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OBJECTIVES: The cognitive-protective effects related to the consumption of a variety of fruits are supported by several intervention
studies. This systematic review and meta-analysis compared the magnitude of effects following chronic (=1 week) consumption of
frozen, freeze-dried powder including extracts and juices of fruits, covering berries, cherries and citrus, on cognition and mood in

adults.

METHODS: PubMed, Web of Science, Scopus, and psycARTICLES were searched from inception until February, 2021. Inclusion
criteria were randomised controlled trials assessing memory, executive function, psychomotor speed, mood and mini mental state
examination in adult participants =18 years of age. Cognition was tested by global or domain specific tasks.

RESULTS: Out of 13,861 articles identified, 16 papers were included; 11 studies provided suitable data for meta-analysis. Fourteen
studies reported improvement or trend for improvement in cognition, five studies assessed mood and one study supplementing
grape juice found trend for mood improvement. From the meta-analysis, cherry juice supplementation was suggested to improve
psychomotor speed by —0.37 of standardised mean difference (95% CI [—0.74, 0.01]) in reaction time (P = 0.05).
CONCLUSIONS: The meta-analysis did not sufficiently support a role for fruits or fruit forms to improve cognition and mood.

European Journal of Clinical Nutrition; https://doi.org/10.1038/s41430-022-01138-x

INTRODUCTION

Age-induced cognitive decline is a common and important
phenotype that is likely to be associated with increased disease
risks such as dementia [1]. Ageing is associated with an increased
susceptibility to chronic organ disease and decline of metabolic
and immune functions which impact on the brain [1]. Aside from
cognitive decline with ageing, an increased age-associated risk of
neurodegenerative disorders such as dementia and Alzheimer’s
disease is prevalent [2]. Therefore, the measurement and
treatment of cognitive impairment is important due to the rising
prevalence of dementia [2] and the benefits of early detection and
prevention [3].

The rate of age-related cognitive impairment is mainly
influenced by lifestyle behaviours, including diet [4, 5]. Fruits
and vegetables represent a rich source of antioxidants including
vitamins (vitamin C, B complex and E etc), carotenoids and
polyphenols, which have been shown to improve cognition [6-8].
A number of potential underlying mechanisms have been
identified including the interaction of fruit polyphenols, carote-
noids and vitamins with intracellular neuronal and glial signalling
pathways, regulation of cerebral blood flow, and protection
against neurotoxins and neuroinflammation [8-10]. A dose-
response meta-analysis including nine studies (five cohort studies
and four cross-sectional studies) with a total of 31,104 participants
suggested approximately a 13% (OR=0.87, 95% Cl 0.77-0.99)

reduction in cognitive impairment and dementia risk by an
increment of 100 g per day of fruit and vegetable consumption
[11]. A number of intervention studies also showed positive results
indicating that intake of a range of flavonoid-rich fruit (e.g.
blueberry, orange juice) improves both immediate and chronic
cognitive performance or mood in older adults [12]. From a
nutritional perspective, employing single whole foods instead of
single components such as a supplement in interventions is more
appropriate since synthetic single nutrient supplements are likely
to be metabolised through different pathways to natural bioactive
compounds [13].

Fruit can be consumed in a variety of forms following different
processing methods, for example as fruit juices, smoothies, frozen
fruit, and freeze-dried fruit powders and a recent paper
emphasized the need for additional research assessing the effect
of processed fruit on health, as fruit in processed forms (e.g.
processed powder) provide consumer options whilst also reducing
costs and food waste [14]. These different fruit forms could be an
effective method to increase overall fruit consumption and it is
important to determine the impact of different fruit groups and
delivery forms on cognition in order to better inform the public.
Therefore, the protective effects on cognition of whole fruit
intervention or fruit intervention in different forms (e.g. powder,
juice) instead of single molecules, such as polyphenols, are worth
exploring.
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Inconsistent findings have been reported on fruit interventions
for cognitive effects [15, 16]. Whilst small sample size is indicated
as a factor in null findings, the length of intervention as well as
type and form of fruit may also be important. There could be
metabolic difference between acute and chronic polyphenol-rich
fruit interventions. The circulating metabolites, including poly-
phenol metabolites only remained in the cerebral blood flow (CBF)
circulation for an approximately 1-2h peak Cmax in plasma
[17-19]. Emerging evidence from acute interventions employing a
range of fruit juices and dried powders also indicates that
polyphenol-rich fruit-based interventions e.g. citrus, grape, and
blackcurrant juice and powder may benefit brain function [20-22].

In terms of nutritional value, fruit juices and dried fruit powders
retain polyphenols, vitamins and minerals that are bio-accessible
despite fibre and other nutrient losses that occur during
processing [23, 24]. Fruit processing, such as smashing or thermal
treatment, can damage the cell structure of whole fruit releasing
cytoplasmic content that can make bioactive compounds more
accessible for absorption [25]. Moreover, the presence of other
constituents formed from the technological process or added
from food matrix such as sugar could modify the bioavailability of
the bioactives due to their ability to bind, solubilize, or stabilize
[26]. Research has explored the difference in nutritional value and
bioavailability of bioactives between whole fruit and processed
fruit. One in vitro gastrointestinal digestion model study showed
that mulberry juice still contains 60 - 70% of the anthocyanin
content compared to unprocessed raw mulberry [27]. Further-
more, Kuntz et al. compared the bioavailability of selected
anthocyanins from grape and blueberry juice with a smoothie
and found no difference in plasma pharmacokinetics and recovery
of the major anthocyanin species. However, significantly higher
concentrations of the phenolic acid 3,4-dihydrobenzoic acid were
shown after ingestion of the juice [28].

It is also worth noting that the cognitive domains categorised in
intervention studies often vary depending on the cognitive ability
that researchers intend to assess with different tasks applied [26].
Therefore, the impact of fruit interventions on specific cognitive
domains cannot be quantitatively compared because of the large
variability in the assessment tools and scoring interpretations. This
concern has also been highlighted in other dietary trials assessing
cognition [29]. Here, we have systematically reviewed and meta-
analysed available fruit interventions to evaluate the chronic
effects (=1 week) of whole, powdered, and juiced fruit, specifically
anthocyanin-rich berries and cherries, and flavonoid-rich citrus
fruit on cognition in randomised controlled trials (RCTs). We also
categorised specific tasks, depending on the assessed cognitive
ability/domain for each RCT, in order to achieve quantitative
comparison across RCTs. Due to the impact of mood on cognition,
we also included assessment of mood outcomes here [30].

METHODS

Study eligibility

We searched for studies investigating the effect of berry, cherry
and citrus fruit supplementations on cognition and mood. Berries
so defined includes grapes, blueberries, strawberries etc; citrus
includes oranges etc; cherry is categorised as stone fruit [31]. The
following specific inclusion criteria were applied: (1) study design:
RCTs; (2) subjects: adult subjects =18 years of age; (3) interven-
tions: only chronic intervention studies for at least one week
providing or promoting citrus, cherry, or berries including
blueberry, grape, blackberry, raspberry and cranberry in various
forms (e.g. their juices) to be consumed without acute supple-
mentation prior to testing; (4) control: control groups without
components of citrus, cherry, or berries, likely isoenergetic placebo
group; (5) outcomes: cognitive function and mood (described
below); (6) Only English-language and peer-reviewed articles were
included. No restriction of publication year was applied.
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Data sources

This review is in line with the PICOS (population, intervention,
comparator, outcome, study design) framework (Supplemental
Table 1). The systematic review was conducted with a prospective
protocol in accordance with Cochrane Handbook for Systematic
Reviews of Interventions version 5.1 [32] and Centre for Reviews
and Dissemination Guidelines [33] and was reported according to
PRISMA guidelines [34] (Supplemental Table 2). The protocol was
registered with PROSPERO, the International Prospective Register
of Systematic Reviews (Registration number CRD42018091896).
This protocol includes the investigation of the impact of these
fruits on the risk factors of cardiovascular diseases, however the
analysis has been reported elsewhere [35]. The search started from
inception until February 2021 using PubMed, Web of Science,
Scopus and psycARTICLES. The search strategy was as following:
(Fruit OR citrus OR orange OR berry OR berries OR grape OR
blueberry OR blueberries OR blackberry OR strawberry
OR strawberries OR blackcurrant OR blackberries OR raspberry
OR raspberries OR cranberry OR cranberries OR cherry OR cherries)
AND (cogniti* OR memory OR “executive function” OR “reaction
time” OR “psychomotor speed” OR attention OR mood) AND (trial
OR intervention). Full electronic search strategy for PubMed was
added in Supplemental Table 3.

Study selection

Two researchers (YW and JLG) assessed articles independently for
inclusion eligibility. All records were exported to EndNote X8
reference management software. Articles were moved to the next
screening phase or discarded when full disagreement was
reached. Any disagreements that were not resolved were handled
by CHR and JKL serving as arbitrators. No disagreements occurred
during the selection phase. The selection of eligible studies was
based on 2 steps. Firstly, the title and abstract of each study was
screened for relevance; full texts were then reviewed for those
with potential for inclusion. Reference lists of included papers and
relevant systematic reviews were also supplemented by hand-
searching for additional articles.

Data abstraction

Data were extracted by YW and JLG independent of each other,
their selections for accuracy were reviewed in meeting. Corre-
sponding authors were contacted via e-mail for requested
information if there was missing data or for clarification. A pre-
defined data extraction form was used to input study data, which
includes information on (1) author and published year; (2) study
design; (3) population characteristics (ethnicity, mean age, sex,
mean BMI, health status and sample size at baseline); (4) treatment
details (intervention type, length, dosage and frequency); (5)
control group settings; (6) retention rate; (7) measured cognitive
testing scores for both experimental group and placebo group at
baseline and the longest post-intervention time point to avoid the
bias of selectively choosing data (if applicable); (8) recording any
data adjustments made for physical activity level among the
included studies. Primary outcomes of the analyses were cognitive
and mood scores after intervention and placebo treatment. The
cognitive function measured in each study was categorized into
memory, executive function and psychomotor speed domains for
meta-analysis. The domain categorization in this review was based
on a commonly used approach to understand cognitive domains
[36].

Risk of bias and quality assessment

Study quality was assessed by Cochrane Risk of Bias (RoB2) tool
with assessment of five components, D1 of randomisation process,
D2 of deviations from intended interventions, D3 of missing
outcome data, D4 of measurement of the outcome and D5 of the
selection of the reported results [29]. The overall risk of study bias
was rated by low risk, some concerns or high risk. Grading of
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Fig. 1 Flow diagram of study selection.

Recommendations Assessment, Development, and Evaluation
(GRADE) evidence profile [37] was also applied to evaluate the
risk of bias, inconsistency, indirectness, and imprecision of
evidence in the aspects of assessed executive function, memory,
psychomotor speed and mood in the RCTs included in the present
review. Publication bias was also assessed by Funnel plot and
Egger’s test where available [38].

Data synthesis

R studio version 3.5.2 [39] and the package “meta” [40] were used
to pool and meta-analyse data from collected studies. Means and
SDs from endpoint and baseline data for intervention and control
group were obtained from long-term (=1 week) studies. All pooled
results were presented as weighted mean difference or standar-
dised mean difference with 2-sided P values and 95% of
confidence intervals (Cls) in forest plots. Sensitivity analysis was
performed to investigate the impact of studies adjusting for
participants’ physical level and also the impact of juice quality on
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the meta-analysis results [41, 42]. However, insufficient study data
was obtained to implement subgroup analysis to further explore
the impact of the variations induced by study design and
participant characteristics.

As shown in Table 1, based on the categorised cognitive tasks,
meta-analyses investigating the effects of berry interventions on
memory, executive function and psychomotor speed [43-49] and
2 cherry juice studies assessing executive function and psycho-
motor speed were carried out [41, 50]. Two grape powder studies
assessing MMSE (Mini Mental State Examination), which measures
cognitive impairment, were also included [51, 52]. Memory and
executive function both encompass the essential cognitive
processes in a person’s life [53]. Psychomotor speed assesses
the individual’s ability to detect and respond to a stimulus and
therefore reflects the relationship between cognition and physical
movements [54].

Statistical heterogeneity was estimated by Cochrane Q statistics
and the consistency of study results was assessed by /° statistics as
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an extension of Cochrane Q statistics, which depicts the
proportion of the variability in treatment effect rather than
sampling error (chance) that accounts for the real study
differences (heterogeneity) and an F>50% was considered for
high heterogeneity level [55].

Standard deviation of mean difference (SMD) was used for
studies assessing MMSE, memory, executive function, and
psychomotor speed, where studies used different assessments
or different measurement units. Variance of treatment effects
across studies due to real treatment differences and/or sampling
variability (chance) was assumed by a Hartung-Knapp-Sidik-
Jonkman random-effects meta-analysis model [56].

RESULTS

Literature search

In accordance with PRISMA guidelines [34], the selection process
for included studies is shown in Fig. 1. The initial search produced
14,253 articles from the four databases, no additional article was
added from manual search through reference lists of articles
previously identified. This record was reduced to 9020 articles
after duplicates were removed. After screening of titles and
abstracts for eligibility, 8997 articles were excluded either due to
not being human intervention studies or abstract only. The final
selection identified 23 trials assessing cognition, seven articles
were further excluded after checking full-text eligibility. Sixteen
trials were included in this review, 11 trials from these were
included in the meta-analysis.

Study characteristics

Among 16 included studies in this review (Table 2), there were 3
crossover RCTs [43, 57, 58] and 13 parallel RCTs [41, 44-52, 59-61].
The average age of the participants in the interventional and control
group for included studies were 6549+ 15.78 and 65.26 + 15.61
years old respectively. Thirteen of these studies recruited older
participants (aged 60 years or older) [41, 44-48, 50-52, 57, 59-61].
Baseline characteristics of participants varied across interventions,

10 studies included healthy participants at baseline [41, 43-
45, 47, 49, 51, 57, 58, 61], five studies included older people
manifesting cognitive decline [46, 48, 52, 59, 60] and the remaining
one study recruited diagnosed mild to moderate dementia [50].
There were 9 studies supplementing fruit juice and concentrate
[41, 43-45, 50, 57-60], six studies supplemented fruit powder
[46, 48, 49, 51, 52, 61] and only one study used whole frozen fruit
[47]. Among 16 studies, the mean intervention duration was
13 weeks, ranging from 1 week to 6 months. Two studies
supplementing Aronia melanocarpa berry and grape powder used
placebo powder composed of maltodextrin as control [49, 62].
One blueberry concentrate intervention used isoenergetic syn-
thetic blackcurrant and apple cordial as control [45]; the orange
juice intervention used equicaloric low-flavanone (37 mg) orange-
flavoured cordial as control [63]; one cherry juice intervention
used flavonoid-devoid apple juice as control [50]; the frozen
blueberry intervention used carrot juice with low anthocyanins as
control [47]. The rest of the studies used placebo beverage or
powder matched for energy, carbohydrate, flavour but devoid of
polyphenol content as a control [41, 43, 44, 46, 58-60, 64, 48].
Among the juice supplementations, three studies were accu-
mulated under the groupings of grape juice with mean dosage of
408 ml/d containing173.4 mg, 173.4 mg and 167 mg anthocyanins
respectively [43, 59, 60]; three were cherry juice including
concentrate with mean dosage of 247 ml/d containing 138 mg
anthocyanins, 320 mg anthocyanins, and 450 mg total polyphe-
nols respectively [41, 50, 58], one was cranberry juice with 32
ounces/d (around 942 ml) containing 435 mg total polyphenols
[44]. One was blueberry juice concentrate with 30 ml/d [45]
containing 387 mg anthocyanidins and one was orange juice
study with 500 ml/d containing 305 mg flavanones [57]. Three
studies supplemented blueberry powder with mean dosage of
16.3 g/d containing 363 mg anthocyanins, 460.8 mg anthocyanins,
and 70 mg total polyphenols respectively [46, 48, 64] and two
supplemented grape powder with mean dosage of 48.5g/d
containing 223mg and 125mg anthocyanins respectively
[52, 62]; portion conversion of powder to whole fruits were

Study DI D2 D3 D4 D5 Overall
(Ahles etal, 2020) = + ! ! + ! + Low risk
(Bowtell et al., 2017)  + + + + + + I Some concemns
(Boespfug etal, 2018) ! ! 1|1 + ! . High risk
(Calapai et al., 2017) + ! ! ! + !
(Chaietal. 2019)  + . ! . + .
(Crews et al. 2005) @@ : : : * : D1 Randomization process
epers Y * : * * * D2 Deviations from intended interventions
(Kean et al, 2015) ¥ * * * * 2 D3 Mising outcome data
(Kent ot al, 2017) @ ¥ : * * * D4 Measurement of the outcome
ficioian sl el 2012) (@ : ! . * : D5 Selection of the reported result
(Krikorian et al. 2010a) ! ! + ! + !
(Lee etal.,, 2017) ! + ! + + 1
(Miller et al., 2017)  + + ! + + +
(Morehen et al., 2020) + ! + ! + !
(Schrager et al., 2015) ! ! + ! + !
(Whyte et al. 2018) + + + + + +

Fig. 2 RoB2 assessment of study quality. RoB2: A revised Cochrane risk-of-bias tool for randomized trials.
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provided in three studies [46, 48, 52]. For example, Lee et al.
supplemented grape powder that was comparable to three
servings of fresh grapes daily (approx. 504 g/d fresh grapes) [52].
Two studies supplementing blueberry powder were equivalent to
providing one cup and 1.5 cups of fresh blueberries as measured
in FDA recommended fruit portions respectively [46, 48]. Ahles
et al. supplemented 90 mg and 150 mg Aronia melanocarpa berry
extract powder providing 16mg and 27mg anthocyanins
respectively without indicating portions of equivalent whole berry
[49]. Schrager et al. supplemented 200 g/d whole frozen blue-
berries without measuring total polyphenol or anthocyanins
levels [47].

Study quality

This review assessed RCTs’ quality via RoB2. Figure 2 presents the
RoB2 assessment for each study. Eleven studies presented low risk
in the evaluation of randomisation process and five studies
presented some concerns. Seven studies presented low risk in the
evaluation of deviations from intended interventions, eight
studies presented some concerns, and one study presented high
risk. Six studies presented low risk in the evaluation of missing
outcome data, 10 studies presented some concerns. Seven studies
presented low risk in the measurement of the outcome, eight
studies presented some concerns and one study presented high
risk. All 16 studies presented low risk in the selection of the
reported result. Six studies presented low risk for overall study risk
of bias, nine studies presented some concerns for overall study
risk of bias and one study presented high risk for overall study risk
of bias.

As summarised in Table 2 of GRADE evidence, there may be
serious risk of bias in the assessment of executive function,
memory and psychomotor speed in the RCTs included in this
review. The risk of bias in the assessment of mood and the risk of
inconsistency, indirectness, or imprecision of the assessment of
executive function, memory, psychomotor speed and mood was
not serious in the RCTs included in this review.

Findings from the studies included in the systematic review

As shown in Table 3, all 16 included studies have assessed
cognition with 14 studies reporting improvement or trend for
improvement in cognition; 10 studies also assessed mood and one

study supplementing grape powder found trend for mood
improvement. The largest portion of studies supplemented frozen,
juiced or powdered berries (12 out of 16 studies) with blueberries
(h=25) and grapes (n=5) being the most intensively studied
interventions.

As shown in Table 3, one frozen blueberry study reported
improved motility with a large effect size (Cohen’s d =1.03) and
reduced step errors (76.9% vs 57.1% of participants in intervention
vs control group) with a large effect size (Cohen’s d=1.16) [47].
Ahles et al. found improved psychomotor speed after supple-
menting 90 mg of Aronia melanocarpa berry extract powder for
24 weeks (P=0.009) without providing an effect size [49]. For
blueberry powder supplementations, Boespflug et al. reported
marginally improved accuracy for the blueberry group in the
1-back condition (P = 0.08) for executive function assessment with
a large effect size (Cohen’s d=1.02) [46]; Miller et al. reported
significantly fewer repetition errors in the California Verbal
Learning test (P=0.031) with a medium effect size (Cohen’s d =
0.50) and reduced switch cost on a task-switching test (P = 0.033)
for executive function assessment across visits, relative to controls,
whereas no effect on mood assessment using Geriatric Depression
Scale (GDS) and the Profile of Mood States (POMS) was found [48];
Whyte et al. reported no effect on cognition and mood as
assessed by the Positive and Negative Affect Schedule-NOW [61].
One blueberry concentrate study also reported improved execu-
tive function assessed by working memory (two back test) relative
to the control (P =0.05) [45].

For grape powder supplementation, Calapai et al. reported
better attention (P<0.001); language (P<0.05); immediate
memory (P <0.0001); delayed memory (P<0.0001) and MMSE
score (P < 0.001) compared to the control without providing effect
sizes [51]; Lee et al. also reported better attention/working
memory under the domain of executive function, as measured
with WAIS-IIl Digit Span within the intervention group (P =0.04)
without providing effect sizes, no effect on mood as assessed by
Hamilton Rating Scale (HRS) was shown [52]. For grape juice
supplementations, Lamport et al. reported better immediate
spatial memory with a small effect size (Cohen’s d=0.2) and
driving performance (P < 0.05) with a small effect size (Cohen’s
d=0.4) compared to the control [43]; Kirkorian et al. reported
attenuated cognitive error (5.03 vs 7.16 interference errors on

a. Berry studies assessing psychomotor speed

Experimental

Control Standardised Mean

Study Total Mean SD Total Mean SD Diﬂernce SMD 95%-Cl Weight
1.Lamport, et al., 2016 (UK) 19 461.00 69.7400 19 452.00 61.0200 . 0.13 [-0.50;0.77] 28.5%
2.Crews et al., 2005 (US) 24 69.08 31.0300 23 64.04 19.4900 . 0.19 [-0.38;0.76] 29.8%
3.Schrager, et al., 2015 (US) 13 30244 6.3600 7 288.98 8.8100 —— 1.77 [0.67;2.88] 19.9%
4 Boespflug et al., 2018 (US) 8 1019.00 272.0000 8 916.00 247.0000 —i— 0.37 [-0.62;1.37] 21.8%

Random effects model 64 57 <E 0.53 [-0.62; 1.68] 100.0%

Prediction interval — [-2.55; 3.61]

Heterogeneity: 12 = 58%, t° = 0.3826, p = 0.07 I T T L

Test for overall effect: t3 = 1.47 (p = 0.24) 4 2 0 2 4

*Note

1. Grape juice, 355 ml/d, 12 weeks

2. Cranberry juice, 942 ml/d, 6 weeks

3. Whole frozen blueberry, 200g/d, 6 weeks
4. Blueberry powder, 25 g/d 16 weeks

favours experimental favours control

b. Cherry juice studies assessing psychomotor speed

Experimental Control Standardised Mean
Study Total Mean SD Total Mean sD Difference SMD 95%~Cl Weight
1.Kent, et al., 2017 (Australia) 24 101.90 67.3000 25 128.60 85.0000 . 3 -0.34 [-0.91;0.22] 59.2%

2.Chai, S. C., et al., 2019 (US) 17 350.50 15.0000

Random effects model a 42
Heterogeneity: /° = 0%, 7* < 0.0001, p = 0.89
Test for overall effect: t; = -12.52 (p = 0.05)

*Note
1. Cherry juice, 200 ml/d, 12 weeks
2. Cherry juice, 480 ml/d, 12 weeks

17 358.90 24.7000

-0.40 [-1.08;0.28] 40.8%

-0.37 [-0.74; 0.01] 100.0%

Fig. 3 Forest plot of fruit studies assessing psychomotor speed. Forest plot of a berry studies and b cherry juice studies assessing

psychomotor speed.
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recognition memory task) with a large effect size (Cohen’s d = 1.0)
and no effect on mood as assessed by GDS [59]; Krikorian et al.
reported improved Paired Associate Learning (PAL) (P=0.009),
Word List Recall (P = 0.04) with a medium effect size (Cohen’s d =
0.56) and trend for improving mood measured as reduced
depressive symptoms (P = 0.08) [60].

For cherry juice supplementations, Chai et al. reported
increased subjective memory in the domain of contentment with
memory by 5%, reduced movement time by 4% and also reduced
errors in episodic visual memory by 23% compared to control
drink as assessed by PAL task without providing the effect size
[41]. Kent et al. reported better memory and executive as assessed
by verbal fluency (P = 0.014) with a large effect size (Cohen’s d =
1.04), short-term memory (P=0.014) with a medium effect size
(Cohen’s d =0.79) and long-term memory (P < 0.001) with a large
effect size (Cohen’s d=0.94) [50]. Morehen et al. found no
significant changes in assessed sleep, fatigue or mood between
pre- and post-intervention and between groups [58].

For cranberry juice supplementation, there is no effect (P=
0.123) on self-report memory [44]. For orange juice supplementa-
tion, there was improved global cognitive function and executive
function (significant drink x visit interaction, P<0.05) with no
effect on Positive and Negative Affect Scale without providing an
effect size [57].

Meta-analyses

As shown in Table 1, for studies included in the meta-analysis,
memory was assessed as either the number of correct responses
or accuracy (%) in Immediate Word Recall, Delayed Word Recall or

Y. Wang et al.

CVLT List Free Recall (California Verbal Learning Test); executive
function was assessed as the total score, or the number of correct
responses or arcsine transformation of the square root of the
proportion of correct answers in Digit Symbol Substitution Test,
Digit Span, 2-Back Task, Rapid Visual Information Processing (RVIP)
or Number Cross-out Test; psychomotor speed was assessed as
reaction time (RT, ms or s) of Trail Making Task, Reaction Time Test
(RTI), Simple Reaction Time, 2-Back Task or RVIP. Studies
incorporating grape juice, grape powder, blueberry juice, blue-
berry powder, cranberry juice and frozen blueberry constituting a
berry group along with studies supplementing cherry juice were
able to provide sufficient data to run meta-analysis. There was
insufficient data for mood to be entered into meta-analysis, but
the mood assessment results for individual studies are reported in
Table 3.

Notably, cherry juice induced a borderline significance in
improvement of psychomotor speed after the intervention
compared to control (SMD = —0.37, 95% Cl - 0.74 to 0.01, P=
0.05, t; = —12.52) in Fig. 3. The berry group induced no significant
difference for psychomotor speed between intervention and
control group (SMD =0.61, 95% Cl —1.58 to 2.80, P=0.36, t, =
1.19) (Fig. 3). As shown in Fig. 4 for the assessment of executive
function, the berry group induced no significant difference
between intervention and control group (SMD =0.02, 95% ClI
—0.19 to 0.23, P=0.77, t4,=0.32) and cherry juice induced no
significant difference between the two groups (SMD = —0.65, 95%
Cl - 15.63 to 14.34, P=0.68, t; = —0.55). As shown in Fig. 5 for
memory assessment, the berry group induced no significant
difference between intervention and control groups (SMD = 0.04,

a. Berry studies assessing executive function

Experimental
Study Total Mean

19 29.90 12.2000
24 74.58 13.6800
8 0.79 0.0800
12 1.23 0.1600
35 54.50 28.9888

1.Lamport, et al., 2016 (UK)
2.Crews et al., 2015 (US)
3.Boespflug et al., 2018 (US)
4.Bowtell e al., 2017 (UK)
5.Ahles et al., 2020 (Netherlands)

Random effects model 98 96
Prediction interval
Heterogeneity: /2 = 0%, ©* = 0.0057, p = 0.90
Test for overall effect: t; = 0.32 (p = 0.77)
*Note
1. Grape juice, 355 ml/d, 12 weeks
2. Cranberry juice, 942 ml/d, 6 weeks
3. Blueberry powder, 25 g/d, 16 weeks
4. Blueberry concentrate, 30 ml/d, 12 weeks
5. Aronia melanocarpa berry extract powder, 150 ml/d, 24 weeks

Control
SD Total Mean

19 29.00 10.4600
23 71.61 11.9800 —E— 0.23
8 0.79 0.0900
14 1.28 0.2000
32 55.40 31.6784

Standardised Mean

SD Difference SMD 95%-Cl Weight

— 0.08 [-0.56;0.71] 19.9%
[-0.35;0.80] 24.2%

—_— 0.00 [-0.98;0.98] 8.6%
[-1
[-0.

— -0.26 .04;0.51] 13.6%
—a -0.03 [-0.51;0.45] 33.7%

_‘J>_ 0.02 [-0.19; 0.23] 100.0%
[-0.32; 0.36]
1

-2 -1 0 1 2

favours experimental favours control

b. Cherry studies assessing executive function

Experimental Control Standardised Mean
Study Total Mean SD Total Mean sD Difference SMD 95%~Cl Weight
1.Kent, et al., 2017 (Australia) 24 34012000 25 280 1.1000 051 [-0.06; 1.08] 50.8%

2.Chai, S. C., et al.,, 2019 (US) 17 26.50 2.3000
Random effects model a 42
Heterogeneity: I° = 95%, v° = 2.5467, p <0.01
Test for overall effect: t; = -0.55 (p = 0.68)

*Note

1. Cherry juice, 200 ml/d, 12 weeks

2. Cherry juice, 480 ml/d, 12 weeks

17 30.10 1.4000
r T T

-1.85 [-2.66;-1.03] 49.2%
. -0.65 [-15.63; 14.34] 100.0%

-20 -10 0 10 20

Fig. 4 Forest plot of fruit studies assessing executive function. Forest plot of a berry studies and b cherry juice studies assessing executive

function.

Experimental
Study Total Mean SD Total Mean

19 36.20 6.9742
24 9.64 2.0800
18 7.00 2.2000

1.Lamport, et al., 2016 (UK)
2.Crews et al., 2005 (US)
3.Miller, et al., 2016 (UK)

Random effects model 61 61
Prediction interval
Heterogeneity: /2 = 29%, % = 0.0685, p = 0.25
Test for overall effect: t, =0.19 (p = 0.87)
*Note
1. Grape juice, 355 ml/d, 12 weeks
2. Cranberry juice, 942 mi/d, 6 weeks
3. Blueberry powder, 24 g/d, 13 weeks

Fig. 5 Forest plot of berry studies assessing memory.
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Control
SD Difference SMD

19 35.40 5.6666 <=
23 8.77 2.8600 .
19 7.90 2.3000

Standardised Mean
95%-Cl Weight

0.12 [-0.51;0.76] 32.3%
0.34 [-0.23;0.92] 36.3%
-0.39 [-1.04;0.26] 31.4%

0.04 [-0.89; 0.97] 100.0%
[-4.28; 4.36]

4 2 0 2 4
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Experimental

Study Total Mean SD Total Mean
Calapai, et al., 2017 (ltaly) 57 28.50 1.0000

Lee et al., 2017 (US) 5 28.60 2.0700

Random effects model 62 57
Heterogeneity: 12 = 68%, 1° = 0.4153, p = 0.08

Test for overall effect: t; = 1.15 (p = 0.46)

Control
SD Difference SMD

52 27.32 1.2000 -
5 28.80 1.3000 -

Standardised Mean
95%-Cl Weight

1.07 [0.66;1.47] 64.1%
-0.10 [-1.35;1.14] 35.9%

%‘> 0.65 [-6.49; 7.78] 100.0%
1

-10 -5 0 5 10
favours experimental favours control

Fig. 6 Forest plot of grape powder studies assessing MMSE. MMSE: Mini Mental State Examination.

95% Cl —0.89 to 0.97, P=0.87, t, = 0.19). Apart from the analysis
assessing cognitive domains, two grape powder studies were able
to provide MMSE (Mini Mental State Examination) data, but no
significant difference was shown between intervention and
control groups (SMD = 0.65, 95% Cl — 6.49 to 7.78, P=0.46, t; =
1.15) (Fig. 6).

Significant heterogeneity among studies was observed in the
cherry juice studies assessing executive function (¥ =95%, P<
0.01) and berry group assessing psychomotor speed (¥ = 72%, P
=0.03). There was no change of heterogeneity in executive
function and psychomotor speed assessment after the sensitivity
analysis excluding studies applying physical activity adjustments
and supplementing concentrate, the sensitivity analysis also
suggested no effect of physical activity level and juice quality
on the interventional effect (Table 4). Funnel plots and the egger’s
test for the berry group showed an overall symmetric distribution
of the berry interventions around the standard error for the
investigated outcomes of executive function (Egger's tests P=
0.24) and memory (Egger's tests P=0.28); asymmetric distribu-
tions were shown for the berry interventions investigating the
effect on psychomotor speed (Egger's tests P=0.28); cherry
interventions investigating the effect on executive function
(Egger’s tests P=0.35) and grape powder interventions investi-
gating the effect on MMSE (Egger’s tests P = 0.24) (Supplemental
Fig. 1). Trim and fill method was further implemented to adjust for
publication bias (Supplemental Fig. 1).

DISCUSSION

Principal findings

Our systematic review collected a range of frozen, freeze-dried,
powdered and juiced fruit interventions, specifically berries (n =
12), reporting positive findings on cognition or mood. The largest
portion of studies involved fruit juices (nine out of 16 studies) with
grape juice (n=3) and cherry juice (n=3) being the most
intensively studied supplementations. As demonstrated by the
meta-analysis, two cherry juice studies including 41 participants
receiving cherry juice with mean dosage of 340 ml/d for 12 weeks
induced a borderline significant improvement in psychomotor
speed. However, it is important to note that only two studies were
included and one of those had a high risk of bias [41], which limits
the impact of this finding.

Our meta-analyses suggested no differences between the
intervention and control groups in any cognitive domains
following berry or other fruit-based supplementations. No
improvement was observed on any outcomes including executive
function and memory, which does not support the notion that the
consumption of specific fruit powders or other fruit juices will
confer a cognitive-protective benefit. Overall, the individual
interventions showing improvements in our systematic review
still require further substantiation given that the meta-analysis
only suggests that cherry juice may have cognition-protective
potential.

Scientific analysis of findings

The systematic review suggested the potential for whole blueberries,
blueberry juice concentrate, blueberry powder, grape powder, grape

SPRINGER NATURE

juice, cherry juice, orange juice and cranberry juice supplements to
improve cognitive health. Supplementing grape juice also showed
potential to improve mood. However, from the meta-analysis, we
only found a borderline significant improvement in psychomotor
speed following chronic consumption of cherry juice. The partici-
pants of the cherry juices studies included here were older, healthy
(> 60 years old) or have dementia. It's worth noting that slower
psychomotor speed has been found to be associated with increased
risk of all-type dementia (hazard ratio [HR] 3.41, P<0.0001),
Alzheimer's disease-type dementia (HR 3.18, P < 0.0001), Parkinson’s
disease (HR 2.98, P =0.04) and depressive symptoms (HR 1.53, P=
0.03) [65], and is therefore related to chronic mobility disorders and
important for health wellbeing. Cherry juice has high content of
flavonoids catechin, epicatechin, procyanidins and anthocyanins
[66, 67] and the most recent evidence points towards potential
benefits of supplementing flavonoids, ranging from 60 to 768 mg
daily on attention, working memory, and psychomotor speed, but
the study findings were not conclusive [68].

In our review, grape powder and juice interventions have shown
improvement to cognition or mood for at least one of the cognitive
aspects [43, 52, 59, 60, 62]. Studies supplementing blueberry
powder, cherry juice and cranberry juice also have reported effect
on cognitive or mood benefit [46, 48, 50, 64, 69, 70]. Polyphenol-
rich fruit juice interventions that reported positive effect on
cognitive health have provided anthocyanin levels ranging from
138 to 387 mg or 435 to 450 mg total polyphenol levels daily; fruit
powder interventions with positive findings on cognition have
provided either anthocyanin levels ranging from 12.5 to 460.8 mg
or 70 mg total polyphenol levels daily. Small molecules, especially
anthocyanins are the major class of polyphenols in berry and cherry
fruit (approximately 92 mg/100 g) [41]. However, the anthocyanin
profile in polyphenol-rich fruit is a factor explaining variability in the
biological responses observed in dietary interventions with this
fruit. For instance, blueberries contain primarily delphinidin,
malvidin, and petunidin whereas raspberries and blackberries
contain primarily cyanidin, pelargonidin and malvidin [71].
Although consumption of anthocyanins can be in the range of
200 mg/d [72], the bioavailability appears low as they are believed
to be poorly absorbed and rapidly excreted [73]. The rate of
polyphenol absorption from blueberries could be influenced by
dose administered [74], and the matrix of the food source [75], and
several studies have suggested that the rate of anthocyanin
absorption is influenced by their chemical structure. The bioavail-
ability of polyphenol metabolites will vary between individuals and
is dependent on complex absorption, distribution, metabolism and
excretion (ADME) mechanisms involving phase | and Il metabolism
of phenolic molecules [76]. Also, a systematic review has shown
that the intake of fruit juice offered similar protection against
cognitive decline to the intake of whole fruit [77] and thus a similar
proportion of bioactive phytochemicals must remain in the
processed products. Unfortunately, the current meta-analyses did
not sufficiently support a role for fruits or other fruit forms to
improve cognition and mood.

Although our meta-analysis lacks evidence to support improve-
ments in mood by specific fruit interventions, another meta-
analysis with 10 observational studies involving 227,852 partici-
pants suggested an inverse association of fruit (RR 0.83, 95% ClI
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b o [0.77, 0.91]; P=0.006) intake with risk of depression [78]. A
% % previous systematic review has also assessed the association
= = between cognitive lqeneﬁts and fr.ui.t consumption but only
T 83 9 | = S g 8 < included limited evidence from juice interventions, where
g ad S = ?3 e |8 | = improvements to memory in mildly cognitive-impaired adults
; & after 12-16 weeks of consumption were illustrated [12]. The high
] 2 s 2 levels of flavonoid metabolites (e.g. anthocyanidin) from
g % g % flavonoid-rich fruit can transport through blood brain barrier into
'i g sS <3 regions such as the hippocam‘pus to impact on memory and
8 538 o 2 0 g o learning [79]. In the pathogenesis of neurological conditions such
2 a2 3 2 3 a2 3 2 as Parkinson’s disease, the mechanisms of action of flavonoids
g § have been shown to counteract the damage induced by reactive
a 3 2 g oxygen species (ROS) and neuroinflammation, modulate synaptic
> T8 - = 235§ o —— signalling and increase cerebrovascular blood flow [77]. The (poly)
3 %a_"-' _ é 5 T 4 @ é g phenol metabolites attenuated neuro-inflammatory processes via
o 590 g 2 z £33 N oo regulation of nuclear factor (NF)-kB translocation into the nucleus
- §§ B3 §$ = 2 §§ gl = 3 and modulation of IkBa levels by crossing the blood brain barrier
> #ES TL L = SIS T L 7L endothelium and exerting beneficial effects in different neuronal
] & systems (e.g. cell lines, primary cultures and in vitro three-
S = == S =z D dimensional human cell model) [80]. Therefore, cerebral metabo-
lism of polyphenol and/or flavonoid molecules plays an important
E s role in the preservation of cognitive function [81].
b=
o
. ® _% Implications for health and future research
e €8 8 < 89 8 < Currently, the majority of evidence in this area has included the
S S association between intake of fruit combined with vegetable
5 g intake and cognitive function. However, the evidence on t.he
‘v f‘;" s 2 association between specific fruit groups and/or forms of fruit with
'§ ] 2 % cognition is limited. Although insufficient data were entered for
] 3 3 g meta-analysis for each fruit subgroup, blueberry and grape
s E% § < % E% é < powders providing 12.5-460.8 mg/d anthocyanin content were
g as Vv 2 s VoZ supplemented the most apart from fruit juice and could also be an
2 § effective method to increase overall fruit consumption and benefit
8 ¢ = a2 g - 3 cognition with moderate to large effect sizes reported
2| HE ﬁ ; 2 o & @ ; [41, 44-48, 50-52, 57, 59-61]. Long—term |nvest|gat|qr?s assessing
2 %,tf = =& ::°3 = £ = SE the impact of whole blue.berry !nterventlon on cognition are also
g ST9 Q1 9 829 8 1 scarce and worth exploring, given that a large effect size was
5 535 2° 5 S £ 8% gﬁ‘ = reported [47]. Thirteen out of 16 total RCTs in this review recruited
> WES Tl o =P EE T = older participants and only one study recruited young adults (18
E’ g years old athletes) without any improvements to cognition or
e S e S mood shown. It could be due to that participants with relatively
higher cognitive level at the baseline were unlikely to achieve
g g higher cognitive response further following a dietary intervention
% % < due to ‘ceiling effects’ [82]. . .
.5 . ® g Only one intervention examined the effect of long-term
‘QE % N Lg R F § supplgmentation with whole frozen fruit on cognition in this
R S R & review, no fresh fruit was identified in the previous interventions,
= g o é which could be due to the difficulty of storage and aIIocatio_n
g e E = during the intervention. Fresh whole fruit is generally how the fruit
g S = i) is consumed, which highlights a novel and necessary intervention
g Bl @ § in future studies. So far, research has mainly focused on fruit juice
g é% Q 8 % 8 £ & S interventions, nevertheless, we should take free sugar reduction
S o &< °© g into account and the daily consumption of fruit juice should not
E I 2 B 5 exceed 150ml per day as set out by Public Health England
g ¢ 5 3 % g § g "—é guidelines [83]. The sugar found in fruit juice :s }nainl);]classiﬁed as
2 38 2 a TS o 2 Z ‘free’ sugars, such as sucrose, whereas in whole fruit the sugars are
% 3“3 = § E 3 %é = 2 2 ) classiﬁeg as intrinsic. Increased dietary fructose following sucrose
w 2 s :: L4 >s 2: 1L 2 intake is reported to increase de novo lipogenesis ar)d very-low-
2 g s gfg S I é 5 gi’g e 8 < density lipoprotein levels, which has been shown to increase the
T nESE € 2 risk of developing non-alcoholic fatty liver disease [84]. Therefore,
2 g = o | = . o any health promotion effects of increasing fr.U|t |ntaI§e b.y juice
3 '_(z consumption should be made Wl_th caution. Validation of
2 2 metabolites and biomarkers for cognitive impairment should be
§ " g g B incorporated into future trials to help identify the potential
. _“g 5T = gg " 'i mechanisms underlying any |nﬂuepce between frwt-based intake
P g 2% 2 é g% .§~ and cognitive hea_lt.h. Due to thg impact of fruit processing .and
E = ;-g‘g =z £g:2 5 food matrix, cognitive research implementing fruit interventions
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should also consider controlling for factors likely to influence
bioavailability in a chronic intervention (>1 week) [26].

Strengths and limitations

To our knowledge, this is the first systematic review and meta-
analysis to compare the impact of various forms of specific fruits in
isolation from other food supplementation on cognition. Firstly, in
addition to the comprehensive search of the literature in the topic,
we also applied the newly developed Hartung-Knapp-Sidik-
Jonkman method for modelling random effects in meta-analysis.
Secondly, the interventions included in this review have assessed
either general cognitive performance or specific cognitive
domains using well-established cognitive tasks.

There are limitations to our review. Although our systematic
review showed positive results in interventions supplementing
with blueberry or grape, the small sample size and moderate to
high risks of bias for studies quality that used the same cognitive
task in the searched literature may partially explain the lack of
support from our meta-analysis. It also should be noted that
generally the cognitive tasks chosen in each intervention study
are not uniform because of the polyfactorial nature of neurocog-
nitive measures [85]. In the current review, not all the domain-
specific tasks data could be entered into meta-analyses assessing
the effect of the same type of fruit interventions on the specific
cognitive domain, thus the effect size derived from the meta-
analyses was inevitably under-estimated.

Study quality of 13 studies as assessed by risk of bias in this
review presented with moderate to high risks in either randomisa-
tion process, intervention deviations, missing outcome data, and/
or the measurement of the outcomes (Fig. 2). A crossover design is
the most appropriate design when comparing a nutritional
intervention against placebo since all participants serve as their
own control and only three studies applied a crossover design
[43, 57, 58]. Only one citrus intervention RCT supplementing
orange juice was included, which led to limited exploration of the
effect of citrus fruit intervention on cognition [43]. Due to the
small number of studies in each pooled analysis, we were also
unable to evaluate whether the effects can be influenced by
participant characteristics (e.g. physical activity, sex) or to explore
the high heterogeneity by subgroup analysis.

CONCLUSION

This systematic review has identified berries with the most
potential to benefit cognition, however, the meta-analyses only
supported a borderline significant improvement to psychomotor
speed by two small studies supplementing cherry juice with mean
dosage of 340 ml/d for 12 weeks. To our knowledge, this is the first
review of the impact on cognitive health following consumption
of different varieties of fruit and different processed forms such as
freeze-dried powdered fruit or fruit juice. Apart from fruit juice,
promising results were also demonstrated among limited studies
supplementing whole frozen or powdered forms of fruit (grape
powder, frozen and powdered blueberries).

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author, JL, upon reasonable request.
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