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ABSTRACT

The Mediterranean-Dietary Approaches to Stop Hypertension Intervention for Neurodegenerative Delay (MIND) diet seems a promising
approach to preserve brain function during aging. Previous systematic reviews have demonstrated benefits of the MIND diet for cognition
and dementia, though an update is needed. Additionally, other outcomes relevant to brain aging have not been summarized. Therefore, this
systematic review aims to give an up-to-date and complete overview on human studies that examined the MIND diet in relation to brain
aging outcomes in adults aged >40 y. Ovid Medline, Web of Science core collection, and Scopus were searched up to July 25, 2023. Study
quality was assessed using the Newcastle-Ottawa Scale and the Cochrane Risk-of-Bias tool. We included 40 articles, of which 32 were
unique cohorts. Higher MIND diet adherence was protective of dementia in 7 of 10 cohorts. Additionally, positive associations were
demonstrated in 3 of 4 cohorts for global cognition and 4 of 6 cohorts for episodic memory. The protective effects of the MIND diet on
cognitive decline are less apparent, with only 2 of 7 longitudinal cohorts demonstrating positive associations for global decline and 1 of 6 for
episodic memory decline. For other brain outcomes (domain-specific cognition, cognitive impairments, Parkinson’s disease, brain volume,
and pathology), results were mixed or only few studies had been performed. Many of the cohorts demonstrating protective associations were
of North American origin, raising the question if the most favorable diet for healthy brain aging is population-dependent. In conclusion, this
systematic review provides observational evidence for protective associations between the MIND diet and global cognition and dementia
risk, but evidence for other brain outcomes remains mixed and/or limited. The MIND diet may be the preferred diet for healthy brain aging
in North American populations, though evidence for other populations seems less conclusive.
This review was registered at PROSPERO as CRD42022254625.
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Statement of Significance

In the field of nutrition and brain aging research, dietary patterns, particularly the MIND diet, are a prominent area of interest. This systematic
review provides an overview of studies examining the MIND diet in relation to brain aging. It updates previous systematic reviews with respect to
cognition, cognitive decline, and dementia and extends to other brain aging outcomes including Parkinson’s disease, brain volume, and
pathology.

Abbreviations: AD, Alzheimer’s disease; APOE4, apolipoprotein E €4 variant; DASH, Dietary Approaches to Stop Hypertension; CI, confidence interval; FFQ, food
frequency questionnaire; HR, hazard ratio; MAP, The Rush Memory and Aging Project; MCI, mild cognitive impairment; MIND, Mediterranean-Dietary Approaches to
Stop Hypertension Intervention for Neurodegenerative Delay; MMSE, Mini-Mental State Examination; NOS, Newcastle-Ottawa Scale; OR, odds ratio; PD, Parkinson’s
disease; RCT, randomized controlled trial; ROB2, Risk-of-bias tool for randomized trials; TICS, Telephone Interview for Cognitive Status.
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Introduction

With increasing age, the functioning of the brain gradually
declines. Processing speed, executive function, and episodic
memory performance start to become impaired during midlife
and further decline into older age [1]. This decline in cognitive
performance is accompanied by changes in the brain. For
example, the volume of the brain shrinks, and abnormal proteins
accumulate. In case of accelerated aging, these and other
changes may eventually lead to age-related brain diseases,
including various types of dementia and Parkinson’s disease
(PD) [2].

As it is not possible to completely stop brain aging or cure age-
related brain diseases, there is increasing interest in preventive
strategies to ensure optimal brain aging. Nutrition is considered
an important lifestyle factor that can influence the brain aging
trajectory. Over recent decades, the research field has shifted
from studying single nutrients and foods toward dietary patterns
[3]. Studying dietary patterns is thought to be a more powerful
approach to unravel the role of nutrition in brain aging, as it
allows to capture synergistic beneficial effects of nutrients.
Indeed, evidence for dietary patterns is stronger than that for
single nutrients and foods [3].

A dietary pattern that seems promising is the Mediterranean-
Dietary Approaches to Stop Hypertension (DASH) Intervention
for Neurodegenerative Delay (MIND) diet, which is specifically
developed to preserve brain function during aging. The MIND
diet is a hybrid of the Mediterranean and DASH diets and further
emphasizes intake of food groups with neuroprotective proper-
ties, including berries and leafy green vegetables. According to
the developers of the MIND diet, it is more protective against
cognitive decline [4] and Alzheimer’s disease (AD) [5] than the
Mediterranean and DASH diets.

The possible beneficial role of the MIND diet in healthy brain
aging has been summarized systematically in 5 reviews and 2
meta-analyses [6-12]. However, these previously published ar-
ticles are either in need of an update and/or only focused on
cognitive functioning and/or dementia rather than taking a
broader perspective on the aging brain. To this end, we aim 1) to
give an updated overview on the MIND diet in relation to
cognitive functioning, cognitive decline, and dementia risk and
2) to extend this overview to other brain aging outcomes,
including neuroimaging and pathology outcomes and incidence
of other age-related neurodegenerative diseases.

Methods

Protocol registration

We conducted this systematic review in accordance with the
PRISMA guidelines [13]. The study protocol was registered in
PROSPERO (CRD42022254625).

Information sources and search strategy

A systematic search was performed in 3 databases: Ovid
Medline, Web of Science core collection, and Scopus. No date
restrictions were applied. An initial search was conducted on
October 12, 2022. After this date, an automatic alert was set up
within these databases to identify new articles published until
July 25, 2023. The searches were conducted using predefined
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terms related to the MIND diet and the aging brain (full search
strategy in Supplemental Table 1A-C). Search terms were
determined in consultation with a librarian.

Study selection and eligibility criteria

The web tool CADIMA was used to organize the systematic
review [14]. Duplicates were automatically removed by the web
tool.

Two researchers (AvS and SB) independently reviewed the title
and abstract of all obtained literature and subsequently the full text
for eligibility. For eligibility, the following criteria were applied: 1)
The study was a human observational or interventional study.
Meta-analyses, reviews, commentaries, editorials, abstracts, un-
published studies, letters, news, or newspaper articles were
excluded; 2) The study population comprised middle-aged and
older individuals, all aged >40 y. If only mean age was stated, the
mean age minus 2 times the standard deviation had to be >40y.
This age cutoff was chosen because brain aging is already present
during midlife [15]; 3) The exposure variable was a measure of
MIND diet adherence (observational studies) or a MIND diet
intervention (interventional studies); 4) The comparator was lower
adherence to the MIND diet (observational studies) or no MIND
dietintervention (interventional studies); 5) The outcome measure
was related to brain aging, including cognitive performance,
cognitive decline, incidence of any type of dementia or PD, or brain
volume and pathology outcomes. Outcome measures related to
depression, brain tumors, and/or multiple sclerosis were excluded;
6) An effect size was given for the association between MIND diet
exposure and brain aging outcome; and 7) The article was pub-
lished in English in a peer-reviewed journal. The 2 researchers (AvS
and SB) resolved disagreements by discussion. Any remaining
disagreements were discussed among all contributing authors until
consensus was reached.

Data extraction

Data extraction was independently performed by 2 re-
searchers (AvS and SB). The following variables were extracted
from eligible studies: first author, year of publication, country,
name of study, study design, study duration (duration of follow-
up or intervention), sample size, description of the study popu-
lation, description of the exposure variable, outcome measure(s),
results including effect size, and covariates. In case various
models were analyzed with different covariates, we collected the
results of the most extensively adjusted model. Studies were
organized based on outcome variable, with the exception of the
randomized controlled trials (RCTs), which were tabled
together. Outcome variables were categorized as cognitive
function, cognitive decline, dementia, cognitive impairments,
PD, and brain volume and pathology.

Quality assessment

Two independent researchers (AvS and SB) assessed the
quality of the included studies. The instruments used for quality
assessment were based on the Cochrane Handbook for System-
atic Reviews of Interventions [16]. The Newcastle-Ottawa Scale
(NOS) was used to rate the quality of observational cohort and
case—control studies (Supplemental Tables 2 and 3) and an
adapted version of the NOS for quality of cross-sectional studies
[17,18] (Supplemental Table 4). Cohort and case—control studies
were scored on the domains “selection,” “comparability,” and
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“outcome/exposure,” with maximum scores for the individual
domains being 4, 2, and 4, respectively. The maximum score for
cross-sectional studies was 7, of which a maximum of 3, 2, and 2
points could be retrieved from the domains selection, compara-
bility, and outcome, respectively. Quality was categorized as
either good, fair, or poor. Threshold scores for categorizing the
study quality are shown in Supplemental Tables 2-4.

In addition, the risk of bias of RCTs was assessed using the
Cochrane Risk-of-Bias tool for randomized trials (ROB2) [19].
ROB2 is structured into 5 domains of bias: randomization pro-
cess, deviations from intended interventions, missing outcomes,
measurement of the outcome, and selection of reported result.
Within each domain, a series of signaling questions can be
answered as “yes,” ‘“no,” “do not know or unclear,” or “not
applicable.” These answers lead to the judgment of “low risk of
bias,” “some concerns,” or “high risk of bias.”

Disagreements were resolved by discussion between 2 re-
searchers (AvS and SB). Remaining disagreements were discussed
among all contributing authors until consensus was reached.

Results

Identification and selection
Out of the 321 studies identified in the database searches, a
total of 40 articles met the inclusion criteria (Figure 1).
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Study characteristics

The characteristics of the 40 articles are presented in
Tables 1-7 [4,5,11,12,20-55], and quality assessments are pre-
sented in Supplemental Tables 5-8. Two of the included articles
were RCTs, and 38 articles had an observational design. Among
the included articles, some cohorts were used multiple times.
The Rush Memory and Aging Project (MAP) (n = 8) [4,5,20-25],
Health and Retirement Study (n = 3) [11,26,27], Framingham
Heart Study (n = 2) [11,28], United Kingdom Biobank (n = 2)
[29,30], and the Women’s Health Initiative (n = 2) [20,31] co-
horts were used by multiple articles. This resulted in the inclu-
sion of 32 unique cohorts in this systematic review.

The majority of included cohorts were conducted in North
America (n = 12), followed by Europe (n = 11). The remaining
studies were performed in Asia (n = 6), Australia (n = 2), and
South America (n = 1).

In the articles with an observational design, MIND diet
adherence was assessed as continuous measure, as quantiles,
tertiles, and/or as low/high adherence. Adherence to the MIND
diet was mostly assessed by food frequency questionnaires
(FFQs); 5 cohorts used 24-h recalls [12,29,30,32,33], 2 cohorts
used a short MIND adherence questionnaire [34,35], 1 cohort
used a dietician interview [36], and 1 cohort used the combi-
nation of an FFQ and a 24-h recall [37]. In addition, interpre-
tation and scoring of MIND diet components varied largely

Identification of studies via databases in initial search ] [ Mail alert after initial search ]
s Records identified from Ovid
=} ; ; Records removed before
© Medline, Web of Science core o
o . . o| screening:
&= collection and Scopus: > Duoli d d
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3
Records identified via mail-
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) (n=11)
Records screened (title and Records excluded
abstract) — > (n=109)
(n=157)
o l . .
IS Articles excluded (n=8*):
o - — Population (n=2)
o Articles assessed for eligibility Exposure (n=2)
& (full text) > No association reported
(n=48) (n=3)
No effect size reported
(n=5)
*Multiple reasons for exclusion
possible
H
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FIGURE 1. PRISMA flow chart summarizing literature search, study identification, and selection.
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TABLE 4 (continued)

van Soest et al.

Study

Covariates

Results

Exposure Outcome

Sample size Population

(n)

Duration
(years)

Design

Study (country)

Author
(year)

quality’

baseline CDS

score.

Good

Sex, education,
age at first
dietary

Mean difference (95% CI)

(1) Cognitive resilience mean

15-MIND diet
adherence

Older adults

Long- 9+ 4 578

Memory and

Ageing Project

(USA)

Wagner

(1) Cognitive resilience mean level
T1 vs T2: 0.23 (0.04, 0.41)

p =0.02

level, based on change in global

cognition (comp. of 17 tests)

(mean age diet
assessment

itudinal

(2023)
[25]

(tertiles and

assessment, total
energy intake,

adjusted for neuropathologies.
(2) Cognitive resilience slope,
based on the slope of global

continuous)

84.1 + 5.8; death
91.4 + 6.1), free
of dementia

T1 vs T3: 0.34 (0.14, 0.55)

based on 144-
item sFFQ

smoking status,
number of
depressive

0.001
Continuous: 0.07 (0.02, 0.12)

p=

cognitive decline given a specific
profile of neuropathologies

0.01
(2) Cognitive resilience slope

T1 vs T2: 0.20 (0.01, 0.39)

p =0.04

p

symptoms,

number of
medical

conditions,

T1 vs T3: 0.27 (0.05, 0.48)

physical activity,
frequency of

0.01
Continuous: 0.05 (—0.003, 0.10)

p=

participation in
cognitively

0.06

p=

stimulating
activities

Abbreviations: BMI: Body mass index, CDC: cognitive difficulty score, CI: Confidence Interval, comp.: composition score, HR: Hazard Ratio, MIND: Mediterranean-Dietary Approaches to Systolic
! Study quality was assessed with the Newcastle Ottawa Scale.

Hypertension (DASH) diet Intervention for Neurodegenerative Delay, MMSE: Mini-Mental-State Examination, MoCA: Montreal Cognitive Assessment, OR: Odds Ratio, SD: standard deviation, SE:

standard error, sFFQ: simplified Food Frequency Questionnaire, SMC: Subjective memory complaints.
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(Supplemental Table 9). Sample sizes ranged from n = 37 [38] to
n = 114,684 [30]. The majority of included cohorts involved
participants aged >60 y (n = 27) and participants free of de-
mentia (n = 23).

Cognitive function

A total of 14 articles with 13 unique cohorts assessed the
cross-sectional association between adherence to the MIND diet
and cognitive function. Cognitive function was either reported as
global cognition composite (n = 5), domain-specific cognition (n
= 7), or generic screening test outcome, such as Mini-Mental
State Examination (MMSE) score or Telephone Interview for
Cognitive Status (TICS) score (n = 5) (Table 1 [12,26-28,33,34,
36,39,40-45]).

Among the 5 studies that assessed global cognition [26-28,
39,401, there were 4 unique cohorts, all originating from North
America. Three of the 4 unique cohorts demonstrated a positive
association between MIND adherence and global cognitive
function. In 2 cohorts of middle-aged to older adults, a 1-point
increase in MIND diet score was associated with § + SE 0.03 +
0.01 (P = 0.004) [28] and B = 0.027 (95% confidence interval
[CI]: 0.008, 0.046) [40] point increase in global cognition
(z-score). In addition, another cohort demonstrated that in-
dividuals in the lowest tertile of adherence to the MIND diet
scored significantly worse on a global cognition composite
compared to individuals with highest adherence (mean + SE; T1
14.9 +0.10; T3 15.6 4 0.09; P-trend < 0.001) [26]. The study by
Berendsen et al. [39] was the only cohort that did not demon-
strate an association. This cohort differed with respect to study
population, as it was performed in female nurses rather than in
an older general population of males and females. In addition,
quality of this study was rated as fair, in contrast to the good
quality of the other cohorts assessing global cognition.

Seven cohorts assessed domain-specific cognition [12,28,33,
34,39,41,42], among which 3 were North American cohorts.
Domain-specific cognition either involved composite scores that
combined multiple tests into a domain [12,33,39,41,42] or sin-
gle tests as a proxy for domain-specific cognition [28,34].
Episodic memory was positively associated with MIND diet
adherence in 4 [12,28,39,41] out of 6 articles [33,42]. Higher
MIND diet score was associated with better episodic memory
composite (z-score) in Chinese (Bper 3 points: 0.102; 95% CI: 0.051,
0.153) [12], German (Bper 1 point: 0-045, 95% CI: 0.003, 0.087)
[41], and North American (mean differenceq; compared with Q5
0.04, 95% CI: 0.01, 0.07) [39] cohorts. In addition, each point
increase in MIND diet score was associated with improved visual
reproductions delayed recall (§ + SE: 0.03 & 0.01; P = 0.01) and
logical memory delayed recall (B & SE: 0.03 & 0.01; P = 0.02) in
another a North American cohort [28]. Two cohorts [33,42] did
not find associations with episodic memory, though these studies
had small sample sizes (n = 132 and n = 141, respectively).
Evidence for the other cognitive domains is largely lacking.
Positive associations were demonstrated for executive func-
tioning in 2 [28,33] out of 5 cohorts [34,41,42], for processing
speed in 1 [28] out of 2 cohorts [33], for working memory 1 [28]
out of 4 cohorts [33,34,41], and for visuospatial memory 1 [28]
out of 3 cohorts [34,41]. None of 2 cohorts found a beneficial
association between better adherence to the MIND diet and se-
mantic memory [41,42]. Among the 7 cohorts assessing
domain-specific cognition, 4 cohorts were rated as good quality
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% [12,28,33,41], 1 as fair [39], and 2 as poor [34,42]. The cohort
B 2 rated as fair showed a positive association with episodic mem-
=z %‘ 5 5 2 ory, and both cohorts with poor quality all showed null
2 3 o <} + o e
35| & £ @ associations.
. %j The generic tests were assessed in 6 cohorts [12,36,39,
g 15} e
g 8. =R § 43-45]. Only 2 of these cohorts demonstrated a positive
g 5 = 2E 8, & dose-response association between the level of adherence to the
< T o m W o8 S« E < p
i g8E22 §E g3 g MIND diet and cognition [12,36]. A Greek cohort showed better
S 235 = = > 4
=87 & gS 5o . .. .
g 28e8% % PEEZ % g MMSE performance in participants with better adherence to an
= adapted 9-point MIND score [ (r): 0.24 (0.32), P < 0.001; 95%
B e - A g CI/SD/SE not shown] [36]. In a Chinese cohort, higher adher-
2 =§ £ ¢ & g ence to a Chinese-adapted MIND diet was associated with better
3 g o 9] L =
g '§ 08 7 PR g cognition as measured with the TICS-m (p: 0.110; 95% CI: 0.060,
8 52 2 S % 2 | 0.159) [12]. Two studies also showed differences between ter-
& a ) % % g 3 Sl E tiles of MIND adherence [43,44], but only the lowest and middle
S 2 B S ea % 8 g2 % tertile of MIND diet adherence differed significantly rather than
= =) o= = . . . . .
a |81 Py § & § § n g g E § = the lower and highest tertile. Finally, 2 cohorts did not find
z £ ZETEVESZR2E | ¥ B proof of an association between MIND diet adherence and
= = SEaFacafiRcalg 5 cognition as measured with generic tests [39,45]. Overall
=] E . e
£ § E quality was low with only 2 articles scoring good [12,45], 2 fair
7 — T
g 2 g [39,43], and 2 poor [36,44].
80 e 4
2 s
a IS
g a % "; @ Cognitive decline
s £ = ,5 Thirteen articles using data from 10 unique cohorts assessed
a ) ® .S g q
) % < Té § B £ the association between the adherence to the MIND diet and
§ g % = ; g < change in cognition. Change in cognition was reported as global
S - TE cognition composite (n = 9), domain-specific cognition (n = 8),
< = £ g or a generic test score (n = 5) (Table 2 [4,12,20,22,24,28,35,39
o " . < - , jani g > 3 p) > > p) ) >
@ 7} ~9 o ] < PN
5 S, EEge ®, B4 g @ 40,46-49]).
f*g t |25 % g 3 T 2%g g g g k= 9; Of the 9 studies that studied global cognition [4,20,22,24,28,
% L% = g g 7;; g é% = % R g E § 5 39,40,46,47], data from 7 unique cohorts were used. Five co-
8 CESS2RESRSOAR 2 3 horts did not find associations between adherence to the MIND
§ =3 4 a 8 kS diet and change in global cognition [20,28,39,46,47], whereas 2
5 ; a3 8 7 e g ? “é cohorts (presented in 5 articles) did demonstrate a positive as-
=5 v £ =] o 4. . . . .
ﬁ - R g & % g2 sociation [4,20,22,24,40]. For each point increase in MIND diet
2|2 |8 § 2 - 5273 é’—g score, global cognition increased with p = 0.0213 (95% CI:
=1 < I~ B~ = N . . .. . .
z & |oE%E o8& e 0.008, 0.034) in a cohort of Puerto Ricans living in the United
Z 8 E States [40] and with 0.0106 + 0.0023 (§ + SE, P < 0.001) in the
=N [
= |3 . MAP cohort of older American adults [4]. The MIND diet was
e — © o s
§ e ﬁ ﬁ B A& also protective of cognitive decline in a subpopulation of the
% &&= = gL g MAP cohort with stroke [22]. Overall quality was good, with 7
-2 E) =& articles scoring good [4,20,22,28,40,46,471, 1 scoring fair [39],
S = g C e % g and 1 scoring poor [24]. Of these lower-quality articles, 1
'§ 2 e g E £ § é" £ demonstrated a positive association [24], and 1 a null associa-
5 0 S o = 3] o .
g2lae|=z < &8 < 9 tion [39].
o =) 3
E g é 2 With respect to change in domain-specific cognitive function,
o - S 5 = 7 unique cohorts were identified among the 8 articles that
2| & s 6 E =z assessed this outcome [4,12,22,28,35,39,46,47]. Only the 2
Z|le |48 0 2 = y
§ g 58 g E ,0;3 = E articles using data from the American MAP cohort [4,22] and an
< 5 g = Israeli study [47] demonstrated positive associations with
8 B . & 95’ _i change of domain-specific cognitive function in >1 domain. In
E g _ 2 %Oé iq:) Q the MAP cohort, Morris et al. [4] demonstrated that 1-point
g S |E% % By ::é s g increase in MIND diet score was associated with an increase in
c1EEE - LT episodic memory ( & SE: 0.0090 + 0.0028; P = 0.001), working
Bl a =i £ &~ [ .
“E’ E g 2 memory (p £ SE: 0.0060 + 0.0024; P = 0.01), semantic memory
sl |s_ 5 =y (B £ SE: 0.0113 + 0.0027; P < 0.0001), visuospatial ability (p +
5 Zj S5 8 £ '% % SE: 0.0077 £ 0.0025; P = 0.002), and perceptual speed (f§ + SE:
2 ‘E’L 5 %é ”%sﬁ 'g gz 0.0097 £ 0.0023; P < 0.0001). The Israeli study showed a
é g g g g 5 a8 8 é E positive association with each point increase in MIND diet score
A 2T with executive functioning (f £+ SE: 0.00978 + 0.00446; P =
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0.028), but not with episodic memory, attention, or language
[47]. The other 5 cohorts, originating from North America,
Europe, and Asia, did not show an association between adher-
ence to the MIND diet and change in any cognitive domain [12,
28,35,39,46]. The majority of articles were scored as good
quality [4,22,28,46,471, with the exception of 3 articles [12,35,
39]. These 3 studies all showed null associations.

Among the 5 studies that assessed change in cognition using
generic tests [12,39,46,48,49], 2 demonstrated beneficial asso-
ciations with better MIND adherence [48,49]. In 2 European
cohorts of cognitively healthy older adults, MMSE increased by
= 0.006 (95% CI: 0.003, 0.009) per 1-point increase in MIND
diet score [49] and STICS-m increased by f§ = 0.27 (95% CI: 0.05,
0.48) per 1.5 point increase in MIND diet score [48]. However,
these 2 cohorts were rated as having poor [49] and fair [48]

quality.

Dementia

Eight articles using data from 10 unique cohorts studied the
association between MIND diet adherence with risk of all-cause
dementia and/or AD. In addition, 2 case—control studies
assessed odds of dementia and early onset dementia (Table 3 [5,
11,20,29,30,36,37,50-52]).

All-cause dementia was assessed in 7 articles including 10
cohorts [11,20,29,30,37,51,52], of which 7 out of 10 cohorts
[11,20,37,51,52] showed that better adherence to the MIND
diet was associated with a lower risk of all-cause dementia.
Each point increase on a French-adapted MIND diet score was
associated with a 10% lower risk of all-cause dementia (hazard
ratio [HR]: 0.90; 95% CI: 0.83, 0.96) [37]. Positive associations
were also observed in an Australian cohort (odds ratio [OR]:
0.72; 95% CI: 0.54, 0.95) [52], and 4 American cohorts (HR:
0.95; 95% CIL: 0.92, 0.97; HR: 0.91; 95% CI: 0.83, 1.00; HR:
0.82, 95% CI: 0.68, 0.99; HR: 0.76, 95% CI: 0.57,1.00) [11,20].
Both positive and null associations were demonstrated in the
same cohort from the Netherlands [51]; in one sample of
participants better MIND diet adherence decreased risk of
all-cause dementia over an average of 15.6 y (HR: 0.79; 95%
CL: 0.70, 0.91), whereas another largely nonoverlapping sample
that was followed for a mean of 5.9 y did not demonstrate an
association (HR: 0.99; 95% CI: 0.94, 1.05). Finally, in 2 United
Kingdom cohorts [11,29,30] and a biracial American cohort
[20], no association with all-cause dementia was demonstrated.
The majority of studies scored good on study quality [11,20,30,
37,511 with 2 studies scoring fair [29,52]. The studies with fair
quality demonstrated a positive association [52] and a null
association [29].

Among the 3 studies that studied risk of AD [5,29,37], 2
showed beneficial associations [5,37]. The study of Morris et al.
[5] showed the largest effect size: individuals in the American
MAP cohort in the highest compared with lowest tertile of MIND
diet adherence had 52% lower risk of developing AD (T1
compared with T3 HR: 0.48; 95% CIL: 0.29, 0.79) [5]. These
findings were confirmed in a sample of French older adults, with
a French-adapted MIND diet score (HR: 0.89; 95% CI: 0.81, 0.97)
[37]. Both studies scored good on quality. No association was
demonstrated in a United Kingdom sample of older adults [29],
which was rated as fair quality.

The 2 case—control studies on MIND adherence and dementia
showed lower odds of dementia (OR: 0.43; 95% CI: 0.29, 0.63)
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[36], early onset dementia (OR: 0.66; 95% CI: 0.47, 0.91) and
early onset AD (OR: 0.97; 95% CI: 0.46, 0.98) [50] but not for
early onset frontotemporal dementia [50]. The study quality was
rated as poor for both case—control studies.

Cognitive impairment

An overview of all articles on cognitive impairment outcomes
is shown in Table 4 [25,32,43,52,53].

Mild cognitive impairment (MCI) was assessed in 3 cohorts
[43,52,53]. Two cohorts demonstrated protective associations:
higher MIND diet adherence was cross-sectionally associated
with lower odds of MCI in a Chinese a sample of older adults (T1
compared with T3 OR: 0.60; 95% CI: 0.51, 0.72) [43] and
longitudinally with lower odds of MCI in Australian older adults
after 12 y of follow-up (T1 compared with T3 OR: 0.47, 95% CI:
0.24, 0.91) [52]. The third cohort did not find a cross-sectional
association between MIND diet adherence and odds of cogni-
tive impairment in British PD patients (3: —0.23; 95% CI/SD/SE
not shown; P = 0.070) [53]. The study quality was rated as fair
[43], good [52], and poor [53].

The only study that assessed risk of subjective memory com-
plaints was of good quality and demonstrated that better
adherence to the MIND diet was associated with lower risk of
memory complaints in older adults aged >70 y (HR: 0.87; 95%
CIL: 0.78, 0.98) but not in older adults aged 60-69 y (HR: 1.00;
95% CI: 0.95, 1.05) [32].

One study assessed the longitudinal association between
cognitive resilience and adherence to the MIND diet. This study
showed that higher MIND diet adherence was associated with
higher cognitive resilience, based on change in global cognition
adjusted for neuropathologies (mean difference: 0.07; 95% CI:
0.02, 012) [25]. The quality of the study was rated as good.

PD

PD outcomes were assessed in 1 cross-sectional [54] and 1
longitudinal study [21] (Table 5). Cross-sectionally, Canadian
PD patients adhering better to the MIND diet developed the
disease at a later age (p: 2.2; 95% CI/SD/SE not shown; P =
0.002) [54]. Longitudinally, each point increase in MIND diet
adherence was associated with a lower risk of incident PD (HR:
0.89; 95% CI: 0.83, 0.96) and a smaller change in PD pro-
gression (B + SE: 0.008 + 0.0037; P = 0.04) in the American
MAP cohort [21]. The study quality of both studies was rated
as poor.

Brain volumes

Brain volume outcomes were assessed in 3 cross-sectional
[28,30,42] and 1 longitudinal study [31] (Table 6). With
respect to total brain volume, cross-sectional associations with
MIND diet adherence were demonstrated in 1 (Bper 1 point = SE:
0.02 + 0.01; P = 0.02) [28] out of 2 cohorts [30,42]. Longi-
tudinally, MIND diet adherence was not associated with the
change in total brain volume over 7-10 y [31]. Furthermore,
no cross-sectional or longitudinal associations were demon-
strated with grey matter (region), white matter (region), and
subcortical areas [28,31,42]. Two studies were rated as good
quality [28,31] and 2 as fair quality [30,42]. The studies with
fair quality did not demonstrate any associations with brain
volumes.
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Brain pathology

A total of 4 studies assessed neuropathologic markers,
focusing on global AD pathology (n = 2), f-amyloid load (n = 2),
tangles (n = 2), brain infarcts (n = 2), atherosclerosis (n = 1), and
measures from cerebrospinal fluid (n 1) [23,24,28,35]
(Table 6).

Two studies made use of data of the American MAP cohort,
resulting in 3 unique cohorts. Surprisingly, the 2 studies using
data from the MAP study showed different results; although
Agarwal et al. [23] demonstrated an association of MIND diet
adherence with lower global AD pathology (Bcontinuous = SE:
—0.24 + 0.011; P = 0.025) and p-amyloid load (Br1 compared with
13 £ SE: —0.246 + 0.123; P = 0.047; eontinuous £ SE: —0.062 £
0.034; P=0.071) using an n = 581 sample from the MAP cohort,
Dhana et al. [24] did not confirm this using data from n = 596
older individuals from the same cohort (global AD pathology:
Beontinuous & SE: —0.013 & 0.024; P = 0.578, p-amyloid: Peontinuous
+ SE: —0.03 + 0.049; P = 0.395). Both MAP cohort studies did
not demonstrate an association between MIND diet adherence
and tau tangles. Furthermore, null associations between MIND
diet adherence and brain infarcts [24,28], cerebral atheroscle-
rosis [24], and cerebrospinal fluid biomarkers [35] were
demonstrated. Quality was rated as good in 3 studies [23,24,28]
and poor in 1 study [35]. The study of poor quality demonstrated
a null association with cerebrospinal fluid biomarkers.

RCTs

The effect of the MIND diet intervention on cognitive change
and brain volume was reported in 2 articles (Table 7) [38,55]. In
both articles, a calorie-restricted MIND diet was compared to a
calorie-restricted control diet.

An American trial (n = 564) did not demonstrate an effect of a
3-y MIND diet intervention in older adults with overweight on
change in global cognition (z-score) (mean change: 0.035; 95%
CL: —0.022, 0.092), domain-specific cognition, and brain vol-
umes [55]. This trial was rated as good quality, thus low risk of
bias. A small Iranian trial (n = 37) in middle-aged females with
obesity did demonstrate short-term beneficial effects of a MIND
diet intervention. After a 3-mo intervention, the MIND diet
group improved their cognitive functioning more compared to
the control group on 6 of 8 cognitive tests, covering working
memory, verbal memory, and attention domains. This article
also included brain volume outcomes; as no effect sizes were
reported, these data are not part of this systematic review. The
study quality of the Iranian article was rated as with “some
concerns of bias”.

Discussion

In this review, we summarized the evidence on the MIND diet
in relation to brain aging. The only intervention study with good
quality did not demonstrate beneficial effects of a MIND diet
intervention on cognition or brain volumes. With respect to
observational research, the majority of studies indicated that the
MIND diet reduces risk of all-cause dementia and AD. The evi-
dence for the protective associations of the MIND diet with
cognition, however, is more mixed. Although there are studies
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supporting cross-sectional associations with global cognition and
episodic memory, these protective associations primarily origi-
nate from North American populations. In addition, longitudinal
evidence as well as evidence for other cognitive domains is
limited. Neuroimaging, pathology, and PD outcomes have only
been addressed in few studies that so far do not hint toward
benefits. Overall study quality was adequate, and excluding ar-
ticles of poor or fair quality did not change the findings. Inter-
estingly, the MIND diet works especially well for the MAP
cohort, being the only cohort in which associations with brain
pathology and cognitive decline in multiple domains has been
demonstrated.

From a mechanistic point of view, protective associations
could be expected as the MIND diet is rich in all nutrients
considered relevant for healthy brain aging. Polyphenols and
antioxidants from berries and vegetables and vitamin E from
nuts and olive oil have anti-inflammatory, antioxidant, and/or
vascular health-promoting properties [3]. ©-3 fatty acids from
fish also possess these properties and act as building block for
neurons [56]. Finally, B vitamins from leafy greens, whole
grains, and poultry maintain homocysteine levels [57]. These
multiple nutrients targeting different mechanisms are crucial, as
the mechanisms underlying nutrition and brain aging are
multifactorial [58]. This is further substantiated by the findings
that evidence for dietary patterns is stronger than that for single
nutrients and foods [3] and that nutrients have synergistic
properties [59,60].

Our findings, however, do not conclusively prove the benefits
of the MIND diet for brain aging. The only RCT with good quality
did not show protective effects. Regarding observational studies,
whereas we did find evidence for global cognitive functioning and
dementia, the benefits of the MIND diet for global cognitive
decline were only demonstrated in 2 out of 7 cohorts.

A possible explanation why the MIND diet trial showed null
results is the choice of the control diet. In this trial, the effect of the
MIND diet with mild caloric restriction was compared to a control
diet with also mild caloric restriction. Over the 3 y of follow-up,
both arms lost a similar amount of weight. Weight loss in itself
may be responsible for improved cognition, that is, via lowering
inflammation or improving insulin sensitivity, which may have
overruled the benefits of the MIND diet intervention. Alterna-
tively, selection bias could have occurred. The participants in the
MIND diet trial were on average more highly educated and had a
healthier medical history and higher baseline MIND diet score
compared to participants of the MAP cohort in which the MIND
diet was shown to be beneficial [4,5].

With respect to the observational evidence, a first hypothesis
why the MIND diet works for some but not all cohorts is that the
preferred diet for brain aging may be population-specific. This
population dependency has already been demonstrated for
Mediterranean and Nordic dietary patterns [49,61]. Better
adherence to the Mediterranean diet was associated with a risk
of all-cause mortality in both Mediterranean and
non-Mediterranean countries, although effect sizes were larger
in Mediterranean countries [61]. Similarly, in the context of
brain aging, a Nordic dietary pattern was more strongly protec-
tively associated with cognitive decline than the MIND diet in a
Swedish population [49].
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This hypothesis that the preferred diet for brain aging may be
population-specific can be substantiated by differences in cultural
practices between populations, which is an important factor
influencing dietary behavior [62]. For example, a traditional Dutch
way to consume leafy green vegetables is by eating “stamppot”, a
dish that combines cooked leafy greens with mashed potatoes and
meat. This is different from the way green leafy vegetables are
likely being consumed in other countries, that is, raw as a salad. In
addition, MIND diet-specific foods, such as berries, are not
considered part of all cultures [63]. As a consequence, the MIND
diet scoring system might capture different dietary patterns in
different populations, depending on cultural practices.

The MIND diet may be the most preferred diet for brain aging
in North America. This is supported by our findings, as cross-
sectional protective associations were primarily observed in
North American populations. The MIND diet was also especially
protective for participants in the MAP cohort, the first cohort in
which the MIND diet was tested [4,5]. Furthermore, some of the
studies originating outside North America showing beneficial
associations had adapted the MIND diet to their local eating
habits. For example, a French study changed scoring thresholds
to French guidelines and replaced berry intake by total poly-
phenol intake [37], and a Chinese study replaced wine by tea
consumption [43]. Further research is required to discover if
traditional eating habits with components of the MIND diet are
more protective of brain aging than the original MIND diet.

Another possible explanation for the mixed findings is that
study populations were not adequately selected. Preferably,
there is a large variation in exposure and outcome between
participants to allow easier detection of associations. In terms of
exposure, this means a wide range of variation in dietary intake,
that is, in MIND diet score. More variation in outcome can be
achieved by selecting participants at risk of brain aging as
opposed to the general population, as an at-risk population is
more likely to decline. This can be exemplified by comparing the
MAP cohort with the Nurses’ Health Study cohort, of which the
MAP cohort did demonstrate beneficial associations [4], and the
Nurses’ Health Study cohort did not [39]. Overall, there was
more variation in MIND score in the MAP cohort compared to the
Nurses’ Health Study cohort (2.5-12.5 compared with 2.6-11.0)
and participants in the MAP cohort were at higher risk of
cognitive decline compared to Nurses’ Health Study participants,
as evidenced by a larger proportion of smokers and individuals
with cardiovascular complaints [4,39].

Alternatively, it could be that focusing on diet only is a too
simplistic view, as we know that many other factors can influ-
ence the association between the MIND diet and brain aging. For
example, APOE4 genotype may be an effect modifier, as reported
by studies on other dietary patterns and brain aging [64-66].
Among our included studies, the interaction between APOE4
genotype and the MIND diet has been demonstrated as well.
Findings are inconsistent, however, with some studies reporting
improved MIND diet-related brain aging among carriers [20,28,
51], others among noncarriers [20], and the majority demon-
strating no interaction [23,29,37,39,50].

In addition to genotype, other potential effect modifiers
included income, physical activity, and exposure to fine partic-
ulate matter. Only individuals with higher income [67] or lower
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levels of physical activity [27,42] benefited from better adher-
ence to the MIND diet. In addition, exposure to fine particulate
matter was only harmful for brain aging in females not adhering
well to the MIND diet [31]. These studies illustrate that the as-
sociation between the MIND diet with brain aging is an interplay
between many different factors.

The importance of interactions between various factors is
now largely recognized and implemented in multidomain in-
terventions. A well-known example is the FINGER (Finnish
Geriatric Intervention Study to Prevent Cognitive Impairment
and Disability) trial, the first RCT evidencing that a multidomain
lifestyle intervention can slow cognitive decline in older adults at
risk of dementia. Further building on this trial, the worldwide
FINGERS network has been set up. This network of multidomain
interventions for dementia prevention aims to extend the find-
ings of FINGER to multiple populations and settings around the
world. In several of these interventions, the MIND diet has been
chosen as a basis for the nutrition component of the multidomain
lifestyle (that is, US POINTER, clinicaltrials.gov NCT03688126;
FINGER-NL, clinicaltrials.gov NCT05256199; LatAm-FINGERS
[68]). These trials will give insight in the interplay between
the MIND diet and other lifestyle factors in healthy brain aging.

Finally, our results should be interpreted with care because of
several methodologic limitations. There was a large variation in
exposure assessment, with differences in dietary assessment
methods (FFQ, food dairy), timing of assessment, and interpreta-
tion and scoring of MIND components that limits comparability
between studies. In addition, measurement of outcomes varied
largely. Without consensus on the optimal neuropsychologic test
battery to capture cognitive changes, especially in the preclinical
phase, and no rules on how to construct cognitive domains, it is
hard to draw firm conclusions [69]. Because of this heterogeneity
in outcomes, we chose to not perform a meta-analysis. Also, as the
majority of included studies had an observational design, there is a
risk of reverse causation, residual confounding, and over-adjust
ment. Another limitation is that many articles made use of data
from the MAP cohort, which may give a limited perspective on the
state of evidence. Finally, we assessed quality of individual articles
using NOS and ROB2, but we did not assess overall quality of evi-
dence using, for example, the GRADE approach.

To conclude, this systematic review shows observational ev-
idence for a beneficial association between the MIND diet with
global cognitive function and dementia risk, but evidence for
cognitive decline, cognitive impairment, brain volume, pathol-
ogy, and PD remains mixed and/or limited. The preferred diet
for brain aging may be population-specific, with the MIND diet
being the favored diet for North American populations.
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