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Abstract
Purpose  Previous evidence suggests consumption of flavonoids, a sub-class of polyphenols, is associated with improved 
cognitive function across the lifespan. In particular, acute intervention of a flavonoid-rich wild blueberry (WBB) drink has 
been shown to boost executive function (EF), short-term memory and mood 2–6 h post-consumption in 7–10-year-old chil-
dren. However, confirmation of the aspects of EF and memory susceptible to WBB ingestion is required, particularly during 
childhood, a critical period of neurological development. In addition, the child literature on berry flavonoid supplementation 
and cognition highlights the potential for such interventions to elicit positive benefits to real-world educational scenarios, 
such as reading, a complex ability which relies upon aspects of cognition already known to improve following WBB.
Methods  Here we examined which aspects of EF and memory are susceptible to acute WBB, as well as investigating whether 
acute WBB could further benefit reading ability. Fifty-four healthy children, aged 7–10 years, consumed a 200 ml WBB 
drink (253 mg anthocyanins) or a matched placebo according to a randomised, single-blind, parallel-groups design. Verbal 
memory (Auditory Verbal Learning Task; AVLT), EF (Modified Attention Network Task; MANT), and reading efficiency 
(Test of Word Reading Efficiency-2; TOWRE-2) were assessed at baseline and 2 h post-consumption.
Results  For the MANT, significantly quicker RTs were observed for WBB participants when compared to placebo partici-
pants on 120 ms trials, without cost to accuracy. Furthermore, WBB participants showed enhanced verbal memory per-
formance on the AVLT, recalling more words than placebo participants on short delay and memory acquisition measures 
post-consumption. Despite these significant improvements in cognitive performance, no significant effects were observed 
for reading measures.
Conclusion  Consumption of WBB was found to significantly improve memory and attentional aspects of EF. This indicates 
that a flavonoid-rich blueberry product, equivalent to 240 g or 1½ cups of fresh blueberries can provide acute cognitive 
benefits in children. These findings support accumulating evidence that flavonoid-rich products are beneficial for healthy 
brain function, particularly during critical developmental periods. However, the lack of findings relating to reading ability 
suggested acute WBB may not be sufficient to elicit benefits to reading. Chronic supplementation and other more sensitive 
reading measures should be considered for examining the effects of WBB on such a complex skill in the future.

Keywords  Cognition · Memory · Attention · Reading · Flavonoid · Blueberries · Children

Introduction

The health benefits of berry fruits are well established, with 
positive outcomes from consumption associated with cardio-
vascular health [1], diabetes [2] and cancer prevention [3]. 
These benefits are thought to be mediated by the naturally 
high concentrations of anthocyanins, a sub-class of flavo-
noids from plant-based polyphenols, found in such fruits 
[4, 5]. In addition, berry fruit consumption has been associ-
ated with cognitive benefits. Rodent models have demon-
strated significant improvements in working and short-term 
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memory [6, 7], and reversal of age-related cognitive decline 
in aged animals [8, 9]. Positive cognitive effects have also 
been observed throughout the human lifespan [10, 11]. The 
neuroprotective findings from rodent models are mirrored 
in older adults with a reduction of cognitive impairments 
and delayed onset of ageing disorders, such as Alzheimer’s 
disease [12–16]. Additionally, acute and chronic berry fla-
vonoid interventions enhance cognition in healthy older and 
young adults [17–20] which builds upon the wider flavonoid 
literature for these populations [21–25]. Recently, berry fla-
vonoid interventions have shown significant improvements 
in mood for both adolescents and school-aged children [26].

It is of interest to explore whether such cognitive ben-
efits extend to child populations. For example, Calderón-
Garcidueñas et al. [27] first showed that children (mean age 
10 years) supplemented daily with 680 mg cocoa-flavanols 
over 9–24 days exhibited significant improvements in short-
term memory assessed by letter and object span tests. In a 
further acute study, Whyte and Williams [28] observed sig-
nificant improvements in 8–10-year-olds’ word recall perfor-
mance for both short and long delays at 2 h post-consump-
tion of a 200 g fresh blueberry drink (143 mg anthocyanins). 
In a similar study, the cognitive performance of 7–10-year-
olds was examined at baseline, 1.15 h, 3 h and 6 h post-
consumption of two wild blueberry (WBB) interventions: 
a 30 g WBB drink (253 mg anthocyanins) and a 15 g WBB 
drink (127 mg anthocyanins), compared to a sugar-matched 
placebo drink [29]. In line with previous research, significant 
WBB-related improvements were observed for word recog-
nition at every time point and delayed word recall at 1.15 h 
only. Additionally, significant improvements in accuracy 
on a cognitively-demanding executive function task were 
observed at 3 h post-consumption of the 30-g WBB drink. 
These findings highlight the potential for WBB interventions 
to enhance word recall and recognition performance, as well 
as improving executive function up to 6 h post-consumption 
in 7–10-year-olds. At this age, children experience a spurt 
in frontal lobe growth thought to coincide with enhanced 
executive functions and the progression of cognitive abilities 
[30, 31], a phase of cognitive development where WBB sup-
plementation may be particularly beneficial. Indeed, Whyte, 
Schafer and Williams [32] observed significantly faster reac-
tion times on executive function trials requiring greater cog-
nitive demand (incongruent, high load) at 3 h post-WBB 
consumption compared to placebo in 7–10-year-olds, thus 
demonstrating WBB benefits children’s executive function 
when performing complex and demanding cognitive tasks.

In the present study, we aim to replicate the findings from 
Whyte, Schafer and Williams [29, 32] on memory and exec-
utive function following an acute high-flavonoid WBB inter-
vention in 7–10-year-olds. Additionally, given the boosts 
in cognitive performance seen after flavonoid intervention, 
Whyte and colleagues further suggested that such positive 

findings from acute WBB consumption on cognition has the 
potential to benefit a real-world educational scenario. We 
aimed to extend these cognitive findings in a learning envi-
ronment by further examining whether acute WBB interven-
tions can benefit reading ability in this population. Reading 
is a complex process requiring multiple aspects of cogni-
tion (e.g. memory, attention, executive functions) which are 
required for skills such as word learning (decoding), recog-
nition, vocabulary knowledge and reading comprehension. 
Indeed, previous cognitive findings [28, 29] demonstrate 
improvements to word recall and recognition suggesting 
the potential for berry flavonoids to benefit children’s visual 
recall ability of words stored in their internal lexicon; an 
ability known as sight word reading [33], and to executive 
functions thought to play a vital role in word learning and 
reading comprehension [34]. To date, the role of berry flavo-
noids on reading ability has not yet been examined; however, 
research does demonstrate a number of links between better 
executive function and academic performance in general. 
For example, greater working memory and inhibition are 
found to be predictive of greater maths and reading ability in 
9–12-year-old school children [35, 36], as well as a positive 
association between greater processing speed and greater 
performance for maths, reading ability and language skills in 
6–19-year-olds [37, 38]. Therefore, as previous berry flavo-
noid interventions in children have been shown to positively 
benefit executive function, in addition to the above literature 
demonstrating improvements to reading and other academic 
skills in line with improvements in executive functions, we 
hypothesise that improvements in children’s reading ability 
following acute WBB intervention will be observed.

Methods

Participants

An a priori power analysis (using G Power 3.1.), based on 
previous significant findings from our laboratory [29] using 
an effect size of 0.22, was conducted using F test, repeated 
measures, within–between interaction parameters. The 
analysis concluded that 50 participants (n = 25 per condi-
tion) would be required to achieve a power of 0.85 when 
completing two repetitions (baseline, post-consumption) 
[F(1,48) = 4.04]. A total of 54 healthy participants (25 male: 
29 female) aged 7–10 years old (M = 8.24, SD = 0.97) of any 
ethnicity were recruited from two primary schools. Written 
consent was obtained from parents/legal guardians prior to 
the child’s participation. Parents/legal guardians confirmed 
that the children spoke English as a first language, had not 
been diagnosed with attention-deficit/hyperactivity disor-
der (ADHD) or a reading impairment, and had no known 
fruit or fruit juice intolerances. All participants followed a 
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low-flavonoid diet 24 h prior to the main test day; for further 
information see “Procedure”.

Treatments

An acute, single-blind, randomised, parallel-groups design 
was applied, with participants randomly allocated to receive 
either 30 g freeze-dried wild blueberry (WBB) drink or a 
sugar-matched placebo. The 30 g WBB treatment was equiv-
alent to 240 g fresh blueberries or 1½ cups of fresh blue-
berries and contained 253 mg anthocyanins. The placebo 
contained fructose (8.9 g), glucose (7.99 g) and vitamin C 
(4 ml) to match the concentrations found in the 30 g WBB 
treatment. To aid consumption and palatability, 170 ml of 
cold tap water and 30 ml of a low-flavonoid fruit squash 
(Rocks brand, UK) were added to both treatments, produc-
ing a 200 ml drink. Treatments were prepared immediately 
before being administered to participants in an opaque drink-
ing flask and consumed through an opaque straw to ensure 
the participants remained blind to the treatment. Partici-
pants were given 5 min to consume the drink, to which all 
complied.

Cognitive tests

1.	 Reys Auditory Verbal Learning Task (AVLT)—partici-
pants heard an auditory recording of 15 nouns (list A), 
read at 1 per second. Each presentation was followed by 
a free recall of this list (recalls A1–A5). A new list of 15 
nouns (list B) was introduced as an interference list on 
trial 6 and was recalled once only (recall B). Participants 
then recalled list A after a short delay (2 min) and a long 
delay (15 min) (free recalls A6 and A7). After recall 
A7, participants were visually presented with 50 nouns 
containing: words from lists A and B, and 20 additional 
nouns. They were asked to circle words from list A only. 
Word list versions were counterbalanced across test ses-
sions.

For each test session, a series of outcome measures were 
calculated according to Lezak [39] and previous research 
[28]: immediate word span (recall A1); words learnt (recall 
A5–recall A1); final acquisition (recall A5); proactive inter-
ference (recall A1–recall B); retroactive interference (recall 
A5–recall A6); word recognition (the number of words cor-
rectly circled); total acquisition (sum A1 through A5); total 
recall A (sum A1 through A7); total recall A&B; and total 
delayed recall (A6 + A7).

2.	 Modified Attention Network Task (MANT)—this task 
combines a cue-target and flanker task to measure 
vigilance, selective attention and response interference 
under conditions of differing cognitive demand. Here, 

stimuli load, duration, orientation and cueing were 
manipulated to change the cognitive demand of the task. 
In accordance with Whyte et al. [29], a practice block of 
35 trials was initially completed where target duration 
decreased from 1000 to 120 ms over 16 trials to allow 
familiarisation with the speed of response required. Sub-
sequently, participants completed four target blocks of 
the MANT each consisting of 80 trials.

For the main target blocks, a fixation slide was first 
shown with a cross displayed centrally. This was followed 
by either no cue, a central cue, a double cue or a spatial 
cue for 120 ms with cue location (above or below the cen-
tral fixation cross) randomised between trials. The target 
stimulus, a single arrow pointing “<” or “>”, was then dis-
played either above or below the fixation cross for either 
120 ms (two target blocks) or 500 ms (two target blocks); 
stimulus location was not always consistent with prior cue 
location. The target stimulus appeared individually or sur-
rounded by pairs of flanker arrows, and could be congruent 
(i.e. <<<<< or >>>>>) or incongruent (i.e. <<><< or 
>><>>) with the surrounding arrows. Individual arrows 
exhibited low load whilst congruent or incongruent trials 
either exhibited medium load (one row of five arrows) or 
high load (two rows of five arrows). The stimulus posi-
tion, congruence and load were randomised between trials, 
displayed in equal probability. Additionally, one 120 ms 
target block and one 500 ms target block were presented 
with playground noise, increasing cognitive demand of 
these trials. Participants were instructed to press the left or 
right arrow key on the keyboard according to the direction 
of the target stimulus arrow for each trial.

The outcome measures for the MANT were accu-
racy (number of correct hits) and reaction time for cor-
rect targets (speed of response to target; with reaction 
times < 200 ms removed).

3.	 Test of Word Reading Efficiency (TOWRE-2)—the 
TOWRE-2 consists of two subtests: sight word effi-
ciency (SWE) and phonemic decoding efficiency 
(PDE) [40]. The SWE subtest measures word reading 
efficiency, whilst the PDE subtest measures non-word 
reading efficiency. For both, participants are visually 
presented with 108 words or 63 non-words, increasing 
in difficulty from single-syllabic to multisyllabic, and 
are asked to read as many items as possible in 45 s. Each 
subtest has four parallel forms which were randomised 
between participants and sessions.

The outcome measures for the TOWRE-2 were number 
of words (SWE) and non-words (PDE) pronounced cor-
rectly in 45 s.
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Finally, subjective mood data using the child version of 
the Positive and Negative Affect Scale (PANAS-C) were 
collected and is presented elsewhere [26].

Procedure

Practice session: participants took part in a practice session 
1–2 days prior to the test day. Here, participants completed 
a practice of the AVLT and MANT. At the same time, par-
ticipants completed the demographic measures: a children’s 
version of Ravens Coloured Progressive Matrices (RCPM) 
as a measure of fluid intelligence, a Continuous Performance 
Task (CPT) as a measure of sustained attention, the York 
Assessment of Reading for Comprehension (YARC) as a 
measure of general reading ability, and the Single Word 
Reading Task (SWRT) as a measure of word reading accu-
racy. Both raw score and standard score means, and stand-
ard deviations for these are shown in Table 1. Participants 
also completed a practice of the main cognitive test battery. 
To avoid the YARC and SWRT interfering with the AVLT 
practice, these two demographic measures were completed 
last. Finally, all participants were reminded to comply with 
the 24-h low-flavonoid diet. An information sheet detail-
ing high-flavonoid foods to avoid (berry fruits, general fruit 
and vegetables, chocolate, to name a few) and low-flavonoid 
alternatives was given to parents/legal guardians to ensure 
compliance. Compliance and adherence to the restrictions 
were orally checked with children, parents and canteen staff 
on the test days.

Test day

Testing took place during the afternoon, after lunch, individ-
ually in a quiet space at their schools. Participants consumed 
either a low-flavonoid packed lunch provided by parents or a 
low-flavonoid cooked lunch provided by the school canteen 
on the day of testing. The specific content of the lunch was 
not standardised or recorded. Lunch was consumed in the 
1.15-h period prior to baseline testing. The initial baseline 
session commenced at 1200 h, 1245 h or 1330 h immedi-
ately before consuming the intervention or placebo drink. 
After consumption, all children returned to class for a 2-h 
period during which time they were only allowed to con-
sume water and abstained from exercise. Cognitive perfor-
mance was assessed at 2 h post-consumption for consistency 
with Whyte et al. [29]; this is where polyphenol metabolites 
from WBB are known to peak [41] leading to their optimum 
absorption and metabolism within the body. Therefore, the 
second test session, post-drink consumption, took place at 
1440 h, 1525 h or 1610 h (dependent on time of consumption 
of the intervention). Here, participants completed a different 
version of the same test battery to assess any changes in per-
formance. During each test session, participants completed 

the tasks in the following order: AVLT recalls 1–6, MANT, 
AVLT recall 7, word recognition, and TOWRE-2. Test ver-
sions of equivalent difficulty were counterbalanced across 
visits and conditions. Each session lasted approximately 
40 min.

Statistical analysis

Data were analysed using SPSS (Version 21.0). Baseline dif-
ferences in non-verbal ability (RCPM), attention (CPT com-
missions, CPT omissions), general reading ability (YARC 
reading accuracy, reading rate, reading comprehension), and 
word reading accuracy (SWRT) were examined using t-tests 
with drink (placebo, WBB) as the independent variable. 
YARC standard scores were calculated by adding together 
the raw scores from two passages to give an average ability, 
and comparing this to participant’s age using the conversion 
tables in the YARC manual to produce standard scores, used 
for analysis. Two chi-square tests were performed to assess 
sex differences across the treatment groups. All other data 

Table 1   Demographic and screening data for placebo and WBB par-
ticipants

No significant differences between treatment groups were seen for the 
demographic measures or performance of the CPT, RCPM, YARC or 
SWRT. YARC standard scores: mean = 100, SD = 15
a No significant differences were observed between the number 
of males and females in each treatment group (males, χ2 = 0.15, 
p = 0.70; females, χ2 = 0.86, p = 0.35)

Placebo (n = 25) WBB (n = 29)

Mean SD Mean SD P statistic

Age 8.23 1.05 8.24 0.88 0.97
Gender (M:F)a 13:12 – 12:17 – –
School year (3:4:5) 8:7:8 – 8:7:10 – –
CPT (n = 22) (n = 28)
 Omissions (%) 10.74 7.14 11.21 16.03 0.90
 Commissions (%) 88.48 8.21 89.17 15.62 0.85

RCPM (n = 22)
26.55

6.10 (n = 27)
26.78

4.40 0.88

YARC​
 Reading accuracy (n = 24) (n = 27)
  Raw scores 14.5 7.93 17.48 9.14 0.32
  Standard scores 103.37 16.96 107.74 11.27 0.28

Reading rate
 Raw scores (ms) 286.36 92.69 293.44 90.07 0.45
 Standard scores 107.09 15.72 109.81 11.73 0.50

Reading comprehension
 Raw scores 11.36 2.88 11.33 2.13 0.96
 Standard scores 111.12 17.81 115.51 13.82 0.32

SWRT​
 Raw scores 40.25 11.82 45.18 8.89 0.09
 Standard scores 103.91 19.56 111.4 13.73 0.07
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were analysed using linear mixed-effects models (LMMs) 
with baseline performance included as a fixed factor. This 
technique was used to account for the dependent nature of 
data points in the repeated measures design, and to avoid 
exclusion of missing data. LMMs were performed using an 
unstructured covariance matrix, as covariances were deemed 
unpredictable, with no fixed underlying structure. Separate 
LMMs were performed for each dependent variable (DV).

Drink (placebo, WBB) was included as fixed factors in 
all LMMs to compare the effects of treatment. Participants 
were also included as a random factor to control for depend-
ence of data within-subjects. For the MANT, congruency 
(congruent, incongruent), load (high load, medium load) and 
target time (120 ms, 500 ms) were also included as fixed fac-
tors in the model to detect changes in relation to cognitive 
load. These factors were also individually combined with 
drink (placebo, WBB) to assess any interactions between 
performance and treatment group (drink × congruence, 
drink × load, drink × target time). Pairwise comparisons 
were used to explore significant effects, and were corrected 
for type 1 errors using Bonferroni adjustment.

Results

There were no significant differences at baseline 
between groups for RCPM (t(47) = − 0.16, p = 0.88), 
CPT commissions (t(46) = − 0.19, p = 0.85), CPT omis-
sions (t(46) = − 0.13, p = 0.90) or age (t(52) = − 0.034, 
p = 0.97; see Table 1). There were also no significant dif-
ferences between groups at baseline for MANT accu-
racy (t(52) = − 0.156, p = 0.88), MANT RT (t(52) = 0.87, 
p = 0.39) or for any AVLT list recalls.

Modified attention network task (MANT)

Reaction time (RT; ms)

Target time (F(1,396.13) = 0.56, p = 0.45) and drink 
(F(1,45.57) = 1.63, p = 0.21) did not independently predict 
RT performance; however, there was a significant fixed 
effect interaction whereby drink x target time predicted post-
consumption RT (F(367.82) = 5.63, p = 0.018).

Pairwise comparisons exploring differences between 
treatment for each target time variable revealed a trend 
whereby WBB participants (M = 542.59, SE = 14.39) per-
formed quicker than placebo participants (M = 580.45, 
SE = 15.42) on 120 ms trials (p = 0.078; Fig. 1). This sug-
gests WBB consumption increased mental alertness for 120-
ms trials, without changing on 500 ms trials.

As expected, congruency was a significant predictor of 
performance, such that participants were significantly quicker 
on congruent trials (M = 539.32, SE = 10.58) than incongruent 

trials (M = 587.82, SE = 10.58), regardless of treatment (F 
(1,398.34) = 77.34, p < 0.01). Similarly, load was a significant 
predictor of performance, such that RT on medium-load tri-
als (M = 558.48, SE = 10.51) was significantly quicker than on 
high-load trials (M = 568.66, SE = 10.51), regardless of treat-
ment (F(1,369.72) = 4.19, p = 0.04).

Accuracy (%)

Drink was not a significant predictor of accuracy perfor-
mance (F(1,48.52) = 0.17, p = 0.68). There were no signifi-
cant fixed effect interactions. As expected [32], congruency 
was a significant predictor of performance, such that par-
ticipants were more accurate on congruent trials (M = 0.85, 
SE = 0.017) than incongruent trials (M = 0.79, SE = 0.017), 
regardless of treatment (F(1,404.22) = 26.70, p < 0.01). Sim-
ilarly, load was a trending predictor of performance, such 
that accuracy on medium-load trials (M = 0.83, SE = 0.016) 
was better than high-load trials (M = 0.81, SE = 0.016), 
regardless of treatment (F(1,371.98) = 3.55, p = 0.06). Target 
time was also a significant predictor of performance, such 
that accuracy on the more cognitively demanding 500 ms tri-
als (M = 0.84, SE = 0.017) was better than the less demand-
ing 120 ms trials (M = 0.80, SE = 0.017), regardless of treat-
ment (F(1,377.92) = 15.49, p < 0.01).

Auditory Verbal Learning Task (AVLT)

AVLT drink effects

Drink was a significant predictor of post-consumption 
total acquisition performance (total recall A1–A5). 
Analysis revealed that WBB participants had higher total 

Fig. 1   Mean post-consumption MANT RT scores of placebo and 
WBB treatment drinks on 120  ms and 500  ms trials. WBB partici-
pants perform faster on 120 ms trials than placebo participants
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acquisition after their intervention than placebo partici-
pants (Table 2; Fig.  2a), suggesting a maintenance in 
performance for this group. A non-significant drink trend 
was also evident for total 1–7 (total recall A1–A7) and 
total 1–7 + B (total recall A1–A7 + B) performance such 
that WBB participants had better recall performance than 
placebo participants at the post-consumption time point 
(Table 2; Fig. 2a).

Similarly, drink was found to be a significant predic-
tor of performance on short delay trials (recall A6), such 
that WBB participants had significantly better short delay 
recall than placebo participants (Table 2; Fig. 2b). Again, 
this is indicative of maintenance of performance in the 
WBB group alongside task fatigue for the placebo group.

LMM analyses revealed that baseline performance 
significantly predicted post-consumption performance 
for 10 AVLT outcome measures [word span (β = 0.39), 
final acquisition (β = 0.49), total acquisition (β = 0.64), 
words learnt (β = 0.28), short delay (β = 0.60), long delay 
(β = 0.65), delayed recall (β = 0.58), recognition (β = 0.56), 
total recall A1–A7 (β = 0.62) and total recall A1–A7 + B 
(β = 0.64)].

TOWRE‑2

There were no drink effects for sight reading efficiency (F(1, 
51) = 0.11, p = 0.74) or phonemic decoding efficiency (F(1, 
51) = 0.17, p = 0.71).

Discussion

The current study administered a one-off dose of flavonoid-
rich wild blueberry to typically developing 7–10-year-old 
schoolchildren following a randomised, placebo-controlled, 
parallel-groups design.

Beneficial effects of blueberry flavonoids were observed 
on an executive function task, the MANT, whereby WBB-
treated participants exhibited quicker RT. No WBB effects 
were seen for accuracy. As expected across both treatment 
groups, a reduction in accuracy and RT was observed for 
the more cognitively demanding trials (incongruent, high 
load) of the MANT, when compared to less cognitively 
demanding trials (congruent, medium load, respectively). 
This reflects high internal validity and confirms that the task 

Table 2   Baseline and post-consumption performance for AVLT, TOWRE-2 and MANT outcome measures

LMM fixed effect statistics for Drink are shown. Significantly improved performance was observed on AVLT total acquisition, short delay recall 
and MANT reaction time
*Significant at < 0.05
# Trend < 0.1

Dependent variables Baseline Post-consumption (2 h) LMM

Placebo WBB Placebo WBB

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Drink fixed effect statistics

AVLT (n = 24) (n = 27) (n = 24) (n = 27)
 Word span 4.40 (1.44) 4.31 (1.38) 4.13 (1.23) 4.04 (1.17) F(1,50) = 0.01, p = 0.94
 Words learnt 5.25 (1.70) 4.86 (3.55) 3.79 (1.41) 4.21 (2.08) F(1,51) = 1.52, p = 0.22
 Final acquisition 9.44 (2.58) 9.19 (2.57) 7.92 (1.93) 8.25 (2.27) F(1,51) = 1.01, p = 0.32
 Total acquisition 36.92 (9.70) 35.11 (8.54) 30.75 (7.76) 33.25 (9.37) F(1,52) = 4.69, p = 0.035*
 Proactive interference 0.00 (1.73) − 1.00 (1.96) 0.40 (1.58) 0.31 (1.20) F(1,53) < 0.01, p = 0.99
 Retroactive interference 2.52 (2.86) 1.36 (2.33) 1.76 (2.03) 1.59 (1.64) F(1,53) < 0.01, p = 1.00
 Total recall A1–A7 50.88 (13.68) 49.43 (12.51) 42.08 (11.14) 45.00 (10.92) F(1,52) = 3.82, p = 0.056#

 Total recall A1–A7 + B 55.28 (14.40) 54.43 (12.89) 45.79 (11.44) 48.71 (11.68) F(1,52) = 3.22, p = 0.079#

 Short delay recall 7.38 (1.94) 7.02 (1.71) 6.15 (1.55) 6.49 (1.48) F(1,52) = 4.26, p = 0.04*
 Long delay recall 7.04 (2.24) 6.82 (2.11) 5.25 (2.69) 5.93 (2.46) F(1,52) = 1.99, p = 0.164
 Delayed recall A6–A7 13.96 (4.74) 14.32 (4.68) 11.33 (4.26) 12.54 (4.33) F(1,52) = 1.21, p = 0.28
 Word recognition 11.04 (2.61) 10.56 (2.58) 9.20 (2.74) 9.21 (2.33) F(1,51) = 0.48, p = 0.49

TOWRE-2
 SWE 60.67 (13.06) 64.74 (12.18) 61.42 (13.63) 65.70 (12.06) F(1,51) = 0.113, p = 0.74
 PDE 30.46 (12.37) 33.93 (9.52) 31.58 (12.98) 34.48 (9.99) F(1,51) = 0.137, p = 0.71

MANT (n = 25) (n = 28) (n = 25) (n = 28)
 Accuracy (%) 74.89 (0.16) 75.52 (0.14) 82.63 (0.16) 81.53 (0.14) F(1,49) = 0.17, p = 0.68
 Reaction time (ms) 585.57 (102.31) 557.16 (132.84) 581.49 (71.66) 546.07 (127.72) F(1,46) = 1.63, p = 0.21
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successfully manipulated cognitive demand, as participants 
performed worse on the more difficult trials.

Significantly quicker RTs were observed on 120 ms tri-
als for WBB participants compared to placebo participants. 
Indeed, Simon and Berbaum [42] and Welford [43] previ-
ously noted that slower reaction times are to be expected in 
response to a slower stimulus duration on cognitive tasks due 
to a longer time required for information integration. How-
ever, findings suggest quicker RTs on trials of fast stimulus 
duration for WBB participants only, suggesting increased 
mental alertness on the faster 120 ms trials, without change 
to 500 ms trials (as supported by Fig. 1). It is also important 
to note that a similar effect was not observed in accuracy 
performance, suggesting the quickening of reaction times 
was without cost to accuracy. Interestingly, Whyte et al. 
[32] found that it was within the slower 500 ms trials of the 
MANT that WBB participants overcame the effects of the 
most cognitively demanding trials (incongruent, high load). 
Such an effect was not observed in the current study.

Beneficial WBB effects were also observed on the AVLT. 
As expected across both treatment groups, a reduction in ver-
bal memory 2 h post-consumption was observed compared 
to baseline for a variety of facets of memory (word span, 
final acquisition, total acquisition, words learnt, short delay, 
long delay, delayed recall, recognition, total recall A1–A7 
and total recall A1–A7 + B). This is indicative of an increase 
in fatigue and, therefore, forgetting, which is expected in 
a school environment, and has previously been observed 
by Whyte et al. [29]. In relation to this, the critical finding 
here was that consumption of WBB significantly attenu-
ated forgetting for total acquisition (total recall A1–A5) and 

short delay recall (recall A6), as indicated by maintenance 
of post-consumption word recall following WBB, in com-
parison with the significant decline seen following placebo 
for these measures. As both drinks were matched for sugar 
content, this cannot be explained by a glucose effect. This 
beneficial effect for memory is consistent with Whyte et al. 
[29] who reported increased verbal memory performance in 
children at 1.15 h, 3 h and 6 h post-consumption following 
WBB consumption, using an identical 30 g WBB treatment 
and placebo as the current study, whilst children consuming 
placebo showed a decline in performance [29]. This further 
highlights the effect of WBB treatment in reducing fatigue, 
specifically in the domain of memory.

In addition to cognitive fatigue, between-session inter-
ference on the learning and recalling of information could 
also help to account for the general decline in memory per-
formance. Words heard at the baseline session may have 
interfered with encoding and retrieval of new words at 
post-intervention. Interestingly, the present data provided 
no evidence of retroactive interference within session; 
new learning did not appear to alter retrieval of previously 
learned words in either treatment group. This effect was also 
observed by Whyte et al. [29] and implies a potentially dif-
ferent mechanism between stages of encoding and retrieval 
in children. Such interference parameters in a child popula-
tion are yet to be determined and need further exploration. 
The general decline in memory performance could also be 
attributed to lunch consumption prior to testing. Research in 
adults indicates a post-lunch dip whereby lunch consumption 
negatively impacts upon cognitive performance postprandi-
ally [44], although the limited research conducted thus far in 

Fig. 2   a WBB participants had significantly increased total acquisi-
tion performance compared to placebo participants following acute 
consumption. Total A1–A7 and Total A1–A7 + B word recall were 
also higher in WBB participants compared to placebo participants at 

the post-consumption time point. b Mean short delay word recall at 
the post-consumption time point was significantly higher for WBB 
participants compared to placebo. Asterisk denotes significance at the 
5% level; Number sign denotes a trend between the 5 and 10% level
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children demonstrates no effects of post-lunch dip on cogni-
tion, executive functions in particular [45, 46]. The absence 
of a pre-lunch test point means that a possible post-lunch dip 
effect remains speculative; this requires further investigation 
in children. It is also important to acknowledge that the cog-
nitive benefits seen for WBB (relative to placebo) could be 
influenced by lunch, given that lunch was not standardised 
and did not occur at a standardised point prior to baseline 
testing (notwithstanding restriction of flavonoid intake). For 
practical reasons relating to the school environment the tim-
ing of the lunch was not fixed, and the content of lunch was 
not assessed, however, there is no reason to believe that there 
were significant differences in macronutrient intake between 
the WBB and placebo groups.

Despite the observed improvements to cognition fol-
lowing acute WBB intervention, no benefits were appar-
ent for either sight word reading or phonemic decoding 
efficiency; however, it should be noted that children from 
this sample were good readers, as all performed well 
within or above the average range for their age group; 
therefore, these results cannot be generalizable to chil-
dren with differing performance. Reading draws upon 
multiple aspects of cognition such as working memory, 
selective attention, and executive functions which must 
work together to achieve efficient reading. Therefore, it is 
plausible that a one-off dose of WBB may not be sufficient 
to elicit changes in reading, in comparison with the cog-
nitive benefits seen here where aspects of cognition were 
assessed independently. Future research should consider 
the impact of sustained WBB supplementation on reading 
ability, such as a daily dose given chronically, to exam-
ine whether prolonged berry flavonoid supplementation 
is more beneficial to the complexity of cognitive domains 
that underpin reading ability. In addition, the task used 
to measure reading, the TOWRE-2, may not be sensitive 
enough to detect changes in reading ability attributable to 
WBB supplementation, or indeed potentially dietary inter-
ventions in general as to our knowledge it is the first time 
this task has been used in such a study. There is limited 
evidence for the effect of dietary interventions, namely 
polyunsaturated fatty acids, on word learning and memory 
using similar tasks; however, positive effects were only 
apparent in children with learning/behavioural difficulties 
or underperforming individuals [47, 48], reducing transla-
tion to typical readers. The TOWRE-2 measures the flu-
ency and accuracy of orthography, or print-based words, 
within a short period of time (45 s). Essentially, this timed 
element measures participants’ automaticity of prior letter-
sound correspondences and, in particular, may detract par-
ticipants from making a correct response on the phonemic 
decoding subtest. To account for this potential lack of sen-
sitivity, future research should focus on a select and more 
specific aspect of learning to read, such as word learning 

which focuses precisely on learning the mappings between 
orthography (a written word) and phonology (pronuncia-
tion). This is how children learn to read naturally so would 
not only examine the effect of WBB on a developmental 
aspect of reading requiring word memory and retrieval 
(similar to that measured by the AVLT although utilising 
a different modality), but will also allow generalisation of 
findings to the real world.

There is evidence to suggest that cognitive improve-
ments are linked to increased cerebral blood flow [10]; 
however, definitive mechanisms are currently unknown, 
especially in a child population. Further work is needed 
to investigate the bioavailability of flavonoids within chil-
dren’s bodies via non-invasive metabolic examinations, 
alongside cognitive assessment, to converge findings with 
a robust mechanism of action.

The current study demonstrated beneficial cognitive 
effects of acute WBB consumption on memory and atten-
tion in healthy 7–10-year-old children, although these 
benefits did not extend to reading ability. Such findings 
add to the growing body of evidence that flavonoids are 
beneficial for healthy brain function, and in this instance 
demonstrate the potential benefits of a 30 g freeze-dried 
WBB treatment, equivalent to a 240 g punnet or 1½ cups 
of fresh blueberries when relating findings to real-world 
applications, during critical developmental periods. Sev-
eral animal and human studies have observed an increase 
in cognitive ability following acute blueberry interven-
tions with adults [10, 11]; however, only four previous 
studies have explored the effects of berry fruits in children 
[26, 28, 29, 32]. Replications of such findings, alongside 
biological mechanisms of action, are desirable to further 
elicit the exact functioning of flavonoids within a child 
population, as well as considering the effects of chronic 
WBB consumption and more sensitive reading tasks when 
examining the effect of WBB on reading ability.

Acknowledgements  We appreciate the support of the Wild Blueberry 
Association of North America for their provision of the wild blueberry 
powder used in this study. Further, we thank the South East Doctoral 
Training Centre and the Wild Blueberry Association for their financial 
support. This work is part of an ESRC Case funded studentship. We 
also thank the participants and school staff who accommodated this 
research.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical standards  The study was reviewed by the University of Reading 
Research Ethics Committee (UREC 15/10) and was given a favourable 
ethical opinion for conduct in accordance with the Declaration of Hel-
sinki (1964) and its later amendments. Informed participant and parent 
consent was obtained prior to inclusion in the study.



European Journal of Nutrition	

1 3

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Basu A, Rhone M, Lyons TJ (2010) Berries: emerging impact on 
cardiovascular health. Nutr Rev 68(3):168–177

	 2.	 Knekt P, Kumpulainen J, Järvinen R, Rissanen H, Heliövaara M, 
Reunanen A, Hakulinen T, Aromaa A (2002) Flavonoid intake 
and risk of chronic diseases. Am J Clin Nutr 76(3):560–568

	 3.	 Seeram NP (2008) Berry fruits for cancer prevention: current sta-
tus and future prospects. J Agric Food Chem 56(3):630–635

	 4.	 Del Rio D, Borges G, Crozier A (2010) Berry flavonoids and 
phenolics: bioavailability and evidence of protective effects. Br J 
Nutr 104(S3):S67–S90

	 5.	 Tsuda T (2012) Dietary anthocyanin-rich plants: biochemical 
basis and recent progress in health benefits studies. Mol Nutr Food 
Res 56(1):159–170

	 6.	 Shukitt-Hale B, Cheng V, Joseph JA (2009) Effects of blackber-
ries on motor and cognitive function in aged rats. Nutr Neurosci 
12(3):135–140

	 7.	 Rendeiro C, Vauzour D, Rattray M, Waffo-Téguo P, Mérillon 
JM, Butler LT, Williams CM, Spencer JP (2013) Dietary levels 
of pure flavonoids improve spatial memory performance and 
increase hippocampal brain-derived neurotrophic factor. PloS 
One 8(5):e63535

	 8.	 Joseph JA, Shukitt-Hale B, Denisova NA, Prior RL, Cao G, 
Martin A, Taglialatela G, Bickford PC (1998) Long-term dietary 
strawberry, spinach, or vitamin E supplementation retards the 
onset of age-related neuronal signal-transduction and cognitive 
behavioral deficits. J Neurosci 8(19):8047–8055

	 9.	 Joseph JA, Shukitt-Hale B, Denisova NA, Bielinski D, Martin A, 
McEwen JJ, Bickford PC (1999) Reversals of age-related declines 
in neuronal signal transduction, cognitive, and motor behavioral 
deficits with blueberry, spinach, or strawberry dietary supplemen-
tation. J Neurosci 19(18):8114–8121

	10.	 Bell L, Lamport DJ, Butler LT, Williams CM (2015) A review 
of the cognitive effects observed in humans following acute sup-
plementation with flavonoids, and their associated mechanisms of 
action. Nutrients 7(12):10290–10306

	11.	 Lamport DJ, Dye L, Wightman JD, Lawton CL (2012) The effects 
of flavonoid and other polyphenol consumption on cognitive per-
formance: a systematic research review of human experimental 
and epidemiological studies. Nutr Aging 1(1):5–25

	12.	 Devore EE, Kang JH, Breteler M, Grodstein F (2012) Dietary 
intakes of berries and flavonoids in relation to cognitive decline. 
Ann Neurol 72(1):135–143

	13.	 Krikorian R, Shidler MD, Nash TA, Kalt W, Vinqvist-Tymchuk 
MR, Shukitt-Hale B, Joseph JA (2010) Blueberry supplemen-
tation improves memory in older adults. J Agric Food Chem 
58(7):3996–4000

	14.	 Krikorian R, Nash TA, Shidler MD, Shukitt-Hale B, Joseph JA 
(2010) Concord grape juice supplementation improves memory 
function in older adults with mild cognitive impairment. Br J Nutr 
103(05):730–734

	15.	 Letenneur L, Proust-Lima C, Le Gouge A, Dartigues JF, Bar-
berger-Gateau P (2007) Flavonoid intake and cognitive decline 
over a 10-year period. Am J Epidemiol 165(12):1364–1371

	16.	 Kent K, Charlton K, Roodenrys S, Batterham M, Potter J, Traynor 
V et al (2015) Consumption of anthocyanin-rich cherry juice for 

12 weeks improves memory and cognition in older adults with 
mild-to-moderate dementia. Eur J Nutr 1–9

	17.	 Dodd GF. The acute effects of flavonoid-rich blueberries on cogni-
tive function in healthy younger and older adults (Doctoral dis-
sertation, University of Reading)

	18.	 Watson AW, Haskell-Ramsay CF, Kennedy DO, Cooney JM, 
Trower T, Scheepens A (2015) Acute supplementation with 
blackcurrant extracts modulates cognitive functioning and 
inhibits monoamine oxidase-B in healthy young adults. J Funct 
Foods 17:524–539

	19.	 Bowtell JL, Aboo-Bakkar Z, Conway M, Adlam AL, Fulford J 
(2017) Enhanced task related brain activation and resting perfu-
sion in healthy older adults after chronic blueberry supplemen-
tation. Appl Phsyio Nutr Metab 42(7):773–779

	20.	 Lamport DJ, Latwon CL, Merat N, Jamson H, Myrissa K, Hof-
man D, Chadwick HK, Quadt F, Wightman JD, Dye L (2016) 
Concord grape juice, cognitive function and driving perfor-
mance: a 12-wk, placebo-controlled, randomised crossover trial 
in mothers of preteen children. Am J Clin Nutr 3(3):775–783

	21.	 Scholey AB, French SJ, Morris PJ, Kennedy DO, Milne AL, 
Haskell CF (2009) Consumption of cocoa flavanols results in 
acute improvements in mood and cognitive performance during 
sustained mental effort. J Psychopharmacol 24(10):1505–1514

	22.	 Field DT, Williams CM, Butler LT (2011) Consumption of 
cocoa flavanols results in an acute improvement in visual and 
cognitive functions. Physiol Behav 103(3):255–260

	23.	 Massee LA, Ried K, Pase M, Ravica N, Yoganathan J, Scholey 
A, Macpherson H, Kennedy G, Sali A, Pipingas (2015) The 
acute and sub-chronic effects of cocoa flavanols on mood, cog-
nitive and cardiovascular health in young healthy adults: a ran-
domised, controlled trial. Front Pharmacol 6:93

	24.	 Alharbi MH, Lamport DJ, Dodd GF, Saunders C, Harkness L, 
Butler LT, Spencer JP (2016) Flavonoid-rich orange juice is 
associated with acute improvements in cognitive function in 
healthy middle-aged males. Eur J Nutr 55(6):2021–2029

	25.	 Kean RJ, Lamport DJ, Dodd GF, Freeman JE, Williams CM, 
Ellis JA, Butler LT, Spencer JP (2015) Chronic consumption of 
flavanone-rich orange juice is associated with cognitive benefits: 
an 8-wk randomised, double-blind, placebo-controlled trial in 
healthy older adults. Am J Clin Nutr 101(3):506–514

	26.	 Khalid S, Barfoot KL, May G, Lamport DJ, Reynolds SA, Wil-
liams CM (2017) Effects of acute blueberry flavonoids on mood 
in children and young adults. Nutrients 9(2):158

	27.	 Calderón-Garcidueñas L, Mora-Tiscareño A, Franco-Lira 
M, Cross JV, Engle R, Gómez-Garza G, Jewells V, Weili L, 
Medina-Cortina H, Solorio E, Chao CK (2013) Flavonol-rich 
dark cocoa significantly decreases plasma endothelin-1 and 
improves cognition in urban children. Front Pharmacol 4:104

	28.	 Whyte AR, Williams CM (2015) Effects of a single dose of 
a flavonoid-rich blueberry drink on memory in 8 to 10 y old 
children. Nutr 31(3):531–534

	29.	 Whyte AR, Schafer G, Williams CM (2016) Cognitive effects 
following acute wild blueberry supplementation in 7-to 10-year-
old children. Eur J Nutr 55(6):2151–2162

	30.	 Thatcher RW (1991) Maturation of the human frontal lobes: 
physiological evidence for staging. Dev Neuropsychol 
7(3):397–419

	31.	 Anderson P (2002) Assessment and development of executive 
function (EF) during childhood. Child Neuropsychol 8(2):71–82

	32.	 Whyte AR, Schafer G, Williams CM (2017) The effect of cogni-
tive demand on performance of anexecutive function task follow-
ing wild blueberry supplementation in 7 to 10 years old children. 
Food & Function 8(11):4129–4138

	33.	 Ehri LC (2005) Development of sight word reading: Phases and 
findings. A handbook, The science of reading, pp 135–154

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


	 European Journal of Nutrition

1 3

	34.	 Sesma HW, Mahone EM, Levine T, Eason SH, Cutting LE (2009) 
The contribution of executive skills to reading comprehension. 
Child Neuropsychol 15(3):232–246

	35.	 Gerst EH, Cirino PT, Fletcher JM, Yoshida H (2017) Cognitive 
and behavioural rating measures of executive function as pre-
dictors of academic outcomes in children. Child Neuropsychol 
23:381–407

	36.	 St. Clair-Thompson HL, Gathercole SE (2006) Executive func-
tions and achievements in school: Shifting, updating, inhibition, 
and working memory. Q J Exp Psychol 59:745–759

	37.	 Geary DC (2011) Cognitive predictors of achievement growth in 
mathematics: a 5-year longitudinal study. Dev Psychol 47:1539

	38.	 Evans JJ, Floyd RG, McGrew KS, Leforgee MH (2002) The rela-
tions between measures of Cattell-Horn-Carroll (CHC) cognitive 
abilities and reading achievement during childhood and adoles-
cents. Sch Psychol Rev 31:246

	39.	 Lezak MD (2004) Neuropsychological assessment. Oxford Uni-
versity Press, Oxford

	40.	 Wagner RC, Torgesen JK, Rashotte CA, Pearson NA (2010). Test 
of silent reading efficiency and comprehension. Pro Ed, Austin, 
TX

	41.	 Rodriguez-Mateos A, Rendeiro C, Bergillos-Meca T, Tabata-
baee S, George TW, Heiss C, Spencer JP (2013) Intake and time 
dependence of blueberry flavonoid–induced improvements in vas-
cular function: a randomized, controlled, double-blind, crossover 
intervention study with mechanistic insights into biological activ-
ity. Am J Clin Nutr 98(5):1179–1191

	42.	 Simon JR, Berbaum K (1990) Effect of conflicting cues on infor-
mation processing: the ‘Stroop effect’vs. the ‘Simon effect’. Acta 
Psychol 73:159–170

	43.	 Welford AT (1980) Reaction times. Academic Press, Cambridge
	44.	 Smith AP, Miles C (1986) Acute effects of meals, noise and night-

work. Br J Psychiatry 77:377–387
	45.	 Schröder M, Müller K, Falkenstein M, Stehle P, Kersting M, 

Libuda L (2015) Short-term effects of lunch on children’s execu-
tive cognitive functioning: the randomised crossover cognition 
intervention study Dortmund PLUS (CogniDo PLUS). Physiol 
Behav 152:307–314

	46.	 Schröder M, Müller K, Falkenstein M, Stehle P, Kersting M, 
Libuda L (2016) Lunch at school and children’s cognitive 
functioning in the early afternoon: results from the Cognition 
Intervention Study Dortmund Continued (CoCo). Br J Nutr 
116(7):1298–1305

	47.	 Richardson AJ, Montgomery P (2005) The Oxford-Durham Study: 
a randomised, controlled trial of dietary supplementation with 
fatty acids in children with developmental coordination disorder. 
Pediatr 115(5):1360–1366

	48.	 Richardson AJ, Burton JR, Sewell RP, Spreckelsen TF, Montgom-
ery P (2012) Docosahexaenoic acid for reading, cognition and 
behaviour in children aged 7–9 years: a randomised, controlled 
trial (the DOLAB Study). PLoS one, 7(9):e43909


	The effects of acute wild blueberry supplementation on the cognition of 7–10-year-old schoolchildren
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants
	Treatments
	Cognitive tests
	Procedure
	Test day
	Statistical analysis

	Results
	Modified attention network task (MANT)
	Reaction time (RT; ms)
	Accuracy (%)

	Auditory Verbal Learning Task (AVLT)
	AVLT drink effects
	TOWRE-2


	Discussion
	Acknowledgements 
	References


