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Dietary Flavonoids and Human Cognition: A Meta-Analysis

Nancy Cheng, Lynne Bell, Daniel J. Lamport, and Claire M. Williams*

Improving cognition is important in all age groups, from performance in
school examinations to prevention of cognitive decline in later life. Dietary
polyphenols, in particular flavonoids, have been examined for their benefits to
cognitive outcomes. This meta-analysis evaluates the effects of dietary
flavonoids on cognition across the lifespan. In January 2020 databases were
searched for randomized controlled trials investigating flavonoid effects on
human cognition. Eighty studies, comprising 5519 participants, were included
in the final meta-analysis. The global analysis indicates dietary flavonoids
induced significant benefit to cognitive performance (g = 0.148, p < 0.001),
with subgroup analyses revealing that cocoa (g = 0.224, p = 0.036), ginkgo
(g = 0.187, p ≤ 0.001), and berries (g = 0.149, p = 0.009) yielded the most
notable improvements. Significant benefits were observed from chronic
studies, in middle-aged and older adults, and with low and medium doses.
The domains of long-term memory, processing speed, and mood showed
sensitivity to flavonoid intervention. This meta-analysis provides evidence for
the positive effects of flavonoids on cognition and highlights several
moderating factors. Flavonoid-based dietary interventions therefore
potentially offer a highly accessible, safe, and cost-effective treatment to help
tackle the burden of cognitive decline.

1. Introduction

There is increasing consensus that mental health and physical
health are interlinked and given that cognitive function is a key
contributor to the development and maintenance of good men-
tal health, it will play an important role in overall well-being.
Particular interest has been paid to the impact of diets on cog-
nitive health. Age-related neurodegenerative disorders such as
Alzheimer’s disease (AD) and vascular dementia place a signif-
icant burden on healthcare provision in an aging population,
however epidemiological studies show that diets rich in fruit
and vegetables reduce the risk of such disorders and help to
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improve or maintain cognitive function
as we age.[1–5] Polyphenols are a group of
phytonutrients found in fruits and veg-
etables that have shown promise as facil-
itators of cognitive enhancement or neu-
roprotection. In particular, the polyphe-
nolic subclass of the flavonoids have been
extensively studied for their ability to
influence cognition and to delay cogni-
tive aging due to their known bioactiv-
ity and their high concentrations found
in certain food-types. The biochemistry
of flavonoids and proposed mechanisms
through which they exhibit their ef-
fects on cognition, including activation of
neuronal signaling pathways, reduction
of neuroinflammation, improvements to
vascular function, and interactions with
the gut microbiome and neurotrans-
mitter systems, have already been de-
scribed in detail elsewhere.[6,7] Differ-
ences in the molecular structure between
flavonoid subclassesmeans that evidence
of mechanistic variations are emerging.
For example, isoflavones are thought to

exert their cognitive effects through their particular affinity
for estrogen receptors,[8] the degree of hydroxylation around
the aromatic rings impacts on the antibacterial properties
of flavonoids,[9] and there are differential effects on glucose
metabolism.[10]

A number of published studies have investigated the cognitive
benefits of the flavonoid family of polyphenols, following sup-
plementation with flavonoid-rich whole foods or supplements,
including berries, cocoa, citrus fruits, tea, soya products, and
ginkgo biloba. While the cognitive effects observed following
ingestion of any given food cannot necessarily be attributed
to a specific polyphenol subclass or subclasses in isolation,
flavonoids are the most abundant polyphenol subclass found
in foods and beverages and are likely to be present across the
interventions investigated in cognitive studies. In contrast,
the presence of nonflavonoid polyphenols varies substantially
between foods and when characterized, are generally found at
lower concentrations than flavonoids.[11] The flavonoid content
of investigated polyphenol-rich foods is therefore likely to be
responsible for observed neurocognitive responses. Reported
effects of flavonoids on cognition have been mixed and sug-
gest that cognitive outcomes may be dependent on several
experimental factors which warrant examination. The flavonoid
source may be a particularly influential factor, for example
Whyte et al.[12] found a mixed berries intervention improved
measures of executive function whereas Decroix et al.[13] found
acute cocoa supplementation failed to elicit an effect when also
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testing executive function in young adults. Duration of flavonoid
supplementation is also likely to impact on the detection of
cognitive effects, as evidenced by cocoa interventions, whereby
chronic treatment in healthy adults typically benefits cognitive
performance[14] but not following acute treatment in a similar
population.[15] Characteristics of the population tested, such
as age, may modulate the response to flavonoid intervention,
for example, Burns et al.[16] found that ginkgo was effective at
improving long-term memory in healthy older adults but had
no effect on cognitive measures in young adults. Further to
this, cognitive health status is also likely to influence cognitive
outcomes following flavonoid treatment. This has been indicated
by chronic cocoa supplementation, where benefits to cognitive
performance were observed in healthy older adults[14] but not in
older adults with mild cognitive impairment (MCI).[17]

Several systematic reviews have provided qualitative assess-
ment of the current research showing promise for the positive
cognitive effects of flavonoids.[18–25] However, the few quantita-
tive meta-analyses that have been conducted have been limited
to specific populations or particular flavonoid-rich food sources,
resulting in conclusions regarding cognitive effects that cannot
be generalized more widely to broader populations or applied to
other flavonoid-containing foods.[26–31] Further, in light of recent
reports showing only 33% of the adult population in the UK con-
sumes five or more portions of fruits and vegetables a day,[32]

such targetedmeta-analyses do not address the wider health ben-
efits of consuming a range of beneficial plant-based foods in line
with government dietary recommendations such as the UK’s “5-
a day” and “eat the rainbow” campaigns.[33]

Here, we have performed a meta-analysis of the current litera-
ture in order to gain a better understanding of the broader nature
and magnitude of flavonoid effects on cognition. Specifically, the
primary objective of this meta-analysis is to investigate whether
dietary flavonoids have a positive effect on cognitive outcomes.
It is also of interest to understand how flavonoid effects may be
modulated. The secondary objectives are therefore to identify the
influence of study design (acute or chronic), population charac-
teristics (age and cognitive health status), cognitive domain in-
vestigated, and intervention characteristics.

2. Experimental Section

The meta-analysis was preregistered on PROSPERO
[CRD42019139022].

2.1. Search Strategy

The studies included in the meta-analysis were identified
through a systematic search performed electronically in PubMed,
Web of Science, PsycINFO, and Google Scholar databases, from
inception to start of January 2020. The keywords: flavonoid,
polyphenol, flavanol, flavanone, anthocyanin, isoflavone, berry,
blueberry, blackcurrant, acai, goji, cherry, grape, tea, nut, citrus,
orange, grapefruit, ginkgo biloba, fruit, cocoa, chocolate, soya in
combination with memory, mood, attention, executive function
and cognition (including plurals or truncated forms) were used
to conduct the search. These search termswere chosen to encom-
pass the subgroups and dietary sources of flavonoids. In addition

to the general term of cognition, specific cognitive domains were
also used to broaden the search. Filters to exclude nonhuman
studies and limit the search to randomized control trials (RCTs)
were applied to titles and abstracts. Searches of bibliographies
of review articles and searches for additional published articles
by major contributors in the field were also performed. Retrieved
referenceswere exported from the different databases to EndNote
X9 for the removal of duplicate studies. A preliminary pool of
relevant RCT trials were identified for consideration against the
predetermined inclusion criteria below.

2.2. Study Selection

Titles and abstracts of studies retrieved through the search strat-
egy were screened against the following inclusion criteria:

1. randomized trials, parallel or cross-over design
2. subjected to peer and/or editorial review
3. human subjects – any health state, age, or other demographic

characteristics
4. flavonoids content of intervention specified
5. acute or chronic trials
6. appropriate placebo-controlled design (or inclusion of a suit-

able control condition – see modifications below)
7. studies that had utilized one or more cognitive tasks
8. sufficient data to calculate effect size(s)
9. written in English

If the above details could not be established from the title or
abstract, then the full text was used to assess a study against the
inclusion criteria. Studies that did not meet these criteria were
excluded. Two investigators (N.C. and L.B.) independently com-
pleted screening of studies for inclusion. In the event of any dis-
crepancies between study selections, a resolution was achieved
through discussion to reach a consensus or referred to a third
reviewer (D.L. or C.W.) if a consensus was not initially achieved.

2.2.1. Modifications to Inclusion Criteria

During the study selection process, it became apparent that most
studies compared one or more flavonoid supplement(s) with a
control, rather than an inert placebo. A consensus was reached
between two investigators that the term “control” better reflected
the study designs of interest. Theminor modification to criterion
6 from “appropriate placebo-controlled design” to “appropriate
control condition employed” was made.
Studies that investigated a combination of flavonoid and non-

flavonoid active treatments which did not isolate the cognitive
effects of the flavonoid component were highlighted for discus-
sion. Two investigators reached the conclusion that these stud-
ies did not specifically answer the research question of whether
flavonoids had a positive effect on cognition. “Investigation of
flavonoid active treatments only” was therefore added to the in-
clusion criteria.

2.3. Data Extraction

Full-text copies of the selected studies were obtained, and data
extracted by two independent investigators (N.C. and L.B.) using
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a standardized Excel form. Any discrepancies were resolved by
discussion to reach consensus, with a third reviewer (D.L. or
C.W.) consulted if a consensus could not be achieved. In cases
where there was insufficient data present in the paper for anal-
ysis, authors were contacted via email using the contact infor-
mation supplied on the paper. If no reply was received, then the
study was excluded. To inform the primary objective of whether
dietary flavonoids had a positive effect on cognitive outcomes
the following data were extracted from each study for a global
analysis: first author’s name, year of publication, number of
participants, cognitive scores (means and standard deviations/
standard errors), and correlations between repeated data. For the
purpose of the secondary objective, to identify the influence of
study design, population characteristics, cognitive domain in-
vestigated and intervention characteristics, the following data
were extracted from each study for moderator analysis: study
design—acute/chronic, parallel/crossover; type of nutritional
intervention—dietary source; dose of administered intervention
(expressed as flavonoid or polyphenol content); treatment dura-
tion; age and health status of study participants; and cognitive
task type/domain. Meta-analyses commonly select either parallel
or crossover design studies for review both for compatibility pur-
poses and to limit heterogeneity was acknowledged. However, in
order to successfully answer the main research question posed
by this review, the review has been as inclusive as possible and
incorporated both study designs. Inclusion of both types of study
designs permitted the comprehensive assessment of the current
literature since both designs contributed to the research question
posed here. Exclusion of either typewould have reduced the num-
ber of studies significantly and limited the generalizability of the
results. The heterogeneity of the effect sizes between parallel and
crossover studies was computed as part of this meta-analysis to
assess their impact on the overall estimated effect size.

2.4. Data Coding

Cognitive tasks employed in the selected studies were extracted
and then coded according to the Cattell–Horn-Carroll (CHC)
classification[34,35] in order to investigate whether any specific
cognitive domains were selectively responsive to the effects of
flavonoids. Individual studies often reported data for multiple
cognitive outcomes, across multiple cognitive domains. In such
cases, all data were included in the meta-analysis. Where mul-
tiple timepoints were reported in a single study, all timepoints
were also included in the data extraction. Coding of study design,
flavonoid source, flavonoid dose, duration of supplementation,
age of participant, participant cognitive health status, were de-
scribed under Section 2.7. All data were collated in a standardized
form in Excel.

2.5. Risk of Bias (Quality) Assessment

Risk of bias/quality of the included studies was assessed by two
investigators (L.B. and N.C.) using the Cochrane “risk of bias
tool” for randomized trials[36] as part of the data extraction pro-
cedure recorded using Excel. Any discrepancies were resolved
through discussion. If agreement could not be reached, a third
investigator was consulted (see Results section for outcomes).

2.6. Data Synthesis

The software package ‘‘ComprehensiveMeta-analysis’’ (CMA for
Windows, version 3, Biostat, Englewood, NJ 2013, USA) was used
to conduct a quantitativemeta-analysis of the aggregate data. Due
to the varied methodology employed by the included studies, a
random-effects model was used in the global analysis. Hedge’s
g, which corrects for bias in small sample sizes,[37] and 95% con-
fidence intervals were calculated as an estimate of the summary
effect size for each study, using preintervention and postinterven-
tion means and standard deviations (SD) and sample sizes for
treatment and placebo groups. Directions of effects were coded,
whereby a positive value represented a positive effect of flavonoid,
and a negative value represented a negative effect on an outcome
measure. This involved reverse coding for some measures, such
as reaction times, where a positive value represented a negative
effect on cognition. For each study, correlations between pre- and
postintervention scores were estimated by taking a mean aver-
age of the within-control and within-treatment correlation coef-
ficients (Pearson r). As this information was generally not avail-
able in the published articles, these coefficients were often de-
termined by calculation using the formula below (where pre =
preintervention, post = postintervention, and diff = change from
baseline difference):

r =
(
SD2

pre + SD2
post − SD2

diff

)
∕
(
2 × SDpre × SDpost

)
(1)

An average of these prepost intervention correlations was used
as an estimate for studies with insufficient data to complete
this calculation, in accordance with meta-analysis guidelines de-
scribed in the Cochrane Handbook.[38] In studies where only
postintervention data was reported, means, SDs, and sample
sizes were collated for treatment and control groups. Addition-
ally, for studies where only change from baseline (CFB) data was
available, postintervention SDs were estimated by calculation us-
ing the formula below (where post = postintervention, diff =
change from baseline, and r = average prepost correlation):

SDpost = SDdiff∕
√
(2 (1 − r)) (2)

The above estimates allowed conversion of multiple types of
data for standardization by postintervention SDs, which enabled
direct comparisons of effects in the meta-analysis. Computation
of Hedge’s g was performed using CMA software. For most stud-
ies, data were entered in mean and SD format. For five studies,
data were entered directly as effect size values (Cohen’s d) where
this was the only data available in the paper[39] or where data in
a mixture of formats were obtained and required conversion to a
single format for input into the CMA software.[40–43]

Where studies reported multiple experiments with different
participant groups, these experiments were treated as separate
studies for entry into the meta-analysis.[16,44–46] Where studies re-
ported outcomes for multiple doses or treatment interventions
but used the same control group for each comparison, all inter-
vention data were averaged to provide a single entry. In these
circumstances, it was considered best practice to combine all rel-
evant experimental intervention groups of the study into a single
group, and to combine all relevant control intervention groups
into a single control group.[38]
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Heterogeneity between studies was investigated using a com-
bination of theQ statistics and I2 statistic according to Borenstein
et al.[37] For clarity, the Q statistic with its associated p-value indi-
cates if existing heterogeneity is statistically significant, while the
I2 statistic further indicates the extent of heterogeneity present
whereby an I2 value of greater than 50% indicates substantial het-
erogeneity. Visual inspection of the symmetry of the funnel plot
and Fail-safe N were used to assess publication bias.

2.7. Moderator Analysis

Further analyses of the included studies were conducted accord-
ing to the following moderators: flavonoid source, duration of
supplementation, age of participant, and cognitive health status
of participant. Mixed effects models were used to compare effect
sizes of moderator subgroups.
The studies were divided into the following flavonoid source

subgroups; berry, citrus, cocoa, ginkgo, pine bark, soya, tea, or
other; and the extent to which these subgroups explained any het-
erogeneity in the global analysis was examined. Duration of sup-
plementation was categorized to correspond with the timeframe
of acute studies and significant increases in participant burden
into the following categories: up to and including 24 h; greater
than 24 h, up to and including 6 weeks; greater than 6 weeks, up
to and including 3 months; and greater duration than 3 months.
Age was categorized according to key physical, social, and cog-

nitive developmental changes across the lifespan[47,48] into child
(0–12 y), adolescents (13–18 y), young adult (18–39 y), middle
aged adult (40–59), and older adult (60y+). Where the age ranges
of study subjects straddled two or more subgroups, the mean age
reported in the paper was used to determine the subgroup clas-
sification. For the cognitive health factor analysis, studies were
divided into healthy subjects and cognitively unhealthy. Partic-
ipants with a diagnosis of a condition associated with cognitive
deficit whichwas likely to negatively impact on their performance
in cognitive tasks, were classified as cognitively unhealthy. This
included participants withmild cognitive impairment, dementia,
and Down’s Syndrome.
For some moderators, including flavonoid dose, design (acute

or chronic), and cognitive domain, individual studies often re-
ported results for multiple subgroups within a moderator cate-
gory. Separate meta-analyses were therefore performed with data
for each subgroup entered individually, rather than a comparative
analysis which would lead to the exclusion of these studies.
For the “Dose meta-analysis,” reported flavonoid doses were

categorized as Low, Medium, or High based on habitual dietary
averages. Global patterns of flavonoid consumption[49–52] were
used to create a scale of flavonoid intake according to dietary
source against which research doses were mapped. The cate-
gories of flavonoid doses according to source are outlined in
Table 1.
Acute and chronic studies were individually assessed. Acute

studies were classed as those with a single dose and a testing du-
ration of 24 h or less. Studies testing at timepoints beyond 24 h,
with repeated daily supplementation, were classed as chronic
studies.
Cognitive domains were divided into subgroups according to

CHC classifications: word fluency, acquired knowledge, fluid rea-

Table 1. Categorization of dose ranges for each flavonoid source based on
typical habitual intake.

Dose range [mg]

Flavonoid source Low Medium High

Cocoa 0–349 350–699 700+

Citrus 0–74 75–149 150+

Tea 0–424 425–849 850+

Ginkgo 0–39 40–79 80+

Berry 0–349 350–699 700+

Soya 0–69 70–139 140+

Pine bark 0–249 250–499 500+

Other N/A N/A N/A

soning, long-term memory encoding and retrieval, processing
speed, workingmemory/short-termmemory, visuospatial ability,
reaction/decision speed, subjective mood (where subjects self-
rated how they were feeling), and unclassified tasks with mul-
tiple parts that straddled many domains (e.g., Mini mental state
examination MMSE).[35]

3. Results

Our preliminary literature search yielded 310 studies. Screening
against the predetermined eligibility criteria identified 76 papers
for further review,[12–17,24,39–46,53–113] comprising 80 experimental
studies. A summary of the study selection process is outlined in
Figure 1.
The overall quality of the studies was high when assessed

against the Cochrane Risk of Bias Tool (Figure 2). While sources
of bias were identified in the methods and reporting of re-
sults, there was an overall low risk that the true effects of
flavonoids on cognitive performance had been affected by bias
from the included studies. For instance, minor sources of bias
were identified in relation to blinding of participants and person-
nel where seven studies were single-blinded,[12,46,54,66,90,109,113] in-
complete outcome data was reported in four studies,[16,40,89,106]

and nonblinding of outcome assessments was apparent in nine
studies.[12,46,54,65–66,90,105,109,113] Selective reporting was detected in
five studies, including omission of nonsignificant results,[79,84,85]

reporting of phase 1 only in a crossover study[77] and reporting of
mood data excluding cognitive results.[46]

Twenty-four studies included “other” sources of bias mainly
in relation to the appropriateness of the placebos administered,
typically these included ingredients which were not matched
to the treatment with unclear effects on measured outcomes.
Eleven studies reported the addition of either natural or artificial
coloring,[24,57,59,63,70,71,73,79,83,89,91] while one study used coloring in
both the treatment as well as the placebo.[109] One study used a
placebo containing fructo-oligosaccharides,[108] six studies used
placebos which themselves contained flavonoids.[15,17,68,82,93,105]

One study did not report final n values for results of dependent
variables where subjects had difficulties with the cognitive
tasks involved.[41] Finally, four studies reported chronic data
where measurements were in fact recorded in the immediate
postprandial period following the final chronic dose.[44,45,72,97]
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Figure 1. Flow diagram of the literature selection process outlining identification of included studies for meta-analysis of the effect of flavonoids on
cognition.

Figure 2. Methodological quality summary: review authors’ judgments about each methodological quality item from the Cochrane Risk of Bias tool for
each study included in the meta-analysis.

Visual inspection of the funnel plot showed no evidence of pub-
lication bias (Figure 3). This was confirmed by a Fail-safeN value
of 448.

3.1. Global Effect of Flavonoids on Cognition

Eighty studies were included in this meta-analysis, with sample
sizes ranging from n = 10[110] to n = 410.[75] Data from 5519 par-
ticipants were pooled in our global meta-analysis. Using a ran-
domeffectsmodel, the computed effect size,Hedge’s g, was 0.148
(SE = 0.025, 95% CI 0.098–0.198, Z-value = 5.825, p < 0.001:
Figure 4) in favor of flavonoids, without significant heterogene-
ity (Q = 79.451, df = 79, p = 0.465, I2 = 0.567%). This indicates
that flavonoid supplementation has a significant positive effect

on measures of cognitive performance. Despite mixed findings
from individual studies, the reported effect sizes across the liter-
ature are not significantly different from each other.

3.2. Moderator Analyses

Full results for all moderator analyses can be found in tabulated
form in the accompanying Supplementary Information, but the
main findings are summarized below.

3.2.1. Comparative Analyses

Flavonoid source: The results of themixed-effects model indicated
significant benefits to cognition in favor of berries, ginkgo, and
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Figure 3. Funnel plot for the cognitive effects of flavonoids showing no publication bias.

cocoa, with the largest effects seen following cocoa interventions
(k = 11, g = 0.224, 95% CI = 0.014–0.434, p = 0.036), followed by
ginkgo (k = 22, g = 0.187, 95% CI = 0.103–0.271, p ≤ 0.001) and
then berries (k = 23, g = 0.149, 95% CI = 0.038–0.261, p = 0.009).
Berries, ginkgo, and cocoa studies representmost of the included
studies. Collectively these three subgroups comprise 56 of the 80
studies. In general, the smaller subgroups, citrus (k = 3), pine
bark (k = 2), tea (k = 2), and other (k = 2) subgroups did not yield
significant benefits to cognition although Hedge’s g was posi-
tive in all cases (favoring flavonoid intervention). Soya was one of
the larger subgroups (k = 15), but studies were notably focussed
on postmenopausal women. The overall difference between sub-
groups of flavonoid sources was not significant,Q(7)= 5.109, p=
0.647. Figure 5 depicts the results of the flavonoid source analysis
in a forest plot. The largest effect size was observed for the cocoa
subgroup, but this was still small in overall magnitude.
Duration of Supplementation: Acute studies were categorized in

the duration of supplementation analysis as “up to and including
24 hours.” As per the acute/chronic analysis, positive effects on
cognition that were near to significance were demonstrated here
(k = 31, g = 0.094, 95% CI = −0.002–0.190, p = 0.055). The anal-
ysis of supplementation duration further revealed that chronic
treatment with flavonoids for less than 6 weeks did not produce
a significant effect on cognition (p = 0.912). However, only three
studies fell into this category and so this analysis may lack power.
Treatment for greater than 6 weeks up to and including 3months
(k= 31) resulted in significant effects on cognition (p= 0.001). In-
creasing the duration of the intervention to greater than 3months
(k = 19) yielded a similar significant effect (p = 0.008). Hetero-
geneity between the supplementation duration subgroups was
not significant Q(3) = 1.604, p = 0.659.

Age: The Age subgroup analysis showed a small, yet signifi-
cant benefit to cognition, in middle-aged (k = 22, p = 0.037) and
older adults (k= 29, p= 0.001). Treatment with flavonoids did not
show significant benefits in children (k= 5, p= 0.172) and young
adults (k = 24, p = 0.105). The number of studies in children is
notably sparse and it is noteworthy that, of the five studies in-
volving children as participants that were analyzed here, all were
acute design and investigated blueberry supplementation. Fur-
ther to this, there is an absence of studies conducted in the ado-
lescent age group. However, young adults are well-represented
by 24 studies in this meta-analysis. Heterogeneity of the effects
between age subgroups was not statistically significant Q(3) =
1.605, p = 0.658.
Cognitive Health Factor: Subgroup analysis revealed significant

benefits of flavonoids on cognition in both healthy (p≤ 0.001) and
cognitively unhealthy subjects (p ≤ 0.001). These effects were
found to be significantly heterogenous Q(1) = 5.319, p =
0.021, with larger effect sizes observed in cognitively unhealthy
participants versus healthy participants (g = 0.306 and 0.103,
respectively). The positive effects in the cognitively unhealthy
subgroup were observed despite the small number of studies
analyzed (k = 8). Interestingly, of the eight studies in the cogni-
tively unhealthy subgroup, seven of these involved older adult
participants.[11,48,60,62,66,69,82] The one exception was a study in
young adults with Down’s Syndrome.[56] Four of the older adult
studies were conducted in MCI patients,[11,48,60,82] the remaining
three studies investigated flavonoid effects in patients with
Alzheimer’s disease or vascular dementia.[62,66,69]

Parallel or Crossover Group Design: We analyzed the effect
sizes as a function of the study design (parallel or crossover).
Both designs showed significant positive effects of flavonoids on
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Figure 4. Forest Plot of studies investigating the effects of flavonoid intervention on cognition, depicting Hedge’s g with associated 95% confidence
intervals.
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Figure 5. Forest Plot of the effects of flavonoid intervention on cognition according to flavonoid source, depicting Hedge’s g with associated 95%
confidence intervals.
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cognition. The difference in effect sizes between the two study
design types was nonsignificant, Q(1) = 0.075, p = 0.785. This
clearly shows that the observed benefits to cognitive performance
following flavonoid intervention occur irrespective of the study
design employed.

3.2.2. Individual Analyses

For moderators where some or all studies reported results for
multiple subgroups, comparator analyses were not possible. Re-
sults of the analyses of individual subgroups are presented here.
Acute or Chronic Design: The acute/chronic design meta-

analyses revealed studies employing chronic flavonoid interven-
tions showed a small but significant benefit to cognition (p ≤

0.001) and studies which involved acute flavonoid supplemen-
tation showed an effect approaching significance (p = 0.055). De-
spite reasons of financial burden and patient commitment given
as constraints to the running of longer-term trials, a larger pro-
portion of the analyzed studieswere chronic in design. Thirty-one
acute studies and 51 chronic studies were analyzed here.
Dose of flavonoid: Many of the reviewed studies investigated the

effects of a low (46 studies) or medium flavonoid dose (31 stud-
ies). Only 13 studies used a high-dose flavonoid intervention, rep-
resenting 561 subjects. The Dose meta-analyses revealed studies
employing low and medium doses of flavonoids showed signifi-
cant benefits on cognition, (p = 0.013 and p ≤ 0.001 respectively).
Studies which tested high flavonoid doses showed no significant
effects overall (p = 0.181).
Cognitive Domain: The Cognitive Domain analysis showed sig-

nificant effects of flavonoid intervention in three cognitive do-
mains. These were long-term memory (p = 0.014), processing
speed (p = 0.008), and subjective mood (p = 0.006) which are
among the largest subgroups that were analyzed (k = 55, 52, and
34 respectively). All other cognitive domains; word fluency (k =
24), acquired knowledge (k = 14), fluid reasoning (k = 19), work-
ingmemory/short-termmemory (k= 46), visuospatial ability (k=
16), and reaction/decision speed (k = 24), failed to yield signifi-
cant effects. The potential impact of the number of studies (k)
included in the subgroup analysis for each cognitive domain is
explored in the discussion.

4. Discussion

To our knowledge this is the first meta-analysis to assess data
obtained from randomized control trials covering a range of di-
etary flavonoids across multiple populations, and their effects on
cognitive function, encompassing a variety of cognitive domains
across the human lifespan. The results of our global analysis
showed that flavonoid supplementation has a significant (though
small) positive effect on cognition. Funder and Ozer[114] suggest
that small effect sizes in psychological measures may have im-
portant impact in the longer term, particularly when considering
health outcomes where effects are likely to be cumulative, such
as cognitive health[115] as observed here. Thus, the small global
effect of flavonoids on cognition (g = 0.148) has potential signif-
icance. Importantly, the overall assessment of a low risk of bias
in the included studies and minimal publication bias gives con-
fidence in our results.

The analysis of moderators also revealed several interesting
findings. The effect of flavonoids on cognitive measures was
shown to be influenced by flavonoid source, where significant
positive effects were observed with berries, ginkgo, and cocoa.
Other intervention characteristics which demonstrated moder-
ating effects were dose and duration of supplementation. Here,
low and medium flavonoid doses showed significant benefits to
cognition with chronic treatments of 6 weeks and longer show-
ing significant effects on cognitive performance and acute inter-
ventions yielding near significant effects. Additionally, with re-
spect to participant factors, both age and cognitive health sta-
tus were found to moderate the cognitive response to flavonoid
supplementation. Significant benefits were measured in middle-
aged and older adults, which is likely to be driven by the influ-
ence of cognitive health status, whereby more pronounced ef-
fects were seen in cognitively unhealthy compared with healthy
participants. Our results also revealed the cognitive domains of
long-termmemory, mood and processing speed to be sensitive to
flavonoid treatment.

4.1. Flavonoids and Cognition

The positive result of our global analysis is consistent with meta-
analyses by Poti et al.[31] and Ammar et al.[26] Poti et al. showed
significant effects of polyphenol supplementation on the Wech-
sler Adult Intelligence Scale (WAIS) – Block design, Rey’s au-
ditory verbal learning task (RAVLT) immediate recall and Trail-
Making Task B (TMT-B), reported in test score metrics, in older
adults.[31] Ammar et al. observed improvements in Simple Reac-
tion Time and Serial 7s with moderate effect sizes (SMD= -0.926
and 1.467 respectively) and Mental Fatigue (very large effect size
of −3.521) in young and middle-aged adults.[26] The specificity
of the outcome measures included in these meta-analyses could
explain the larger effect sizes seen in comparison to our global
analysis. Other differences in methodology, namely inclusion of
nonflavonoid polyphenols, such as resveratrol, and different pop-
ulations of interest, may also have contributed to the larger effect
size estimates seen by Ammar et al.[26] In contrast, another recent
meta-analysis by Ammar et al.[27] did not find any significant ef-
fects of polyphenols on cognition in older adults, which reviewed
performance in TMT-A and TMT-B only. Both Poti et al.[31] and
Ammar et al.[27] assessed performance in TMT-B in older adults.
However, Poti et al. investigated the effects of polyphenols in
healthy individuals as well as MCI patients,[31] whereas Ammar
et al. limited their meta-analysis to healthy subjects.[27] In gen-
eral, faster TMT-B completion times were reported for healthy
older adults[26] compared with older adults including those with
MCI.[31] Although clear ceiling effects were not observed, TMT
may place insufficient cognitive demand on healthy subjects to
detect cognitive changes following polyphenol supplementation.
This is in keeping with evidence indicating flavonoids are most
effective at improving cognition in more cognitively challeng-
ing situations.[24,112] This difference in population characteristic
is likely to explain the discrepancy in review outcomes. Indeed,
cognitive health status was examined in our cognitive health sub-
group analysis and suggests that the presence of cognitive deficits
provide greater potential for measurable improvements in cogni-
tive performance.
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The small effect size observed in our global meta-analysis is in
keeping with themagnitude of effect sizes demonstrated by other
nutrients and food components. For example, in a meta-analysis
by Suh et al.,[116] over 3 months of vitamin B (folate, vitamin B6,
and vitamin B12) was associated with improved global cognition
(SMD = 0.18) and episodic memory (SMD = 0.09) in middle-
aged and older adults. Vitamin B is thought to reduce homo-
cysteine levels, beyond which multiple biological mechanisms of
action could explain the connection it has with improved cogni-
tive performance, including vascular mechanisms, prevention of
neuronal apoptosis, and epi-genetic modifications.[117] Similarly,
a range of vascular, metabolic, and neurochemical mechanisms
of action have been proposed for flavonoids and their benefits to
cognition.
Our findings have important implications for the interpreta-

tion of existing flavonoid research and for the design of future
clinical trials investigating the impact of flavonoids on cognition.
The common practice of using medium to large effect size es-
timates to establish subject sample size is likely to lead to un-
derpowering of trials. Appropriate sampling should in fact con-
sider a small expected effect size. Indeed, study sample size and
other research best practices in the wider field of nutrition and
cognition have received commentary, including by Brydges and
Gaeta[118] who found publication bias in the blueberry and cog-
nition studies reviewed by Hein et al.[119] However, it should be
noted that the analysis by Brydges andGaeta used p-values drawn
from only the key findings from the individual studies and were
not representative of all reported results in the original papers. A
subsequent reanalysis by Whyte et al. accounting for all the de-
pendent variables reported in the original source papers found
no evidence of publication bias.[120] Importantly, in this current
meta-analysis the computed Fail safe N value was 448, meaning
a further 448 nonsignificant studies would be required for alter-
native conclusions in relation to our primary research objective
to be drawn. Reassuringly, the risk of publication bias affecting
the results of our meta-analysis is very low.
In addition to the global analysis, our subgroup analyses also

revealed some interesting findings with regard to moderators of
flavonoid induced benefits to cognition that warrant further dis-
cussion.

4.1.1. Moderators of flavonoid effects

The subgroup analysis of flavonoid sources showed significant
effects for berries, ginkgo, and cocoa, whereas citrus, soya, pine
bark, and tea revealed no benefit to cognition. It is widely ac-
cepted that the bioavailability of flavonoids and their metabolites
is a key determinant of their efficacy in relation to pharmacolog-
ical effects. It is therefore reasonable to expect the bioavailability
of the flavonoid subclasses (reviewed by Di Lorenzo et al.[121]),
to contribute to their effectiveness in relation to cognitive mea-
sures. In light of this, variations in the cognitive effects according
to dietary flavonoid source could be attributed to their flavonoid
profile and predominant flavonoid subclass(es); such as flavan-
3-ols in cocoa, anthocyanins in berries and flavanones in cit-
rus fruit.[122] Indeed, Ammar et al.[27] suggested differences in
individual study results observed with soya and blueberry were
linked to the bioavailability of isoflavones and anthocyanins re-

spectively. The nonsignificant effect of tea demonstrated in the
current meta-analysis is in-keeping with the low bioavailability
of galloylated tea catechins. However, our subgroup analysis find-
ings cannot solely be explained by flavonoid bioavailability, espe-
cially as absorption rates for anthocyanins are reported to be low,
but isoflavone absorption rates are high.[123,124] Here, we observed
significant cognitive effects for anthocyanin-rich berries, whereas
isoflavone-rich soya interventions were not found to be effective.
The number of included studies per subgroup is likely to be a
relevant factor. Significant effects were seen with the largest sub-
groups; ginkgo (k = 22), berries (k = 23), and cocoa (k = 11).
Apart from soya (k = 15), benefits did not achieve statistical sig-
nificance for the smallest subgroups; citrus (k = 3), pine bark
(k = 2), tea (k = 2), and others (k = 2), possibly suggesting a lack
of statistical power. However, in addition to the number of stud-
ies, it is also important to consider the mechanisms of action of
these flavonoid compoundswithin the central and peripheral ner-
vous system. As with pharmacological effects in general, some
flavonoid types may impact cognitive function more effectively
than others through mechanistic differences (as described in the
Introduction), or only be effective in specific populations. How-
ever, it was beyond the scope of this current meta-analysis to in-
vestigate this.
For ginkgo biloba, ourmeta-analysis revealed a significant ben-

efit to cognition. This may reflect the fact that many of these
studies focussed on older or cognitively impaired populations.
Indeed, previous meta-analyses which have focussed on demen-
tia and Alzheimer’s disease patients have similarly reported ben-
efits to cognition,[125,126] particularly in response to supplementa-
tion with 240 mg of the standardized extract EGb 761.[127,128] In
healthy subjects, however, Laws et al.[129] observed no improve-
ments tomemory, executive function, nor attention. These incon-
sistencies are likely due to health status differences in the pop-
ulations investigated, where cognitively impaired subjects have
greater scope for improvement and response to flavonoid treat-
ment. Indeed, this is an outcome we have demonstrated in the
current health factor analysis that revealed much greater effect
sizes in cognitively unhealthy subjects.
The lack of a significant effect with soya supplementation ob-

served here is contrary to the findings of two previous meta-
analyses which assessed the effects of soya and soy isoflavones
on cognition. These found positive effects in postmenopausal
women (SMD = 0.08)[29] as well as younger men and women
(SMD = 0.19),[30] which demonstrated similarly small effect
sizes. Discrepancies in our results may be due to differences in
study selection criteria. Our strict inclusion criteria meant that
some studies included in these two previous meta-analyses, were
excluded fromourmeta-analysis based on the use of controls con-
taining nonflavonoid active ingredients. Cheng et al.[29] limited
their meta-analysis to postmenopausal women, whereas our re-
view included all populations. Cui et al.[30] excluded red clover
as a source of soya isoflavones, whereas our inclusion criteria
permitted its inclusion. These methodological differences may
therefore account for some of the differences in findings.
The analysis of acute and chronic designs showed signifi-

cant effects of chronic flavonoid intervention on cognitive per-
formance, while the acute effect only approached significance.
Further to this, our Duration of Supplementation subgroup anal-
ysis showed significant effects of flavonoid supplementation for
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periods greater than 6 weeks up to 3 months, and for periods
longer than 3 months. This result suggests that for chronic sup-
plementation, at least 6 weeks of flavonoid treatment is required
for cognitive benefits to manifest and further corroborates the
cumulative nature of flavonoid effects. Indeed, while much fo-
cus has been placed on the metabolism of flavonoids in the 24 h
immediately after consumption, with identification of associated
peak plasma levels (see review by Di Lorenzo et al.[121]), our find-
ings point to the importance of assessing flavonoid metabolism
over an extended period. Although longer trial durations have fi-
nancial and recruitment implications, when planning trials re-
searchers should consider a minimum of 6 weeks of supplemen-
tation, to identify extended time-course effects and to allow suffi-
cient time for detectable cognitive changes to occur.
Our observation of stronger improvements to cognition fol-

lowing chronic relative to acute supplementation may be partly
explained by the rate at which bidirectional effects between
flavonoids and the gut microbiota occur. Flavonoids can act as
prebiotics to enhance the growth and establishment of bene-
ficial strains of bacteria present in the gut including bacteria
from the Bifidobacteriaceae and Lactobacillaceae families.[130,131]

In turn, biotransformation bymetabolism, depolymerization and
deconjugation of unabsorbed flavonoid molecules by the gut
microbiota occurs in the colon to promote bioavailability of
active metabolites known to elicit both general and cognitive
health effects (see reviews for proposed flavonoid mechanisms
of action[6,7,134]). The gut microbiota further interacts with the
central nervous system through the production of neurotrans-
mitters, for example 𝛾-amino butyric acid (GABA) by species
of Lactobacillus and Bifidobacterium[132] (see detailed review of
flavonoid and gut microbiota relationship).[133] Improved cogni-
tive performance shown for flavonoid treatments of 6 weeks and
longer likely reflect the time required for changes to the gut mi-
crobiota to take place and for associated increases in flavonoid
metabolites to lead to behavioral changes. Increases in urinary ex-
cretion of hippuric acid, a product of gut microbiota metabolism,
were measured following 8 weeks of a high-polyphenol diet,[135]

while increased excretion was detected after only 2 weeks fol-
lowing blueberry treatment in children.[136] In addition to uri-
nary metabolites, improvements to accuracy in a modified atten-
tion network task (MANT; ameasure of executive function, atten-
tion, and inhibition) described in detail by Whyte et al.[112] were
also concurrently observed in the same study following 2 and 4
weeks of blueberry treatment.[136] Clarity around the length of
supplementation required for metabolic effects is therefore re-
quired, particularly across different age groups. Whether cogni-
tive changes consistently coincide with changes in metabolites
remains to be established.
In a recent commentary on published reviews of polyphe-

nol effects on cognition, Lamport and Williams[22] observed
the reporting of more pronounced cognitive effects following
chronic polyphenol interventions. This was attributed to the
greater number of chronic studies reviewed, which is also re-
flected in the findings here. Additionally, acute effects can be
masked by numerous, transient confounds such as recent diet,
time of day of testing, and recent exercise. A possible interpre-
tation is that acute effects are likely more subtle in nature, ren-
dering them less detectable than chronic effects. The cognitive
domains or tasks that are sensitive to acute treatment may also

differ from those of chronic intervention. For example, faster re-
action times were recorded in the MANT following acute blue-
berry supplementation[54] compared to improved accuracy scores
in the MANT following chronic blueberry supplementation.[136]

Our subgroup analysis for age of participants suggests
flavonoids are particularly beneficial to cognition in middle-aged
and older adults. This may reflect the commencement of age-
related cognitive decline from middle age onward, thus increas-
ing the likelihood of flavonoids exerting a detectable effect. Young
adults at the peak of their cognitive ability may exhibit ceiling ef-
fects during testing leading to nonsignificant effects of flavonoid
supplementation.[137] Cognitive testing in future research should
therefore account for this through careful selection of cognitive
tasks with proven sensitivity in each age group. Significant posi-
tive outcomes were seen in a previous meta-analysis of studies
investigating young and middle-aged adults.[26] Our subgroup
analysis suggests that this may have been driven by the effects
seen in middle-aged adults. As with our observations for middle-
aged adults, Cheng et al.[29] showed soya isoflavones were ef-
fective in postmenopausal women younger than 60 years. How-
ever, the effects in women older than 60 years were nonsignifi-
cant. This may represent an effect that is specific to isoflavones.
Indeed, our findings demonstrate a clear benefit of flavonoids
more generally in older adults, which is consistent with previ-
ous findings.[21,25] Regarding children, only five studies were in-
cluded in our meta-analysis. All five studies investigated acute
blueberry interventions meaning that the findings are not rep-
resentative of flavonoid sources more generally, and do not in-
form us on potential chronic flavonoid effects in children. The
nonsignificant outcome for this subgroup may be partially due
to the limited number of studies (k = 5) coupled with the acute
designs. The effects of flavonoids on cognition in children there-
fore remain unclear and warrants further research, particularly
in foods outside of the berries group.
The subgroup analysis of cognitive health factors showed sig-

nificant positive effects of flavonoids on cognition in both cog-
nitively healthy and unhealthy subjects, but effect sizes were ob-
served to be significantly greater for the latter population. This
is likely due to greater scope for cognitive improvement in the
cognitively unhealthy. These results are in keeping with meta-
analyses which have shown cognitive benefits of supplement-
ing with gingko biloba in Alzheimer’s disease and cognitive
decline.[125–128,138] Importantly, our findings show flavonoids are
beneficial to the cognitive performance of cognitively unhealthy
subjects, including patients with MCI and AD. This result is
particularly pertinent in light of the increasing financial and so-
cial burden of neurodegenerative diseases in an aging popula-
tion. The potential clinical significance of this outcome warrants
further investigation. Furthermore, the potential for flavonoid
supplementation to support the maintenance of cognition in
healthy populations and prevent onset of neurodegenerative dis-
ease may in fact have greater impact than attempts to treat such
conditions.
Analysis of the individual flavonoid dose categories showed

significant positive effects on cognition following low and
medium but not high doses. Low and medium dose studies
comprised the majority of the analyzed studies. Thirteen studies
used a high-dose flavonoid intervention, representing 561 sub-
jects. The reason for a lack of significant effects at high doses
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is unclear at this stage and warrants further investigation. The
exact shape of the flavonoid-cognition dose–response curve is
yet to be established. Studies which have investigated a dose–
response, comparing a range of high, medium, or low doses
with a control, have demonstrated some benefits for higher doses
(e.g.,[17,55,61,80,85,93,99,100,105]), indicating that the cognitive effects
of flavonoids may increase with increasing dose, however these
dose-related effects are mainly restricted to cocoa and are yet to
be fully investigated for other flavonoid sources. Indeed, possible
reasons for this may be that high intakes are not recommended
for some flavonoid sources such as ginkgo biloba, green tea, or
soya due to the potential impact on the liver or endocrine sys-
tem. Berries and citrus fruits may simply be difficult to consume
in high amounts due to large volumes or side effects of high acid-
ity and fibre. Methodologically, it should also be noted that while
well-designed dose response trials impart valuable information
in isolation, the statistical constraints of a meta-analysis preclude
them from comparative subgroup analyses when combined with
other single-dose investigations. Therefore, as performed here,
combined dose findings from such studies can only be investi-
gated at the individual dose level. Irrespective of these issues, our
findings have clear implications for potential public health mes-
sages in that the positive effects of flavonoids are observed from
doses achievable within habitual daily dietary intake ranges.
Analysis of the individual cognitive domains showed signifi-

cant beneficial effects of flavonoids on long termmemory, mood,
and processing speed. Cheng et al.[29] adopted a similar method-
ology to examine the effects of soya isoflavones on different cog-
nitive domains and found significant effects on visual memory
only. In a comparative subgroup analysis Cui et al.[30] showed
significant effects of soya isoflavones on the memory domain,[30]

but also found that effect sizes were not significantly heteroge-
neous between domains, and therefore evidence of a particu-
lar domain showing greater sensitivity to flavonoid intervention
was not demonstrated. Here, most studies included in this meta-
analysis adopted a battery of cognitive tasks which assessed a
range of cognitive domains. As with dose, a comparative sub-
group analysis to directly compare the effect of flavonoids on the
different cognitive domains was therefore not possible. Further
investigations into the relative sensitivity of cognitive domains to
flavonoid intervention are needed. A consensus in the cognitive
tasks adopted across intervention studies would help to achieve
this by allowing the meta-analysis of data for specific tasks.
With respect to the positive outcomes for long-term memory

and processing speed, these are likely to be products of the large
number of studies included in the currentmeta-analysis to assess
performance in these domains. In relation to long-termmemory,
this is unsurprising given the focus of the majority of cognitive-
flavonoid research has been placed on the older adult population,
in which preservation or improvement of memory is of particu-
lar interest. Although memory appears to consistently respond
to flavonoid supplementation, whether it shows greater sensitiv-
ity over other domains remains inconclusive. The lack of posi-
tive findings for the cognitive domains of word fluency, acquired
knowledge, fluid reasoning, working memory/short-term mem-
ory, visuospatial ability, and reaction/decision speed could be due
to the relatively low number of studies in each subgroup, provid-
ing insufficient power to detect small effects. Additionally, it is
also possible that the tasks employed to assess each of these do-

mains may not have been sufficiently sensitive to detect subtle
cognitive changes.
Finally, for the comparative analysis of crossover and parallel

study designs, there was no significant heterogeneity observed
between subgroups. Importantly, this addresses potential com-
patibility issues of including both types of design in a meta-
analysis and provides justification for the adopted methodology.
This result suggests that any potential underweighting of effect
sizes in crossover studies was minimal, with little impact on the
overall estimated effect size.

4.2. Summary and Conclusions

This meta-analysis provides evidence for the positive effects of
flavonoids on cognitive function and demonstrates the moderat-
ing influence of a number of factors, including duration of sup-
plementation and dietary source of flavonoid. It appears that for
chronic effects, at least 6 weeks of supplementation may be re-
quired for benefits to manifest, and improvements may be more
likely following either blueberry, cocoa, or ginkgo supplementa-
tion. The potential of these and other flavonoid-rich foods tomiti-
gate pathological cognitive decline in healthy individuals requires
clarification in future research. Of the four comparative analyses
performed, the only factor to demonstrate significant heterogene-
ity between subgroups was cognitive health status. Indeed, cog-
nitive health status emerged as an important determinant of the
magnitude of cognitive effects. While significant benefits were
seen across both cognitively healthy and unhealthy populations,
they were most apparent in the cognitively unhealthy, with pre-
existing cognitive deficits likely to facilitate the subsequent im-
provements seen in middle-aged and older adults. Absence of
heterogeneity of effect sizes between flavonoid sources, duration
of supplementation, and age of participants subgroups could in-
dicate a genuine absence of significant difference, or more likely,
certain subgroups are under-represented and, therefore, further
high-quality RCTs are required.
A strength of this meta-analysis is the extensive coverage of

the existing literature, incorporating a wide range of flavonoid
sources, and populations, and allowing a detailed examination of
a host of contributing variables. Reassuringly, there were few po-
tential issues with bias in the literature, and the fail-safe N for
the global analysis was high allowing confidence in the findings.
We are aware of some limitations to this review. Studies were
restricted to those published in English. The cognitive effects ob-
served have been interpreted in relation to the flavonoid content
of the interventions described. However, it is acknowledged that
nonflavonoid polyphenolsmay also have contributed to these out-
comes.
There were also a low number of studies which investigated

citrus, pine bark, and tea, or that investigated the effects of
flavonoids on cognition in children outside of blueberry supple-
mentation. Therefore, there is scope for further examination in
these areas with appropriate controls. Indeed, this meta-analysis
highlights several areas where the number of quality studies is
limited, culminating in several recommendations.Well-designed
dose–response studies are needed to establish optimal and
dietary-relevant flavonoid doses to better inform public health
messages relating to flavonoid intake. It also remains unclear
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whether flavonoids exert their effects on specific cognitive do-
mains, and so future research should aim for a consensus on the
cognitive tasks used, facilitating consistent investigation across
a broad spectrum of domains, and allowing easy comparison
between studies in meta-analysis or systematic review. Estab-
lishing domain-specific effects would support better targeting of
potential patient or consumer recommendations, for example,
where cognitive health priorities may vary between age groups.
Overall, the positive impact of flavonoid supplementation on
cognitive health observed here presents the potential for a highly
accessible, safe, and cost-effective intervention program to tackle
the burden of cognitive decline.
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