitive scores into one composite (Titova et al., 2013; Walters et al.,
2018). According to reported study methods, all questionnaires were
applied by experienced psychologists/trained research assistants.
Whereas 7 studies mentioned that neuropsychological tests were
applied several times (Pelletier et al., 2015; Luciano et al., 2017;
Bowman et al., 2012; Gu et al., 2015, 2016; Berti et al., 2018; Walters
et al., 2018), 7 studies did not report whether that was the case (Titova
et al., 2013; Berti et al., 2015; Mosconi et al., 2014, 2018; Gu et al.,
2018; Karstens et al., 2019; Zwilling et al., 2019). As for the applied
tools, MMSE was the most widely used across the included studies to
assess general cognition. Other cognitive domains were assessed using a
variety of tests (Table A.1).

3.6. Confounding variables

Several non-dietary factors were included in the models. Age was
either controlled for or, as in one study, all participants were aged 70
years (Titova et al.,, 2013). Likewise, education and gender were
accounted for in the models. Physical activity was not reported or
controlled for in 7 of the studies (Berti et al., 2015; Bowman et al., 2012;
Gu et al., 2015, 2016; Luciano et al., 2017; Gu et al., 2018; Karstens
et al., 2019). Similarly, carriers of ApoE4 were identified in 7 studies
(Berti et al., 2015; Pelletier et al., 2015; Mosconi et al., 2014; Berti et al.,
2018; Gu et al., 2018; Mosconi et al., 2018; Walters et al., 2018).
Depression and depressant symptomatology were either controlled for
or used as exclusion criteria (Berti et al., 2015; Bowman et al., 2012;
Mosconi et al., 2014; Berti et al., 2018; Mosconi et al., 2018; Walters
et al., 2018). Other confounding variables less frequently included in
the models were body mass index, cardiovascular risk factors, ethnicity,
occupation, socioeconomic status, cognitive enrichment activities,
presence of a family history of Alzheimer’s disease, the Homeostasis
Model Assessment (HOMA, a proxy indicator of beta call function and
insulin resistance), and intellectual activities. Analyses in all but one
study (Zwilling et al., 2019) were corrected for the total intracranial
volume.

3.7. Neuroimaging techniques and brain correlates

A wide range of neuroimaging techniques and brain markers were
used (Tables 2 and 3). Whereas 8 studies examined cerebral macro-
structural integrity such as volumes and presence of white matter
hyperintensities (WMH) (Titova et al., 2013; Bowman et al., 2012;
Luciano et al., 2017; Gu et al., 2015; Mosconi et al., 2014; Gu et al.,
2018; Karstens et al., 2019; Mosconi et al., 2018), Zwilling et al., 2019
explored functional networks, and Gu et al., 2016 assessed white matter
integrity. In addition, 6 studies combined two or more neuroimaging
techniques. Pelletier et al., 2015; Karstens et al., 2019 and Bowman
etal., 2012 focused on volumes and white matter integrity. Berti et al.,
2015, 2018 and Walters et al., 2018, measured volumes, glucose
metabolism and '!C-Pittsburgh compound-B retention. All studies used
magnetic resonance imaging to study the brain, with the exception of
Berti et al., 2015, 2018 and Walters et al., 2018, in which PET was also
used (see supplementary material for an in-depth description of the
methodologies used to compute brain volumes and studied brain areas).

3.8. Outcomes - results

The included studies described associations of dietary patterns with
both brain markers and cognitive scores (Table 2 and 3). The reported
findings are presented as follows: 1) the MedDiet; 2) food groups/
components from the MedDiet scores; and 3) nutrient patterns.

3.8.1. MedDiet association with brain correlates and cognitive scores
Higher adherence to the MedDiet correlated with larger total and
regional brain volumes and higher white matter integrity. When total
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Table 2

Summary of the studies assessing concurrent dietary/nutrient patterns.
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AUTHOR,
YEAR

NEUROIMAGING

DIETARY ASSESSMENT

TARGET GROUP! , age
M=+SD, (N)

FINDINGS

Bowman,
2012

Mosconi,
2014

Berti,
2015

Gu, 2015

EQ: 15T
Correlates: total cerebral brain volume,
white matter hyperintensities volume.

EQ: 1.5T

Correlates: cortical thickness for
entorhinal

cortex, inferior parietal lobe, middle
temporal gyrus, orbitofrontal cortex, and
posterior cingulate cortex.

EQ: 1.5T, PET

Correlates: gray matter volumes (VBM),
11C-Pittsburgh compound-B (PiB; a marker
of fibrillar amyloid-p, Ap) and 18F-fluoro-
deoxyglucose (FDG; a marker of glucose
metabolism)

EQ: 15T

Correlates: total brain volume, total gray

Tool/method: Nutrients blood
biomarkers

Index: Nutrient patterns through
principal component analysis (PCA)
Energy adjustment Method: Not
applicable

Tool/method: 61-item version of
Harvard/Willett’s semi-quantitative FFQ
Index: MedDiet score adapted from
Trichopoulu et al., 20032, cut-off >5
Alterations:

- Fat intake: a ratio of daily consumption
of monounsaturated to saturated fats

- Alcohol intake - alcohol consumption
was dichotomized into 1) mild to
moderate alcohol consumption (>0 drinks
per week) but <2 drinks per day in the
previous year) and 2) no consumption (0
g/day) or more than moderate intake (>2
drinks per day).

Energy adjustment Method: regressed
caloric intake prior to scoring.
Tool/method: Harvard/Willet Food
Frequency Questionnaire (applied by
trained interviewers)

Index: Nutrient patterns derived from
PCA

Energy adjustment Method: regressed
caloric intake

Tool/method: Harvard/Willet Food
Frequency Questionnaire (applied by
trained interviewers)

>65y, 87y+10,
(n=104)

25-72y, 54y+12,
(n=52)

25-72y, 54+12,
(n=52)

>65y, 80.1+5.6,
(n= 674)

A - Study of the brain parameters and
dietary variables

- Participants with higher vitamin B, C, D and
E scores had larger total cerebral brain
volume, and those with high trans-fat scores
had smaller total cerebral brain volume.

- Marine n-3 scores were negatively
associated with white matter hyperintensities
volumes when adjusted for gender, education
and APOE4. Yet, when controlled for
depression and hypertension, the significance
was lost.

B - Study of the neuropsychological tests
and dietary variables

- Higher vitamins B, C, D and E scores had
better global cognitive function (executive,
attention and visuospatial function).

- Higher marine n-3 scores had better
executive function and those with higher
lutein had higher memory scores.

- Higher trans-fat scores had worse global
cognitive function (attention, memory,
language and processing speed.)

- Higher n-6 scores had worse memory and
language scores.

A - Study of the brain parameters and
dietary variables

- When compared to participants with low
adherence to the MedDiet, participants with
high adherence had overall greater thickness
of AD-vulnerable ROIs (cortical thickness for
entorhinal cortex, inferior parietal lobe,
middle temporal gyrus, orbitofrontal cortex
and posterior cingulate cortex.

B - Study of the neuropsychological tests
and dietary variables

- There were no significant associations
between the MedDiet score and
neuropsychological measures.

A - Study of the brain parameters and
dietary variables

- VitB12 and D pattern was positively
associated with 1) glucose metabolism in
several temporal regions, including superior
and medial temporal areas, bilaterally and 2)
GMV in temporal and frontal cortex, mostly
of the right hemisphere. Conversely, VitB12
and D pattern was negatively associated with
1) PiB retention in parietal, frontal and
posterior cingulate cortex.

- Fats patternwas negatively associated with
1) glucose metabolismin middle and inferior
temporal cortex, bilaterally, right frontal
cortex, and left parietal cortex and 2) GMV in
frontal cortex.

- VitE and PUFA patternwas positively
associated with 1) glucose metabolismin
medial, inferior and lateral frontal cortex,
bilaterally.

- Antioxidants and Fibers pattern was
positively associated with glucose
metabolismin middle frontal and cingulate
cortex of the left hemisphere;

B - Study of the neuropsychological tests
and dietary variables

- No association regarding
neuropsychological tests and the derived
nutrient patterns.

A - Study of the brain parameters and

dietary variables
- Higher adherence was associated with larger

(continued on next page)
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AUTHOR, NEUROIMAGING DIETARY ASSESSMENT TARGET GROUP! ,age FINDINGS
YEAR M+£SD, (N)
matter volume, total white matter volume, Index: MEDDIET score adapted from total brain volume, total gray matter volume
mean cortical thickness. Trichopoulu et al., 20032, continuous and total white matter volume.
variables and cut-off >5 - Higher fish and lower meat intakes were
Alterations: associated with larger total gray matter
- Fat intake: a ratio of monounsaturated volume. Lower meat intake was also
fats to saturated fats, associated with larger total brain volume.
- Alcohol intake: Mild to moderate alcohol Higher fish intake was associated with larger
consumption (>0 to <30 g/day) assigned mean cortical thickness.
one point. Otherwise the score would be - Gray matter volumes of cingulate cortex,
Zero. parietal lobe, temporal lobe, hippocampus
Energy adjustment Method: regressed and cortical thickness of the superior-frontal
caloric intake prior to scoring. region were associated with adherence to the
MedDiet and higher consumption of fish.
Similarly, low meat intake was also
associated with larger gray matter volumes of
the previous regions except for hippocampus.
In turn, higher fruit intake was associated
with lower temporal and hippocampus
volume.
B - Study of the neuropsychological tests
and dietary variables
- Participants with lower MedDiet adherence
did not differ from those with higher
adherence in terms of any cognitive score.
Mosconi, EQ:3T Tool/method: Harvard/Willet Food 30-60y, 50y+6, A - Study of the brain parameters and
2018 Correlates: Cortical thickness entorhinal of ~ Frequency Questionnaire (n=116) dietary variables
cortex, posterior cingulate cortex, Index: MedDiet score adapted from - MedDiet significantly and independently
orbitofrontal cortex, inferior and middle Trichopoulu et al., 2003 2, continuous predicted brain structure (latent construct
temporal gyrus. variable composed by the cortical thickness of the
Alterations following areas: entorhinal of cortex,
- fat intake: a ratio of daily consumption of posterior cingulate cortex, orbitofrontal
monounsaturated to saturated fats, cortex, inferior and middle temporal gyrus)
- alcohol intake: alcohol consumption was B - Study of the neuropsychological tests
dichotomized into 1) mild to moderate and dietary variables
alcohol consumption (>0 drinks per week - MedDiet was not associated with cognitive
but <2 drinks per day in the previous function.
year) and 2) no consumption (0 g/day) or
more than a moderate intake (>2 drinks
per day).
Energy adjustment Method: regressed
caloric intake prior to scoring
Gu, 2016 EQ:15T Tool/method: Harvard/Willet Food >65y, 84.1y+5.1, A - Study of the brain parameters and
Correlates: fractional anisotropy Frequency Questionnaire (applied by (n=239) dietary variables
trained interviewers) (n=28 met the - Nutrient pattern-6, characterized by high
Index: Nutrient patterns derived from diagnostic criteria for intakes of n-3 and n-6 PUFAS and vitamin E
PCA dementia at was positively associated with fractional
Energy adjustment Method: regressed neuroimaging visit). anisotropy.
caloric intake B - Study of the neuropsychological tests
and dietary variables
- Fractional anisotropy mediated the
relationship between nutrient pattern-6 and
memory, language, visuospatial, speed/
executive function, and mean cognitive
scores.
Zwilling, EQ: 3T Tool/method: Nutrients blood 65-75y, 69y+3.2, A - Study of the brain parameters and
2019 Correlates: small world organization of the =~ biomarkers (n=116) dietary variables

intrinsic connectivity network maps: visual,
somatosensory, limbic, default mode,
dorsal attention, ventral attention and
frontoparietal

Index: Nutrient patterns through PCA
Energy adjustment Method: Not
applicable

- N-6 pattern was positively associated with
the somatomotor and the ventral attention
networks.

- N-3 pattern was positively associated with
the visual network.

- Carotene pattern demonstrated a positive
association with the limbic network.

- Vitamin BD pattern was negatively
associated with the fronto-parietal networks.
- MUFA:SFA ratio pattern was negatively
associated with ventral attention.

B - Study of the neuropsychological tests
and dietary variables

- The n-3/n-6 mixture was positively
associated with two measures of memory:
WMS auditory and WMS delayed.

- Lycopene was positively associated with
three measures of memory: WMS auditory,
WMS immediate and WMS delayed.

(continued on next page)
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AUTHOR,
YEAR

NEUROIMAGING

DIETARY ASSESSMENT

TARGET GROUP! , age
M=+SD, (N)

FINDINGS

Karstens, EQ: 3T
2019 Correlates: hippocampus and the dentate
gyrus volumes and white matter
hyperintensities volume.

research assistant

caloric intake

Tool/method: Block 2005 Food
frequency questionnaire by a trained

Index: MedDiet scoresadapted from
Panagiotakos et al., 2007.
Energy adjustment Method: regressed

-The n-3 pattern was positively associated
with three measures of executive function:
DKEFS switch, DKEFS switch minus search
and DKEFS switch minus an aggregate score
for numbers and letters.

- DKEFS switch minus search: the vitamin BD
pattern demonstrated a positive association
while the MUFA:SFA ratio has a negative
association.

C - Moderation of nutrient patterns on the
relationship between brain parameters
and cognitive function

- N-6 NBP moderates the dorsal attention
network in predicting DKEFS switch measure
of executive function.

- Lycopene NBP moderates the dorsal
attention network in predicting DKEFS switch
measure of executive function.

A - Study of the brain parameters and
dietary variables

- High MedDiet group had significantly larger
dentate gyrus volumes when compared with
the Low MedDiet group. There was no
significant effect of the MedDiet group on log-
transformed WMH volumes or total white
matter volume.

B - Study of the neuropsychological tests
and dietary variables

- High MedDiet group had significantly better
Leaning and memory composite scores when
compared with the Low MedDiet group.
There was no significant effect of the MedDiet
group on information processing or executive
functioning.

>60y, 68.8y+6.9,
(n=82)

Abbreviations: DKEFS - Delis-Kaplan Executive Function System, EQ- equipment, FDG - 18F-fluorodeoxyglucose, FFQ — food frequency questionnaire, PCA — principal
component analysis, PiB — Pittsburgh compound B, T — Tesla, WMS - Wechsler Memory Scale.

1- If not indicated otherwise, studies recruited participants living in the community free of dementia.

2 — The adherence to the MedDiet score ranges from 0 to 9, with higher values indicating higher adherence to this dietary pattern (Trichopoulou et al., 2003). To
compute the final score, after determining the sex-specific median of the relevant food groups, the scoring applies. For the beneficial dietary variables, a 1 is assigned to
those individuals whose intake is above the median, and a zero to those whose intake is below. For the detrimental dietary variables, the reverse scoring took place. If
the studies reported an adaptation of the original score, those alterations were described.

brain volumes and/or total gray matter volumes differed significantly
with different levels of adherence to the MedDiet, no association was
found with cognitive scores (Titova et al., 2013; Gu et al., 2015).
Conversely, a positive correlation was found with gray matter volumes
of specific brain areas such as the dentate gyrus (Karstens et al., 2019)
and thickness of orbitofrontal cortex, entorhinal cortex and posterior
cingulate cortex (Mosconi et al., 2014, 2018), but not with others such as
the hippocampus (Gu et al., 2015). As for the white matter hypersen-
sitivities (WMH), no difference was detected between high and low
adherence to the MedDiet (Karstens et al., 2019; Pelletier et al., 2015).
In contrast to WMH, high adherence to the MedDiet was associated with
lower diffusivity, which in turn was associated with higher cognitive
scores (Pelletier et al., 2015). Likewise, no differences in brain volumes
were recorded between low and high adherence to the MedDiet, but low
adherence to the MedDiet was associated with steeper declines of
glucose metabolism in the temporal cortex (Berti et al., 2018) and
posterior cingulate cortex (Walters et al., 2018; Berti et al., 2018). It is
worth noting that low adherence to the MedDiet was associated with
increased B-amyloid in the left frontal parietal cortex (Berti et al., 2018).

3.8.2. Food groups/components derived from MedDiet scores association
with brain correlates and cognitive scores

As for the components of the MedDiet, the results were inconsistent.
For instance, no correlations were found between high fish intake, brain
volumes and cognition (Luciano et al., 2017). In contrast, Gu et al.,
2015, found that high fish intake was associated with larger total GMV,

and cortical thickness of several brain regions but not with cognitive
scores (Gu et al., 2015). Likewise, whereas meat intake was negatively
associated with total brain volume and cognition (Titova et al., 2013), as
well as cingulate, parietal and temporal GMV (Gu et al., 2015), meat
intake was not associated with total brain volume or total gray matter
volume (Luciano et al., 2017). Interestingly, Titova et al., 2013 observed
that the meat food group was negatively associated with brain correlates
and cognition rather than the MedDiet score (Titova et al., 2013).

3.8.3. Clusters of nutrients association with brain correlates and cognitive
scores

When analyzing clusters of nutrients, all identified patterns were
associated with both cognitive scores and brain markers, except in the
studies by Berti et al., 2015 and Berti et al., 2018. The B vitamins, vi-
tamins C, D and E cluster correlated with larger total brain volumes and
higher cognitive scores as opposed to the high trans-fat cluster (Bowman
et al.,, 2012). The PUFA and vitamin E pattern was associated with
memory, language, visuospatial and speed/executive function, and
mean cognitive scores were mediated by FA (Gu et al., 2016). The
omega-3 nutrient pattern moderated the relationship between frontal,
parietal network and Wechsler Adult Intelligence Scale (representative
of general cognition), whereas the omega-6 cluster and lycopene cluster
moderated the dorsal attention network in predicting executive function
(Zwilling et al., 2019). The omega-6 pattern was positively associated
with the somatomotor and ventral attention networks, and the dorsal
attention network was positively associated with executive functioning.
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Table 3
Summary of the studies assessing past dietary/nutrient patterns.
AUTHOR, NEUROIMAGING DIETARY ASSESSMENT LENGTH TARGET GROUP! , FINGINDS
YEAR age M+SD, (N)
Titova, EQ: 15T Tool/method: 7-day food diary Sy 75y, 75.340.01 A - Study of the brain parameters and
2013 Correlates: total brain volumes, gray Index: MedDiet score adapted from (n=193) dietary variables
matter volume, white matter volume Trichopoulu et al., 20032, continuous (mostly cognitively - No associations between the MedDiet
(VBM) variable. normal individuals, score and volumes of gray matter, white
Alterations cognitive matter, or their sum.
- Alcohol intake:1 was assigned to impairment and - A negative association between the self
those falling within moderate dementia, n=8) -reported intake of meat and meat
consumption: 10-50g/day for males products and total brain volume.
and 5-25/day for females. B - Study of the neuropsychological
- Fat intake: PUFA were replaced by tests and dietary variables
monosaturated fat, and nuts and seeds - The MedDiet score was positively
were excluded, and pulses added to associated with global cognitive score in
the vegetables score. the model controlled for age, but not in
- Cereals intake: Potato was added to the fully adjusted model.
the cereals item. - Higher intakes of meat were associated
Energy adjustment Method: with lower global cognitive scores in both
Residual adjusted method prior to models.
scoring
Pelletier, EQ: 3T Tools and methods: FFQ and 24h 9y 67.7-83.2y, 73y A - Study of the brain parameters and
2015 Correlates: GM and WMvolumes recall by a trained dietitian. Food (n=146) dietary variables
(VBM), fractional anisotropy, axial groups were derived from the FFQ, - MedDiet was not associated with white
diffusivity, radial diffusivity, mean whereas the 24h recall allowed to matter volumes nor grey matter volumes
diffusivity represents a global measure estimate nutrient and total energy in any studied brain area.
of diffusion. intake and the ratio of - Higher MedDiet score was associated
monounsaturated-to-saturated fatty with 1) lower diffusivity values in the
acids. whole corpus callosum (genu, body, and
Index: MedDiet score adapted from splenium), anterior and posterior
Trichopoulu et al., 2003, continuous thalamic radiations, paracingulate gyrus
variable. cingulum, and parahippocampal fornix
Alterations and 2) higher FA values in the corpus
- Alcohol intake: 1 point was given for callosum, anterior and posterior thalamic
consumption between 4 and 15 radiations.
glasses/week in men and 0 and 2 B - Study of neuropsychological tests,
glasses in women. dietary variables and brain
Energy adjustment Method: parameters
regressed caloric intake - Higher fractional anisotropy values in
the region that appeared preserved by the
MedDiet were generally strongly
associated with higher cognitive scores.
Luciano, EQ:15T Tools: The Scottish Collaborative 3y 70y, 72.7y+0.7, A - Study of the brain parameters and
2017 Correlates: mean cortical thickness, Group 168-item Food Frequency (n=562) dietary variables
total gray matter volume (VBM); total Questionnaire. - Lower adherence to the MedDiet was
brain volume. Index: MedDiet score adapted from associated with greater 3-year reduction
Trichopoulu et al., 20032, cut-off >5 in total brain volume, but not gray matter
Alterations volume.
- Alcohol intake: Moderate alcohol - Cross-sectional associations between the
consumption was defined for men as MedDiet and baseline gray matter
between 10 and 50 g alcohol per day volumes or cortical thickness were not
and for women between 5 and 25 g per significant.
day. - Meat and fish consumption were not
Energy adjustment Method: associated with total brain volume or
Residual adjusted method prior to total gray matter volume.
scoring and exclusion of individuals B - Study of the neuropsychological
with extreme energy intakes (<2.5th tests and dietary variables
or >97.5th centile). - Global cognition scores did not differ
between low and high adherence to the
MedDiet.
Berti, EQ: 3T, PET Tool: Harvard/Willet Food Frequency 2y 30-60 y, 50y+8 A - Study of the brain parameters and
2018 Correlates: gray matter volumes Questionnaire (applied by trained (n=52) dietary variables
(VBM), 11C-Pittsburgh compound-B interviewers) - No group differences in grey matter

(PiB; a marker of fibrillar amyloid-p,
Ap) and 18F-fluorodeoxyglucose (FDG;
a marker of glucose metabolism)

Index - MedDiet score adapted from
Trichopoulu et al., 20032, cut-off >5
Alterations

- Fat intake: a ratio of
monounsaturated fats to saturated
fats,

- Alcohol intake: mild to moderate
alcohol consumption (>0 to <30 g/
day) assigned one point. Otherwise the
score would be zero.

Energy adjustment Method:
Residual adjusted method prior to
scoring.

volumes were observed at neither cross-
sectional nor longitudinal analyses.

- At baseline, the low MedDiet group
showed reduced glucose metabolism in
temporal cortex bilaterally compared to
the high MedDiet group.

- Low MedDiet group showed higher rates
of glucose metabolism declines compared
to the high MedDiet group in temporal
and posterior cingulate cortex/
precuneus.

- At baseline, the low MedDiet group
showed higher PiB uptake in the frontal

(continued on next page)
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AUTHOR,
YEAR

NEUROIMAGING

TARGET GROUP' ,
age M+SD, (N)

DIETARY ASSESSMENT LENGTH

FINGINDS

Gu, 2018 EQ: 1.5T

Correlates: total brain volume (TBV),
total gray matter volume (TGMV), and
total white matter volume (TWMV),

White matter hyperintensity volumes

Walters,
2018

EQ:3T

Correlates: Cortical thickness of
entorhinal cortex and posterior
cingulate cortex, and PiB uptake and
FDG of PCC and frontal cortex.

Tool: Harvard/Willet Food Frequency
Questionnaire (applied by trained
interviewers)

Index Reduced Rank Regression
model using inflammatory markers
(CRP, IL-6) as response variables.
Energy adjustment Method:
regression residual method

4.5y and
5.3y°

>65y, 79y+5.8,
(n=330)

Tool/method: Harvard/Willet Food 3y
Frequency Questionnaire

Index: MedDiet score adapted from
Trichopoulu et al., 20032, continuous

variable

30-60y, 49y+8,
(n=70)

Alterations

- fat intake: a ratio of daily
consumption of monounsaturated to
saturated fats,- alcohol intake: alcohol
consumption was dichotomized into
1) mild to moderate alcohol
consumption (>0 drinks per week but
<2 drinks per day in the previous
year) and 2) no consumption (0 g/day)
or more than a moderate intake (>2
drinks per day).

Energy adjustment Method: caloric
intake-adjusted daily gram

cortex compared to the high MedDiet
group

- Longitudinally, both groups showed
increased PiB uptake in frontal regions.
The low MedDiet group showed
additional clusters of increasing PiB
uptake in the parietal cortex of the right
hemisphere

B - Study of the neuropsychological
tests and dietary variables

- There were no group differences for
clinical and neuropsychological
measures.

A - Study of the brain parameters and
dietary variables

- The inflammatory nutrient pattern was
associated with lower visuospatial z-
score.

B - Study of the neuropsychological
tests and dietary variables

The inflammatory nutrient pattern was
associated with smaller TBV, TGMV, and
TWMV.

C - Mediation of nutrient patterns on
the relationship between brain
parameters and cognitive function

- TGMV mediated the association
between inflammatory nutrient pattern
with visuospatial cognitive score.

A - Study of the brain parameters and
dietary variables

- MedDiet was neither associated with PiB
intake nor with cortical thickness at
baseline and follow-up.

- Lower MedDiet adherence at baseline
was associated with faster rates of FDG
declines on the posterior cingulate cortex.
B - Study of the neuropsychological
tests and dietary variables

- Both at baseline and follow up, MedDiet
was not associated with cognitive scores.

Abbreviations: CRP - C-reactive Protein, EQ - equipment, FDG - 18F-fluorodeoxyglucose, FFQ - food frequency questionnaire, IL6 - Interleukin-6, PCA - principal
component analysis, PiB -Pittsburgh compound B, T - Tesla, VBM - voxel-based morphometry.

1- If not indicated otherwise, studies recruited participants living in the community who were free of dementia.
2 - The adherence to the MedDiet score ranges from 0 to 9, with higher values indicating higher adherence to this dietary pattern (Trichopoulou et al., 2003). To
compute the final score, after determining the sex-specific median of the relevant food groups, the following scoring applies: 1) for the beneficial dietary variables, a 1
is assigned to those individuals whose intake is above the median, and a zero to those whose intake is below; 2) for the detrimental dietary variables, the reverse of this
scoring was used. If the studies reported an adaptation of the original score, those alterations are described in the table.
3 - The MRI scans and cognitive assessment were performed on average 4.5 (+0.9) years after the blood samples were collected, and 5.3 (4:2.7) years after the dietary

assessment.

However, the omega-6 and lycopene pattern moderated the dorsal
attention network in predicting executive function rather than the
somatomotor and ventral attention network. The inflammatory nutrient
pattern, characterized by low intakes of calcium and vitamin D, anti-
oxidants such as vitamins E and A, several B vitamins, and n-3 PUFA,
and high intake of cholesterol, was negatively associated with TBV,
TGMV, and TWMV and visuospatial domain (Gu et al., 2018). The
remaining patterns identified were neither associated with brain cor-
relates nor with cognitive scores (Gu et al., 2016; Zwilling et al., 2019;
Bowman et al., 2012).

3.8.4. Brain regions/white matter bundles
Both global and regional volumes were studied. Of those focusing on
total brain volumes, TBV was positively associated with nutrient pattern

10

Vitamins B, C, D and E (Bowman et al., 2012) and high MedDiet (Gu
et al., 2015), and negatively associated with trans-fat (Bowman et al.,
2012), meat intake (Gu et al., 2015; Titova et al., 2013) and the
inflammation-related nutrient pattern (Gu et al., 2018). Total gray
matter volume was positively associated with the MedDiet and fish
intake and negatively associated with meat consumption (Gu et al.,
2015) and the inflammation-related nutrient pattern (Gu et al., 2018).
Total white matter volume was positively linked with the MedDiet (Gu
et al.,, 2015) and negatively associated with the inflammation-related
nutrient pattern (Gu et al., 2018). As for regional brain volumes, tem-
poral gray matter volume was positively correlated with vitamins B12
and D (Berti et al., 2015), the MedDiet and fish intake, and negatively
associated with fruit and meat consumption (Gu et al., 2015). Regional
gray matter of frontal cortex was positively correlated with vitamins B12
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and D and negatively correlated with saturated fat, trans-fat and dietary
cholesterol (Berti et al., 2015). Parietal lobe GM was also associated with
the MedDiet and fish and meat intake (Gu et al., 2015). Specific cortical
regions volumes were also tested. More specifically, cingulate cortex,
orbitofrontal cortex, posterior cingulate cortex, entorhinal cortex, den-
tate gyrus and hippocampus (Mosconi et al., 2014; Gu et al., 2016;
Mosconi et al., 2018; Karstens et al., 2019). Similarly, temporal cortical
thickness was also associated with the MedDiet (Mosconi et al., 2018).
Additionally, cortical thickness of superior frontal regions was positively
associated with the MedDiet and fish consumption, and negatively
associated with meat intake (Gu et al., 2015).

As for the white matter integrity, whereas Gu et al., 2016 reported
that 26 white matter tracts had an overall increase of FA with Vitamin E
and PUFA (Gu et al., 2016), Pelletier et al., 2015 reported that higher
intake of dairy products was associated with higher RD and lower FA
values, and moderate alcohol intake with lower diffusivity of specific
white matter bundles. That is, these alterations of the WH integrity were
limited to the genu and body of corpus callosum. As for the Mediterra-
nean diet, higher scores of the MedDiet were associated with lower
diffusivity in the whole corpus callosum, anterior and posterior thalamic
radiations, paracingulate gyrus cingulum and parahippocampal fornix
(Pelletier et al., 2015).

3.9. Quality appraisal

According to the NIH quality assessment, the quality of the included
studies ranged from fair to good (Table A.2). None of the studies re-
ported whether the assessors of the outcomes were blinded to the
exposure status.

4. Discussion

This systematic review identified 14 studies that simultaneously
assessed cognition, dietary patterns and neuroimaging correlates in
middle-aged to older adults. The variety of questionnaires to assess
cognitive status, methods to ascertain dietary patterns and available
neuroimaging techniques precludes the ability to conduct a meta-
analysis. As such, a narrative synthesis of the eligible/included studies
was conducted. In addition to highlighting the wide variability of
methodologies used in the included studies, this review provides unique
insights into how dietary patterns may be associated with changes in
brain correlates, and in turn could influence cognition scores in later life.
The evidence from this review supports the presence of an association
between diet and vascular and neurodegenerative pathways, which in
turn relate to brain markers. Specifically, the MedDiet and other nutrient
patterns were associated with white matter integrity, functional con-
nectivity, total and regional brain volumes and glucose metabolism. In
addition, in the included studies, associations of dietary patterns with
cognitive scores were consistently described in association with an
alteration of at least one brain correlate. This suggests that studies
reporting no effect of dietary interventions on cognitive health (as
assessed via neurocognitive tests) should not be interpreted as evidence
of a lack of effect of dietary intake on brain health.

As is evident from the combination of neuroimaging, neuropsycho-
logical tests and dietary assessment employed in studies in the present
review, the influence of diet on cognition should not be examined using
only neuropsychological tests. In this review, dietary patterns were
associated with a wide range of brain markers and, in some cases, these
differences were reflected in cognitive scores both through direct asso-
ciation and mediation/moderation analyses. These findings indicate
that diet, and its components, could potentially impact the brain
through several brain correlates that were reported to contribute to and
precede cognitive decline. Specifically, changes in glucose metabolism
(Camandola and Mattson, 2017; Cunnane et al., 2011), white matter
integrity (Bennett and Madden, 2014; van Leijsen et al., 2018; Ly et al.,
2014), functional connectivity (Reijmer et al., 2015; Marstaller et al.,
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2015), and brain volumes (Tondelli et al., 2012; Smith et al., 2007) have
been shown to precede cognitive decline. In addition, several dietary
components have been shown to be associated with these brain corre-
lates. For instance, vitamin D appears to promote white matter integrity
by protecting against axonal loss (Nystad et al., 2018), omega-3 fatty
acids were associated with individual differences in functional connec-
tivity (Talukdar et al., 2019), and docosahexaenoic acid (DHA) has been
shown to control GLUT1 expression and glucose transport into the brain
(Cunnane et al., 2009). The evidence shows a wide range of brain
markers associated with diet, yet the association with cognitive scores is
inconsistent. A possible explanation for this inconsistency is the effect of
each individual’s cognitive reserve, i.e. the capacity of the brain to deal
with damage (Stern, 2002). Indeed, factors known to contribute to
cognitive reserve, such as engagement in leisure activities, were not
accounted for in the included studies (Scarmeas and Stern, 2003).

The results from this systematic review provide some support for
both the neurodegeneration and vascular hypotheses through which diet
has been reported to impact on cognition. While the vascular hypothesis
posits that diet can preserve brain function through its effects on the
vasculature such as lowering blood pressure, inflammation and serum
triglycerides levels, as well as the risk of thrombosis (Tan et al., 2012;
Zamroziewicz et al., 2015), the neurodegenerative pathway suggests
that brain atrophy is due to axonal damage, increased amyloid-B pro-
duction and deposition, and increased neuroinflammation and oxidative
stress (Tan et al., 2012; Zamroziewicz et al., 2015). In our review, three
aspects support both hypotheses. First, dietary patterns were reported to
be associated with brain markers of both neurodegeneration and
vascular damage. Neurodegeneration was both indicated by higher PiB
retention, i.e., a specific marker of amyloid B, associated with lower
adherence to the MedDiet (Berti et al., 2018), larger brain volumes
linked with a plasma profile high in vitamins C, E and D and B vitamins
(Bowman et al., 2012) and smaller total brain volume associated with
the inflammation-related nutrient pattern (Gu et al., 2018). Vascular
mechanisms were suggested by the negative association of the marine
omega-3 fatty acids with hyperintensities volumes but not with total
brain volumes (Bowman et al., 2012). Second, lower cognitive scores
were associated with less preserved white matter in the absence of brain
atrophy (Pelletier et al., 2015), implying a link between vascular
mechanism and cognitive performance. In fact, impaired microstruc-
tural integrity has been shown to precede conversion into white matter
hypersensitivities (van Leijsen et al., 2018) and white matter atrophy
(Ly et al.,, 2014). Note that white matter lesions are a surrogate of
small-vessel vascular disease that is predictive of cognitive performance
(Prins and Scheltens, 2015) and cognitive decline, even in the absence of
volume changes (O’Brien et al., 2003). Third, vascular mechanisms were
also implied by mediation analyses conducted on the association of diet
with cognition. Specifically, despite the MedDiet being associated with
cognitive scores and larger GM of the dentate gyrus, brain volume losses
did not mediate the relationship between the MedDiet and cognitive
scores. This suggests that the identified association between the MedDiet
and cognitive scores was possibly influenced by vascular rather than a
neurodegenerative mechanism (Karstens et al., 2019). Indeed, recent
studies support the role of vascular factors on cognitive scores without
brain volume loss (Samieri et al., 2018). Conversely, the association of
the inflammation-related nutrient pattern with the visuospatial cogni-
tive domain was mediated by the total gray matter volume (Gu et al.,
2018) which suggests a neurodegenerative mechanism. Taken together,
these findings suggest that dietary patterns could impact on cognition
through different nutrients and different mechanisms, supporting the
need to apply multimodal approaches to comprehensively study if, and
how, diet exerts its effects on cognition.

For this review, only studies assessing dietary patterns were included
as they better reflect the concept of food synergy, i.e. additive or more
than additive influences of foods and food constituents on health (Jacobs
and Tapsell, 2013). The reviewed studies employed two methods to
assess dietary intake: subjective (self-report) and objective
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(biomarkers). Subjective methods obtain data on aspects of diet through
the participant’s accounts. As a result, aspects such as misreporting of
food items and portions, desirability bias, and recall bias represent
limitations (Potischman, 2003; Shim et al., 2014). To minimize the
impact of misreporting, methods such as the exclusion of participants
whose reported energy consumption is above or below defined thresh-
olds or control for energy intake were applied (Willett et al., 1997). In
this review, several tools were applied to collect the dietary data: the
food frequency questionnaire (FFQ) exclusively or combined with 24 h
recall and 7-day food diaries. FFQs are designed to assess habitual food
intake and take into consideration seasonal food items. However, FFQs
do not include all food items one may consume (Berti et al., 2015). Food
diaries can minimize recall bias if appropriately recorded, as well as
provide a detailed description of amounts and brands of foods and
methods of preparation. However, it is well-recognized that recording
dietary intake can alter one’s diet, and the assessment of food items
eaten less than once or twice per week may not be accurate (Willett
et al., 1997).

Biomarkers, as an objective method, overcome some of the limita-
tions aforementioned (Potischman, 2003; Shim et al., 2014). Yet,
biomarker values should be interpreted with caution, taking into
consideration several factors. First, even though a nutritional biomarker
is a sound measure of the available amount of a given nutrient after
absorption and metabolism, it does not always relate closely to the
amount of a nutrient present in the diet (Potischman, 2003). Several
factors explain this difference such as interactions during absorption,
age-related alterations in tissue turnover and excretion, and medical
aspects such as diseases, inflammation or current medication (Potisch-
man, 2003; Blanck et al., 2003). Second, whereas plasma and serum
biomarkers reflect the short-term intake from a few days to one month,
questionnaires such as FFQs capture long-term general intakes
(Potischman, 2003). As both have strengths and weaknesses, one solu-
tion might be to combine biomarkers along with dietary data. This
combination of methods has been effectively used to minimize the
aforementioned limitations and reduced the sample size by 20-50 % of
those required to improve accuracy via conventional analyses of
self-reported intake (Freedman et al., 2010).

Besides the aspects related to diet assessment, the methods through
which dietary patterns were derived warrant a detailed examination. In
this review, studies reported either a MedDiet score or nutrient patterns
derived from PCA or RRR. While these methods are more readily
translatable into practical guidance for the public (Hu and Willett,
2018), they do not allow comparison among the studies resorting to the
same method. For instance, concerning the MedDiet score, except for
Karsterns et al., 2019, all the other studies assigned 0 or 1 according to
the within population sex-specific median, i.e., if in study A the sample
reported a median of 200 g of vegetables and in study B the median was
130 g, 1 would be assigned to different amounts of vegetables. This
scoring method makes it difficult to compare results between studies. In
addition, cut-offs for scoring fats and alcohol differed among studies.
Likewise, PCA and RRR focus on the combination of foods/nutrients and
therefore more closely approximate the population’s dietary exposures
(Michels and Schulze, 2005), but do not allow comparisons as the
computed factor loadings are sample-specific. Note that while the aim is
the same, i.e. generate relevant nutrient/food clusters, the method dif-
fers. That is, whereas PCA clusters best explain the variations in intake,
RRR best explains the variations in outcome variables, as for its
computation it requires a response variable, e.g. CRP blood levels
(Michels and Schulze, 2005). Another important aspect is related to the
fact that eating indexes might mask the effects of specific dietary com-
ponents (Titova et al., 2013) by including items that are not relevant. In
fact, when the MedDiet and its components were studied, slightly
different results were yielded. For example, while meat consumption
was negatively associated with brain volumes and cognition, the same
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was not true for the MedDiet score (Titova et al., 2013). As a result,
despite the advantages of exploring the effects of dietary pattern due to
the interactions between nutrients, the study of each component can add
interesting insights.

As with all studies, there are limitations that offer opportunities for
further research. None of the included studies were designed to establish
causal relationship. Studies were either cross-sectional which cannot
exclude reverse causation, or observational longitudinal studies where
residual confounding is inherent. In addition, only studies focusing on
the MedDiet met the inclusion criteria. As such, it remains to be explored
the extent to which other dietary patterns may impact on brain corre-
lates and cognition. Similarly, other brain-related mechanisms are still
to be explored. For instance, cerebral blood flow (CBF) is a brain
correlate that could be studied given the promising results of vegetables-
derived nitrate in both CBF and cognitive performance (Presley et al.,
2011; Wightman et al., 2015). Nitrate-induced changes in cerebral flow
and the consequent impact on cognitive performance appears to be
mediated by the vasodilator effect of nitric oxide (Kitaura et al., 2007)
that is naturally converted upon ingestion (Lundberg et al., 2008). In the
studies in which there was a delay between initial dietary assessment,
neuroimaging, and neuropsychological assessments, not all studied the
stability of the pattern. It is also important to note that the study of di-
etary patterns is not specific as to the particular nutrients accountable
for the observed differences (Hu, 2002). Furthermore, publication bias
cannot be entirely discounted, as studies showing positive results are
more likely to be published. Finally, studies published in non-English
language journals were excluded which could have introduced a sys-
tematic bias.

Despite these limitations, to our knowledge this is the first compre-
hensive examination of the associations between dietary patterns with
cognition and a multimodal neuroimaging approach. Given the in-
teractions between nutrients, the study of dietary patterns yields more
actionable findings. Thus, understanding the changes on brain correlates
in a field where changes can take decades to reflect on neuropsycho-
logical test performance is a major benefit (Fig. 2). This review un-
derlines the importance of complementing nutrition and ageing research
with neuroimaging.

The challenge for future research will be to develop studies where
cognitively healthy individuals are either followed-up for a suitable
amount of time, or subjected to interventions where each individual is
periodically assessed by a comprehensive protocol. Specifically, at each
time point, objective dietary biomarkers complemented with self-report
dietary data, multimodal neuroimaging techniques and sensitive neu-
ropsychological testing data could help advance the field. In addition,
the monitoring of physical activity and physical function, as well as
other relevant outcomes should not be overlooked.

5. Conclusion

Combining neuropsychological assessment with neuroimaging
techniques to study the association of dietary patterns with cognitive
performance has the advantage of providing additional insights into the
relationship between diet and cognition and potential mechanisms. In
this review, dietary patterns and nutrient patterns/clusters were asso-
ciated with a wide range of brain markers and, in some cases, these
differences were reflected in cognitive scores. Studies including medi-
ation analyses or applying a multimodal neuroimaging approach to
study specific nutrient clusters also provided important information on
mechanisms by suggesting that both neurodegeneration and vascular
mechanisms are likely involved. Thus, the evidence provided by this
review supports the need to include neuroimaging techniques in
cognition-related studies, and suggests that a healthy diet should be
included in recommendations to promote a healthy brain.
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Fig. 2. Summary of the findings. This review found several
dietary variables associated with small-scale brain changes or
changes of the cerebral microstructure and large-scale brain
changes or changes of the cerebral macrostructure. For
instance, an increased brain glucose metabolism was associated
with several nutrient patterns (e.g. Vitamin E and PUFA and Vit
B12 and D) and with dietary patterns such as the Mediterranean
diet (MedDiet). Similarly, other small-scale brain changes were
associated with other dietary patterns. Besides the cerebral
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