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Abstract

Background: Whilst an acute bout of exercise has been shown to enhance subsequent cognition, including in
adolescents, the effects of team games (of which Football is the most popular) has received little attention.
Therefore, this study examined: the effect of an acute bout of outdoor Football activity on information processing,
inhibitory control, working memory and circulating brain-derived neurotrophic factor (BDNF) in adolescents; the
effect of physical fitness on cognition and; the moderating effect of physical fitness on the acute exercise
responses.

Methods: Following familiarisation, 36 adolescents (16 girls) took part in two trials (60-min Football and 60-min
seated rest) separated by 7-d in a counterbalanced, crossover design. Information processing and inhibitory control
(Stroop Test), and working memory (Sternberg Paradigm) were assessed 30-min before exercise/rest and
immediately, 45- and 90-min post-exercise/rest. Capillary blood samples were obtained before exercise/rest and up
to 120-min post-exercise/rest. The median split of distance covered on the MSFT was used to divide the group into
high- and low-fit groups.

Results: Performance on the cognitive function tasks was similar between Football and seated rest (trial*time
interactions; all p >.05). However, the high-fit group had overall quicker response times on both levels of the
Stroop Task and all three levels of the Sternberg Paradigm (main effect of fitness; all p <.001). Furthermore, the
exercise-cognition relationship was moderated by physical fitness, with improvements in working memory response
times seen post-exercise, only in the high-fit group (trial*time*fitness interaction, p < .05). Circulating BDNF was
unaffected by the Football activity and physical fitness (p > .05).

Conclusion: The present study shows that higher levels of physical fitness are beneficial for cognitive function and
provides novel evidence that an ecologically valid, and popular, form of exercise is beneficial for working memory
following exercise, in high-fit participants only.
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Background

Acute bouts of exercise elicit small-moderate beneficial
effects on cognitive function in adults [1], children [2]
and adolescents [3]. However, the exercise-cognition re-
lationship is a complex phenomenon, affected by a num-
ber of factors such as the modality, intensity and
duration of the exercise bout, age, physical fitness and
the cognitive domain assessed [4, 5]. Much of the re-
search in the adolescent population has employed trad-
itional continuous lab-based exercise protocols,
examining treadmill running/walking [6-8] and cycle
ergometry [9-12]. Furthermore, the focus has been pri-
marily on cognitive function immediately post-exercise,
including the domains of executive function and work-
ing memory [6, 9, 13]. There is also some evidence that
the benefits of an acute bout of exercise persist for up to
45 min [14-16] post-exercise; yet the time-course of
exercise-induced cognitive effects beyond this are cur-
rently unknown. Only one study has demonstrated acute
cognitive benefits up to 60 min post-exercise, with im-
proved inhibitory control found 60 min following mod-
erate intensity circuit exercise [17]. However, no study
has examined the effect of an acute bout of exercise be-
yond 1 h post-exercise in adolescents.

Furthermore, many of the acute exercise protocols
used in previous studies are difficult to incorporate into
a school day due to reliance on specialist equipment,
such as motorised treadmills and cycle ergometers,
which may not be available in a school setting. This is
known to be a prominent barrier to exercise participa-
tion in this population [18]. Recent research has
attempted to address this issue by utilising acute school-
based protocols consisting of sprint intervals [14],
shuttle running [15, 19], Basketball [16] and cognitively-
engaging exercise [13, 20]. The use of acute games-
based activity, such as Football, is an attractive mo-
dality given that the habitual activity patterns of
young people are high-intensity and intermittent in
nature [21], as seen in team games [22]. Furthermore,
games-based activity is typically a mode of exercise
that young people enjoy; a vital consideration for
long-term implementation [23]. Positive effects of
such acute school-based protocols have been demon-
strated across a range of domains of cognition, in-
cluding attention [13, 15, 20], working memory [16]
and executive function [14, 16]. Football is the most
popular games-based exercise amongst adolescents
[23], with only one study to date examining the acute
effects of Football on subsequent cognitive function
[24]. A brief (20 min) bout of high-intensity Football
improved inhibitory control performance 20 min post-
exercise, compared to walking Football and a resting
control [24]. However, it is unknown how acute Foot-
ball affects other domains of cognitive function, such
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as working memory, as well as the duration of the
transient improvements post-exercise.

Cross-sectional evidence in adults suggests that those
with a higher physical fitness, assessed by VO,max, have
quicker response times on a psychomotor speed task
[25]. Similar results have been demonstrated in over-
weight and sedentary children, using VO, peak as the
fitness criterion [26]. Hillman et al. [27] found that both
high-fit children and adults, assessed with the PACER, a
variation of the multi-stage fitness test, performed better
on an executive function task than their low-fit counter-
parts. Whilst there is strong evidence of a positive rela-
tionship between physical fitness and cognitive function
in children and adults, there is limited knowledge con-
cerning adolescents. Adelantado-Renau et al. [28] used a
battery of fitness tests, including the multi-stage fitness
test, in a group of healthy adolescents and found that
higher physical fitness was positively associated with aca-
demic performance. In addition, higher physical fitness
(assessed by the Andersen intermittent test) was associ-
ated with a greater inhibitory control performance in
older adolescents (~ 14 y) [29]. However, it is not known
how physical fitness affects key cognitive domains such
as executive function and working memory in younger
adolescents, where they are of particular importance for
academic achievement [30].

Recent reviews suggest that physical fitness moderates
the acute exercise-cognition relationship [1, 4] — particu-
larly when cognition is measured immediately post-
exercise [1], or with reference to learning and memory
[4]. However, another recent meta-analysis concluded
that physical fitness does not moderate the acute exer-
cise response, with respect to aerobic exercise and ex-
ecutive function [3]. Specifically, it has been shown that
adolescents with a higher level of physical fitness,
assessed by a multi-stage fitness test [16] and a
continuous-graded maximal exercise test until exhaus-
tion [11], demonstrate improved response times on an
executive function task immediately after cycling [11]
and 45 min after basketball exercise [16]; whilst in
lower fit adolescents error rates were higher [11] and
response times were slower [16] following exercise. In
addition, response times on a working memory task
were improved, in the high-fit group only, following
basketball exercise [16]. Overall, the available evidence
suggests that higher physical fitness may enhance the
post-exercise improvements in cognition. This may
also be more applicable to games-based exercise,
which has both cognitive and physical demands,
whereby those with a higher physical fitness can allo-
cate greater cognitive resources to the activity itself
[3]. The underlying mechanisms behind this relation-
ship remain unclear, although it has been surmised
that circulating growth factors — particularly brain-
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derived neurotrophic factor (BDNF) — may have a
role to play [31, 32].

BDNF is stated to have an instrumental role in the
structural formation and function of the brain [33] and
plays an important role in the promotion and mainten-
ance of synaptic connectivity [34]; which is suggested to
be one of the mechanisms through which BDNF may
mediate post-exercise improvements in cognitive func-
tion [4]. To date, only resting BDNF has been investi-
gated in relation to objectively measured physical
activity in adolescents; whereby physical activity and
plasma BDNF were not related [35] and mean physical
activity and serum BDNF were negatively related in ado-
lescent boys only [36]. Furthermore, no studies have ex-
amined the time-course of BDNF concentrations in the
hours following an acute bout of exercise in adolescents
— which is an important knowledge gap to fill given the
suggested role of BDNF in mediating post-exercise cog-
nitive improvements [31, 33]. The response of BDNF to
an acute bout of ecologically valid games-based activity
in adolescents, and the moderating role of physical fit-
ness in this exercise-BDNF relationship, is currently
unknown.

The aim of the present study was to investigate the ef-
fect of an acute bout of outdoor Football on information
processing, inhibitory control and working memory and
circulating BDNF concentration in adolescents, for up to
2h post-exercise. A secondary aim of the study was to
examine whether there were differences in overall cogni-
tive function performance and BDNF concentration be-
tween high and low-fit participants, and whether
physical fitness moderates cognitive function and BDNF
concentrations following exercise.

Methods

Participant characteristics

Thirty-six adolescents (20 boys, 16 girls) volunteered to
participate in the study. During familiarisation, all partic-
ipants underwent anthropometric measurements of

Page 3 of 14

height (cm), body mass (kg) and sitting height (cm).
These were used to calculate age at peak height velocity,
using previously described methods [37]. Height was
measured with a Leicester Height Measure (Seca,
Hamburg, Germany) accurate to 0.1 cm, body mass was
measured using a Seca 770 digital scale (Seca, Hamburg,
Germany) accurate to 0.1 kg and waist circumference to
the nearest 0.1 cm [38]. Four skinfold sites were mea-
sured (triceps, subscapular, supraspinale and front thigh)
as a surrogate marker of body composition, in line with
previously described methods [39]. Descriptive partici-
pant characteristics are presented in Table 1.

Experimental design

The study conformed to the Declaration of Helsinki
guidelines and was approved by the institution’s Human
Ethics Committee. Participants were recruited from sec-
ondary schools in the East Midlands area of the UK.
Written parental consent and participant assent were
obtained during the initial phase of recruitment. A
health screen was completed by each participant’s par-
ent/guardian and was checked by a lead investigator to
ensure there were no medical conditions that would
affect the child’s participation in the study. All partici-
pants that enrolled in the study were considered healthy.
In particular, any participants that had existing neuro-
logical and/or mental health conditions were not eligible
to take part. In addition to this, participants with any
physical ailments that could be exacerbated by physical
activity were not permitted to take part.

This study employed a randomised, order-balanced,
crossover, within-subjects design consisting of two main
experimental trials (exercise and resting); separated by at
least 7 d. Participants were blind to the trial condition
until arrival at school. A familiarisation took place ~7 d
before the first main trial and allowed participants to be
acquainted with all the necessary procedures, including
capillary blood sampling and the battery of cognitive
function tests. Participants were also familiarised with a

Table 1 Participant characteristics for the group overall, as well as for the high- and low-fit groups. Data are mean + SD

Variable Overall High-fit Low-fit

Age (yrs) 126 £ 05 127 £ 05 124 +£05
Height (cm) 163.1+£70 163.5 £ 80 1626 + 6.1
Body Mass (kg) 539 £ 100 50.1 +89* 576 £ 100
Waist Circumference (cm) 700 £ 80 66.0 £ 54 * 739 £ 84
Sum of 4 skinfolds (mm) 603 + 268 428 + 128 778 £ 257
Maturity Offset 0.08 £ 094 020 £ 0.84 -0.05+1.03
MSFT Distance (m) 1160 £ 400 1480 + 300 ** 840 + 140
Predicted VO, peak (mlkg"-min~") ¢ 479+52 520+ 37 ** 438+ 25

Abbreviations: MSFT Multi-Stage Fitness Test

2 predicted from the multi-stage fitness test using the equations of Barnett et al [40]

* Different compared to low-fit, p < .05. ** Different compared to low-fit, p <.001
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Football session, consisting of skill drills and small-sided
games to ensure they had the required skills to partici-
pate in the Football session as part of the exercise trial.

During the familiarisation, participants also completed
the multi-stage fitness test (MSFT) [41] for the assess-
ment of physical fitness. Prior to the start of the MSFT,
participants were fitted with a heart rate monitor (First-
beat Team Sport System, Firstbeat Technologies Ltd.,
Finland). Heart rate was monitored throughout the
MSFT and maximum heart rate was recorded upon
completion. To encourage maximum effort from the
participants, investigators provided verbal encourage-
ment. Performance on the test was determined by the
total distance covered (m), with participants assigned to
high- and low-fitness groups, based on the median split
of the MSFT distance covered for each sex.

Main trials

Participants were instructed to record their dietary in-
take for the 24 h preceding and during the first experi-
mental trial. Recorded diets were then replicated for the
subsequent main trial. Participants were asked to refrain
from eating or drinking from 9 pm the previous evening
for both days of the two main trials. Water was allowed
ad libitum at all times. Participants were also asked to
refrain from any unusually strenuous physical activity
24h prior to the main trials. Parents/guardians were
contacted by telephone on the evening prior to each
main trial to ensure compliance with these
requirements.

On the morning of the main trials, following the over-
night, fast participants reported to school (between 8 am
and 8:30 am) and were fitted with a heart rate monitor
(Firstbeat Team Sport System, Firstbeat Technologies
Ltd., Finland). Both trials followed a time matched
protocol, with the only difference being the 60 min exer-
cise session. During the exercise trial participants com-
pleted 60 min Football (see section 2.3.4); whilst they
remained seated in the classroom during the resting
control trial. In both trials, participants were allowed to
interact freely with each other.

Experimental procedures

Standardised breakfast and lunch

In order to better ascertain the sole effects of exercise, a
standardised breakfast and lunch was provided for par-
ticipants during the experimental trials. The breakfast
provided 1.5 g of carbohydrate per kg body mass (corn-
flakes, milk, white toast and butter). The lunch also pro-
vided 1.5g of carbohydrate per kg body mass (chicken
sandwich, baked crisps and an apple; with a cheese alter-
native for vegetarians). Both of these meals were used to
control for the influence of nutrition on cognitive func-
tion [42], the potential for nutrition and exercise to
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interact to affect cognition [43] and were exactly the
same for both trials. Participants were given 15min to
consume each meal. All participants complied with this
requirement.

Capillary blood samples

Capillary blood samples were preferred over venous
samples due to ethical constraints and have also been
used successfully in an adolescent population [39]. Ca-
pillary blood samples were taken at baseline and imme-
diately, 30 min and 60 min post-exercise. An additional
blood sample was taken 60 min post-lunch (2h post-
exercise).

In order to increase capillary blood flow, participants’
hands were warmed via submersion in warm water prior
to collection. A Unistik single-use lancet (Unistik, Extra,
21G gauge, 20mm depth, Owen Mumford Ltd., UK)
was used and blood was collected into a single 300 pl
microvette, with clotting activator (Microvette CB 300 Z,
Sarstedt Ltd., UK). The sample was allowed to rest for
30 min at room temperature before undergoing centrifu-
gation at 1000 x g for 15min (Eppendorph 5415C,
Hamburg, Germany). Serum was then extracted into
500 pl plastic vials for subsequent analysis. All samples
were frozen immediately at — 20 °C and transferred to -
80°C as soon as possible. Brain-derived neurotrophic
factor (BDNF) concentrations were determined with a
commercially available ELISA (Quantikine ELISA®, R &
D Systems Europe Ltd., UK) according to the manufac-
turer’s instructions. The intra-assay coefficient of vari-
ation (%) for 8 repeat measurements was 6.9%.

Cognitive function tests

The cognitive function test battery lasted approximately
8 min and consisted of the Stroop test and the Sternberg
Paradigm, completed in this order on a laptop computer
(Lenovo ThinkPad T450; Lenovo, Hong Kong). Each test
and test level were preceded by instructions on the
screen and practice stimuli in order to re-familiarise par-
ticipants with the test and negate any potential learning
effects; the data for the practice stimuli were discarded.
The participants completed the tests in a classroom of
10 participants, in silence and separated so that they
could not interact during the tests. Participants were
seated 80—100 cm from the screen in a self-selected pos-
ition that was comfortable. Sound cancelling headphones
were worn and the lights in the room dimmed to min-
imise external disturbances and enhance screen visibility.
For each test the variables of interest were the response
times (ms) of correct responses (i.e. reaction time +
movement time) and the proportion (%) of correct re-
sponses made. For a visual representation of the cogni-
tive testing procedures, please see Supplementary Fig. 1.
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Stroop test The Stroop test measures information pro-
cessing and executive function (in particular the domain
of inhibitory control) [44]. The Stroop test consisted of
two levels (congruent and incongruent). During both
levels, a test word was placed in the centre of the screen
with a target and distractor placed randomly on the left
and right side. Participants were instructed to select
their response using the appropriate arrow keys (left or
right) with the index and middle fingers of the right
hand respectively. On the congruent level, there were 20
stimuli with the test, target and distractor stimuli all pre-
sented in white ink. The incongruent level (colour inter-
ference) contained 40 stimuli, with participants selecting
the ink colour that the test word was displayed in, rather
than the word itself (e.g. if ‘red’ was written in green
font, the correct response would be green). For both
levels, participants were instructed to respond as quickly
and as accurately as possible. Choices remained on
screen until participants responded, with an inter-
stimulus interval of 1s.

Sternberg paradigm The Sternberg paradigm measures
the domain of working memory [45] and consisted of
three levels of ascending complexity. Each level used a
different working memory load (one, three or five items).
The one item level always used the number ‘3’ as the
target and consisted of 16 test stimuli. The three and
five item levels had targets that were randomly gener-
ated (e.g. three-item ‘A T W’; five-item: ‘B G N I R’),
with each level containing 32 test stimuli. At the start of
each level, the target items were displayed with instruc-
tions to press the right arrow key (with the middle finger
of their right hand) if a target was present, or the left
arrow key (with the index finger of their right hand) for
a distractor. The correct response was counterbalanced
between the left and right arrow key for each level. On
all levels the choice stimuli were presented in the centre
of the screen, with an inter-stimulus interval of 1 s.

Exercise protocol

The exercise consisted of a 60 min Football session.
Football was chosen because it is high-intensity and
intermittent in nature and thus replicates the activity
patterns typically observed in this population [21]; as
well as being an enjoyable and popular form of games-
based activity for young people [46] and thus has
ecological validity. A duration of 60 min was selected to
advance on previous work examining the effects of 60
min of Basketball [16], whereas research utilising
Football protocols is typically shorter in duration (20
min) [24]. An experienced Football coach delivered the
sessions to groups of 10 participants, on outdoor facil-
ities at the respective schools. The session consisted of a
warm-up (5 min), skill-based drills (25 min) and small-
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sided games (5 vs 5; 30 min). Heart rate was monitored
continuously throughout the session. Maximum heart
rate (HRmax), as recorded at the end of the MSFT, and
heart rate during the Football session were used to cal-
culate the relative exercise intensity (%HRmax). Add-
itionally, Global Positioning System (GPS) devices were
worn to quantify the external load during the Football
session using SPI HPU (15Hz) portable GPS units
(GPSports, Australia). The GPS units were fitted to sit
between the scapulae, at the base of the cervical spine,
using an elasticated shoulder harness. After each exer-
cise session, the data were downloaded to Team AMS
software (Team AMS, GPSports). Variables of interest
are expressed as total distance covered (m) as well as
distance covered at low-speed (<9km-h™'), moderate-
speed (9-13 km:h™ ') and high-speed (> 13 km-h™ ') [47].

Statistical analysis
Data from the Stroop test and Sternberg paradigm were
analysed using the open source software, R (www.r-pro-
ject.org). Response time and accuracy analyses were con-
ducted using Analysis of Covariance (ANCOVA), with
waist circumference as a covariate — given the effect of
waist circumference on executive function [48]. Prior to
analyses, the response times (of correct responses) were
log transformed to exhibit the right hand skew, typical
of human response times. Initially a three-way (trial by
time by fitness) ANCOVA (with repeated measures for
trial and time) was conducted. Where three-way interac-
tions occurred, separate two-way (trial by time) repeated
measures ANCOVAs for each fitness group were con-
ducted. To explore statistically significant two-way inter-
actions (trial by time), paired samples t-tests with a
Bonferroni correction for multiple comparisons were
conducted to compare between the trials at each time
point. These analyses allow exploration of the effects of
the football session, and the moderating effect of fitness,
on subsequent cognitive function. For the response time
analyses, minimum (<200 ms) and maximum (1500—
3000 ms, dependent on task complexity) were applied to
eliminate any unreasonably fast and slow responses.
BDNF analysis conducted using SPSS (Version 25;
SPSS Inc., Chicago, IL., USA), also adopting a three-way
(trial by time by fitness) ANOVA (with repeated mea-
sures for trial and time). Heart rate and GPS variables
were compared between the high- and low-fitness
groups using an independent samples t-test. All data are
presented as mean + SD, unless otherwise stated. Alpha
(o) was set at p < .05.

Results

Exercise characteristics

During the 60 min of Football, average heart rate was
151 + 16 beatsmin™ !, maximum heart rate was 186 + 13
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beatsmin~ ' and relative exercise intensity was 75 + 8%
(Table 2). Furthermore, average (¢ 33y = —2.8, p=.009)
and maximum heart rate (¢ 35 = 2.7, p =.010), as well as
relative exercise intensity (¢ 33y = —4.1, p <.001), were
lower in the high-fit group compared to low-fit (Table
2). Average heart rate across the whole 4 h exercise trial
(105 + 13 beatsmin™ ) was higher than during the whole
4h resting trial (84 +11 beatsmin” Lot @5 = 11.8,
p<.001).

During the Football session, the average total distance
covered was 2788 +432m. Of this, 2129 +278 m was
covered at low speed (<9 km-h™ Y, 477 + 120 m at mod-
erate speed (9—13km-h™') and 177 + 84 m at high speed
(>13km:h™'). All GPS variables during the 60 min foot-
ball session were similar between the high- and low-fit
groups (Total Distance; p =.959. Low Speed Distance;
p =.542. Moderate Speed Distance; p =.710. High Speed
Distance; p = .305, Table 2).

Cognitive function

Data for both cognitive tests, across all time points, for
the exercise and control trials are displayed in Table 3.
Given that there were no differences at baseline between
the exercise and resting trials (all p >.05) and for ease of
interpretation, the figures are displayed as change from
baseline. An overview of the results of the statistical ana-
lyses is displayed in supplementary Table 1.

Stroop test
Response times

Congruent level Overall response times were quicker in
the high-fit group compared to the low-fit group (main
effect of fitness: high-fit; 719 + 134 ms, low-fit; 794 + 164
ms; F(, s304) = 130.2, p<.001). Overall response times
were similar between the exercise and resting trial (main
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effect of trial; p =.363) and became quicker across the
course of the day (main effect of time; F(3 5304y =18.5,
p<.001). The pattern of change between the exercise
and resting trial was similar (trial by time interaction:
p =.373). The pattern of change across the exercise and
resting trials was, however, different between the high-
and low-fit groups (trial by time by fitness interaction;
F(3, 5304 = 4.8, p=.002; Fig. 1). A separate ANOVA re-
vealed a difference in the pattern of change for the low-
fit participants (trial by time interaction; F(3, 2619) = 4.10,
p=.007, Fig. 1la). Specifically, response times were
quicker 45 min following seated rest compared to 45
min post-exercise (p=.045). However, in the high-fit
participants, response times were similar across the
morning between the exercise and resting trials (trial by
time interaction; p = .231; Fig. 1b).

Incongruent Level Overall response times were quicker
in the high-fit group compared to low-fit (main effect of
fitness; high-fit; 960 + 209 ms, low-fit; 1084 + 243 ms; F;,
10668) = 317.1, p <.001). Overall response times were
similar between the exercise and resting trial (main ef-
fect of trial; p=.994) and became quicker across the
course of the day (main effect of time; F3 10,66s) = 22.4,
p <.001). The pattern of change was similar between the
exercise and resting trial (trial by time interaction: p =
.204), as was the pattern of change between the high-
and low-fit groups (trial by time by fitness interaction;
p=.099).

Accuracy Congruent Level

Overall accuracy was similar between the high- and
low-fit groups (main effect of fitness; p = .316). Accuracy
was also similar between the exercise and resting trial
(main effect of trial; p =.324) and across the day (main
effect of time; p =.409). The pattern of change across

Table 2 Average and maximum heart rate, relative exercise intensity and GPS characteristics for the group overall, as well as the
high- and low-fitness splits, during the 60 min Football session. Data are mean + SD

Variable Overall High-Fit Low-Fit

Heart Rate
Average Heart Rate (beatsmin”) 151 £ 16 144 £ 16 * 158 + 12
Maximum Heart Rate (beatsmin™ ') 186 + 13 180 £ 11 % 191 £ 11
Relative Exercise Intensity 75+ 8 70+7* 80+6

(% maximum heart rate) °

GPS
Total Distance (m) 2788 + 432 2783 + 399 2791 + 474
Low Speed Distance (m) 2129 + 278 2099 + 274 2158 + 287
Moderate Speed Distance (m) 477 £ 120 484 + 107 469 + 133
High Speed Distance (m) 177 + 84 191 + 68 161 + 97

Abbreviations: GPS Global Positioning System. MSFT Multi-Stage Fitness Test
P Relative to the maximum heart rate attained during the MSFT
* High-fit group lower than low-fit, p <.01



Page 7 of 14

(2020) 20:1398

Williams et al. BMC Public Health

Y0l F 68 90l + £06 6L F0¢C6 €8 F 356 0l + 768 90l F 206 6/ F 076 €8 F 356 [[491A0
89 F L'l6 89 F L6 8G F V6 L'L+Te6 €LF1¢6 L9F T G9F €6 69F L¥6  MW-YOIH
8¢l F 898 el + /88 76 F 868 S6F 816 6'¢cl F 506 S9l + 898 6Ll F¥68 SO F8¢6 WMo (%) AorInddY
Y91 ¥ 918 65l F 19/ /8l 018 L9l ¥ 6¢8 ¥91 F 99/ clcF el 90¢ + £08 66l F €98 [[B49/A0
L F ¥6/ 8Ll F ¢/ SCLF LyL 8CL F 1/L Ll F S 7Sl F 102 76l F €18 S/l F66L W-YBIH
181l ¥ 8¢8 63l F ¥6/ Sl + 8.8 CLLF /88 8l F /8L 6SC F 9L CCC ¥ 08 S0C + 9¢6 W-MOT (Sw) awi] asuodsay wail an4
€5 F 056 8+ £L'S6 0S + 556 SSF /56 6/ F6¢6 89 F €V6 67 F 196 0t + 126 [[B49/A0
LS F 816 9Y F £'56 g€ F €96 09+ €56 67+ 056 'S+ €56 LY+ 7% 9CF L6 MWYOH
I'S ¥ 1'S6 'S ¥ 866 19 F /'56 'S ¥ 9% 00l ¥ 66 08 FC¢6 'S ¥ 096 SEF L6 U-moT (%) AoeInddYy
LSLF €49 lelL F¢59 St + 899 8Ll F¢99 6CL F 999 7Sl F v¥9 vl F 0.9 LZL ¥ 102 [[49/A0
8¢ [@4°] 86 + 909 €Cl +1€9 LLL ¥ 829 S8 F €19 00l F /26§ €Ll F 129 6771 F 099 W-ybIH
98l F /9 9vL F 869 8GL F S0L 8Ll ¥ 969 €51 F 269 S8l F 169 [SLF8LL S8l F eV WMo (sw) swi] asuodsay w9214
§8 F 8¥6 87 F ¥'96 9 ¥ 09% 9%+ 0L6 9/ F 09 8Y F ¥'96 oY ¥ 9/6 ¥+ 0.6 [[49A0
€6 F 866 8€F L6 vy + L6 LEF6L6 vy + L6 ¥+ 696 6+ CL6 LEF9/6  W-YOIH
60l F 8¢6 9SG F 556 SLF8Y6 €5 F 9% 66 F 876 €5 F 856 £V F 616 €5 F S9% HF-MOT (%) AorInddy
Nl F 1S SLL =+ £0S LZ + 887 [44SR T4 86 F L8t Ll F6lS S6 F €05 8¢l F ¢SS [[B49A0
L6 F 80S S8 F 9/¥ 9S F €LV LLLF /LS 9L F (8 0cCl + £0S /8 F 981 /6 F 91§ W-YBIH
0Cl F S€S GEL F 8€S €8 F 05 GEL F €€5 3LL ¥ 08y OLL ¥ LES 0L ¥ 0¢s 791 F 889 Up-moT (Sw) awi asuodsay wal auo Biaquiars
LBF L6 S F¥v6 oL+ L't6 0v + S9% 8/ F 0Y6 €8 F 676 9S F 616 9 + 9% [[49/A0
7S ¥ 816 LS+ 9¢6 (S F 676 6t €96 0S + 1's6 V'S F Y6 oY ¥ 6176 0 + €9 W-YBIH
ClLLF9¢6 67 + €56 SelLFvle €V F /96 00l +6¢6 SOl +/'¢6 /9 F 616 'S F 196 U-moT (%) AoeInddY
Y1l F L66 LEC + 5001 09¢ + ¢col LEC F 901 LSC F 566 91C ¥ £00L ¥CC F 9001 V¢ F 7801 [[49/A0
€61 F €56 S8l + 0C6 90¢ + 056 0C + £S6 GEC F €46 ¢0C F ¥56 6l F6£6  €SCF LE0L WFYBIH
€CC F 0l v F 6801 l6¢ ¥ ¥601 9CC ¥ 8911 S8C F 101 61C F 6501 9€C ¥ ¥/01 CeECF0elLlL W-MOT (Sw) awi asuodsay Xo(dwio)
§S F 866 0S +89% LEF VL6 CCF 66 0/ F ¥'56 TLF 056 09 ¥ 89% l'e ¥ 686 [[B491A0
65+ 066 €9 ¥ 866 '€ +8L6 9C + 686 ¥+ 196 65+ 856 9¢+8L6 0¥ 26 WYOH
¥'S ¥ /L9% l'e ¥8L6 v F69% 9l Ft'e6 06 F L6 V'8 F (16 L'l F 856 L+ /266 U-moT (%) AoeInddYy
191 + O/ 6¢l F S/ LCLF €EL L91 ¥ /8L Syl F veL Ll F 8¢/ SOl F ¥9/ S8l F 618 [[49/A0
el + S69 S8 + 89 8/ F¢ClL Syl F ovL 6L F L/ 0Sl F €t/ R 4R VAVA 0Ll F¢LL W-ybIH
S/l FS8L ¢Sl F /08 191 F §S/ CLLF8C8 Pl F 95/ 9EL F €S/ 6/1 F I8 6l F /S8 H-MOT (Sw) dwi asuodsay ajduwis doong
as|i9xa-3sod as1Jaxa-1sod as119x3-3sod 9S1249%d 1sa4-13sod 1sa4-1sod 1sa4-13sod
ulw 06 ulw Gf Aj2101paWW| -a.d ulw 06 uw sy  A|Preipaww 1594-31d
|e] aspiax3 lel] josu0d dnoip d|qeliep [E1Es 159]

dS F ueaw aJe ple(] ‘[|eIdA0 dnoib oy se [|am se ‘sdnolb ssaul-mo| pue -ybiy Syl 4o ‘S|elil |0JIUOD PUB 3SIDI9X DU} SSOIDR Plep Uonduny aARIUbOD) € djqel



Williams et al. BMC Public Health (2020) 20:1398

Page 8 of 14

A)
100+ v« {3 « < Low-Fit Exercise v+ O « ¢« Low-Fit Control
50
@
. T
8 0 E' Tece., 1 T
[0} e, *®, .. °.,
g -50- :
@ ol e ..
(9] .
o * es s s o0
£
o -100+
(=]
c
@©
=
[$)
-150
Exercise/
Rest
-200-
0 30 90 135 180
Elapsed Time (min)
B) —=— High-Fit Exercise —O— High-Fit Control
0 i T 1 1 1
)
E
'g -50
'_
(]
1%
c
o
Q
]
[
(14
£
o -100
j=2)
c
©
=
)
Exercise/
Rest
-150 =
0 30 90 135 180
Elapsed Time (min)
Fig. 1 Congruent Stroop test response times across the exercise and resting trials for the low-fit (@) and high-fit (b) groups. Data are mean + SEM
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the day was similar between the exercise and resting trial
(trial by time interaction; p = .428), as was the pattern of
change between the high- and low-fit groups (trial by
time by fitness interaction; p = .425). Incongruent Level

Overall accuracy was similar between the high- and
low-fit groups (main effect of fitness; p =.317). Accuracy
was also similar between the exercise and resting trial
(main effect of trial; p=.317) and across the day (main
effect of time; p =.410). The pattern of change across
the day was similar between the exercise and resting trial

(trial by time interaction; p = .410), as was the pattern of
change between the high- and low-fit group (trial by
time by fitness interaction; p = .413).

Sternberg paradigm

Response times One-item

Overall response times were quicker in the high-fit
group compared to their low-fit counterparts (main ef-
fect of fitness; high-fit; 496 + 91 ms, low-fit; 529 + 124
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ms, F(1, a372)=44.1, p <.001). However, response times
were similar between the exercise and resting trials
(main effect of trial; p =.639) but became quicker across
the course of the day (main effect of time; F3 4370 =
11.8, p<.001). The pattern of change in response times
was different between the exercise and resting trial (trial
by time interaction: F3, 4372) = 9.2, p <.001) and further-
more, the pattern of change between the exercise and
resting trial was different between the high- and low-fit
participants (trial by time by fitness interaction; Fs,
a372) = 4.2, p=.006). A separate ANOVA revealed a dif-
ference in the pattern of change for high-fit participants
(trial by time interaction; F(3, 2225) = 3.0, p = .030, Fig. 2d).
Specifically, response times were quicker 45 min post-
exercise, when compared to 45 min seated rest (p=
.022). A separate ANOVA also revealed a difference
in the pattern of change for low-fit participants (trial
by time interaction; F(3, 2147)=9.7, p<.001, Fig. 2a).
Specifically, low-fit participants were quicker 90 min
following seated rest, when compared to 90 min post-
exercise (p =.020).

Three-item

Overall response times were quicker in the high-fit
group compared to low-fit (main effect of fitness; high-
fit: 628 + 115 ms, low-fit: 703 + 160 ms, F(y, g725) = 184.4,
p <.001). However, response times were similar between
the exercise and resting trials (main effect of trial; p =
.327) but became quicker across the course of the day
(main effect of time; F(3 g725 = 7.5, p <.001). The pattern
of change was different between the exercise and resting
trials (trial by time interaction: F3, g725 = 2.7, p = .042),
as was the pattern of change across the day between the
high- and low-fit groups (trial by time by fitness inter-
action; F3 g75 =3.9, p=.009). A separate ANOVA
revealed a similar pattern of change between the exercise
and resting trial for the low-fit participants (trial by time
interaction; p =.390, Fig. 2b), yet there was a difference
in the pattern of change for the high-fit participants
(trial by time interaction; F(3, 43g8) = 6.5, p = < .001, Fig.
2e). Specifically, response times were quicker 90 min
following seated rest, when compared to 90 min post-
exercise (p <.001).

Five-item

Overall response times were also quicker in the high-
fit group compared to low-fit on the five item level of
the Sternberg paradigm (main effect of fitness; high-fit:
761 £ 151 ms, low-fit: 834 +207ms, Fg, g236 =998,
p<.001). Overall response times were quicker in the
control trial compared to the exercise trial (main effect
of trial; exercise: 803 + 168 ms, control: 791 + 200 ms, Fi;,
g236) = 4.0, p =.046) and became quicker over the course
of the day (main effect of time; F3, g236) = 27.1, p <.001).
The pattern of change was different between the exercise
and resting trial (trial by time interaction: F(3, ga36) = 5.6,
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p <.001) and furthermore, the pattern of change across
the day was different between the high- and low-fit
groups (trial by time by fitness interaction; F3 g236) =
4.6, p=.003). A separate ANOVA revealed a difference
in the pattern of change for the low-fit participants (trial
by time interaction; F3, 4041y = 3.4, p = .018, Fig. 2c). Spe-
cifically, response times were slower immediately post-
exercise compared to immediately after seated rest (p =
.012) and slower 90 min post-exercise compared to 90
min following seated rest (p =.033). A separate ANOVA
also revealed a difference in the pattern of change for
the high-fit participants (trial by time interaction; F,
a195) = 7.7, p<.001, Fig. 2f). Specifically, response times
were quicker 45 min following seated rest compared to
45 min post-exercise (p =.003).

Accuracy One item

Overall accuracy was similar between the high- and
low-fit groups (main effect of fitness; p =.314), similar
between the exercise and resting control trials (main
effect of trial; p=.314). and similar across the course
of the day (main effect of time; p =.398). The pattern
of change across the day was similar between the ex-
ercise and resting trial (trial by time interaction; p =
.396) as was the pattern of change between the high-
and low-fit participants (trial by time by fitness inter-
action; p =.399).

Three-item

Overall accuracy was similar between the high- and
low-fit groups (main effect of fitness; p =.315), similar
between the exercise and resting trials (main effect of
trial; p =.317) and similar across the course of the day
(main effect of time; p=.398). The pattern of change
across the day was similar between the exercise and rest-
ing trial (trial by time interaction; p =.394), as was the
pattern of change between the high- and low-fit groups
(trial by time by fitness interaction; p =.390).

Five-item

Overall accuracy was similar between the high- and
low-fit groups (main effect of fitness; p =.321), similar
between the exercise and resting trials (main effect of
trial; p =.316) and similar across the course of the day
(main effect of time; p =.404). The pattern of change
across the day was similar between the exercise and rest-
ing trial (trial by time interaction; p = .400), as was the
pattern of change between the high- and low-fit groups
(trial by time by fitness interaction; p = .412).

Brain derived Neurotrophic factor

Serum BDNF concentration was similar between the
high- and low-fit groups (main effect of fitness; high-fit:
27.1+68ngml ', low-fit: 29.1+7.8ngml ', p=.210).
Serum BDNF concentrations were also similar between
the exercise and resting trial (main effect of trial; p =
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.082) and were also similar across the course of the day
(main effect of time; p =.085). The pattern of change
was similar between the exercise and resting trial (trial
by time interaction; p=.167), as was the pattern of
change between the high- and low-fit groups (trial by
time by fitness interaction; p =.704, Table 4).

Discussion

The findings of the present study show that acute Football
activity did not influence subsequent information process-
ing, inhibitory control and working memory response
times for this group of adolescents overall. However, re-
sponse times for the high-fit group were quicker across all
levels of cognitive tasks, compared to the low-fit group.
When considering the moderating role of fitness on the
acute responses to exercise, 60 min of Football was benefi-
cial for working memory in the high-fit group, whereas
working memory tended to be unaffected by exercise in
the low-fit group. The present study is also the first to
measure the time course of BDNF post-exercise in an ado-
lescent population, with serum BDNF unaffected by acute
Football activity and fitness.

The current study demonstrates that response times,
during information processing, inhibitory control and
working memory tasks, are quicker in adolescents with a
higher physical fitness, when compared to their low-fit
counterparts. This is in support of recent meta-analyses in
children and adolescents demonstrating that chronic exer-
cise interventions, which aim to improve physical fitness,
lead to improvements in cognitive function [49, 50]. The
findings of the present study extends previous cross-
sectional findings in children [26—29] and adults [25, 32]
to three distinct domains of cognitive function (informa-
tion processing, inhibitory control and working memory)
in adolescents. Response times were consistently quicker
in the high-fit group across the congruent and incongru-
ent levels of the Stroop Task, as well as across all three
levels of the Sternberg Paradigm, compared to the low-fit
group. This enhanced cognition in high-fit adolescents
may explain the improved academic performance in high-
fit young people that has previously been reported [28, 51,
52] The findings of the current study, along with previous
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work, highlight the importance of high levels of physical
fitness for cognitive function and academic achievement
in children and adolescents.

The current study also demonstrates that the acute
benefits to working memory following exercise were ex-
clusive to the high-fit group only. This is an important
finding, given that physical fitness is suggested as a key
moderator of the exercise-cognition relationship [1, 4],
yet there are few empirical studies directly investigating
this, especially in adolescents. Recent work has investi-
gated this through a 60 min Basketball session [16] and a
20 min bout of cycling [11]. Even though the modality
and duration of exercise are vastly different, both studies
concluded that the improvement in cognition, following
an acute bout of exercise, was enhanced in those consid-
ered high-fit; in line with the findings of the present
study. An explanation for this may be the differences in
relative exercise intensity during the Football activity,
with the low-fit group working at a higher relative exer-
cise intensity (~ 80% HRmax) compared to the higher fit
children (~70% HRmax). It is possible that for the low-
fit children the exercise was of too high an intensity and
thus too demanding. A recent review suggests that en-
hancements in cognitive function, following exercise,
tend to occur under moderate intensities with attenu-
ated effects under light- and high-intensities; which is
consistent with an inverted-U theory [4]. An additional
explanation might be under the transient hypofrontality
hypothesis, whereby neural activity in the brain — mainly
the prefrontal cortex — is reduced as a result of very
high-intensity exercise [53].

The present study also provides novel evidence regarding
the effects of Football on subsequent cognitive function
(particularly working memory) in adolescents, with only
one previous studying investigating the acute effects of
Football [24]. The majority of previous work in adolescents
has used traditional forms of exercise; such as continuous
running [6, 7, 19, 20], walking [8] and cycling [9, 11, 12].
Whilst traditional exercise protocols are easy to control in
a laboratory setting, they do not necessarily reflect the ha-
bitual activity patterns of young people [21]. The use of
Football may provide an attractive model; viable for

Table 4 Serum BDNF concentrations (ng:ml™ ') across the course of the resting and exercise trials, for the high- and low-fitness

groups, as well as the group overall. Data are mean + SD

Group Control Trial

Exercise Trial

Pre-rest Immediately 30 min 60 min 120 min Pre- Immediately 30 min 60 min 120 min
post-rest post-rest post-rest post-rest exercise post-exercise post- post- post-
exercise exercise exercise
Low- 287+63 292+74 288+62 31.1+£60 302+82 281+55 310+106 284 +92 272 +82 285+99
Fit
High- 261 +50 263 +84 281 £67 293+£63 311+73 234+£43 263+£72 268 £ 6.8 270 £59 263 £75
Fit
Overall 274 +58 278+80 28563 302+£61 306+77 258+54 286+92 276 £80 271 £ 7.1 274 £87
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adolescents and thus has real-world applicability. Whilst
the cognitive benefits following Football were exclusive to
high-fit individuals and the domain of working memory in
the present study, there was also no evidence of a decline
in performance for the low-fit participants because of exer-
cise. This suggests that games-based exercise, such as Foot-
ball, can still be a valid mode of activity for young people,
given the known health benefits [54], the popularity [46]
and the ease of access to the equipment needed.

The present study is the first to examine the time-
course of circulating BDNF in adolescents following an
acute bout of exercise. This is an important knowledge
gap, given the potential mediating role of BDNF in the
exercise-cognition relationship [31, 33, 55] and the tran-
sient nature of improvements seen in cognitive function
following exercise. Whilst peripheral BDNF increases
immediately after acute bouts of exercise in adults [55,
56], data from the current study did not provide evi-
dence of this effect in adolescents. The post-exercise in-
crease in BDNF is positively associated with the intensity
and duration of the exercise bout [55]. The exercise bout
in the current study was of a sufficient duration, how-
ever the intensity may not have been sufficient enough
to elicit increases in BDNF post-exercise. The present
study did however demonstrate cognitive improvements
post-exercise, despite the lack of change in peripheral
BDNEF. This may be explained by the fact that central
BDNF (in the brain) was not measured in the present
study, due to the constraints of such an assessment in
adolescents, and arguably central BDNF is more import-
ant for the cognitive benefits of exercise. The improve-
ments in response times seen in the present study,
without any noticeable change in peripheral BDNF, may
be explained by this or suggest that another mechanism
is mediating these cognitive benefits.

A potential limitation of the present study is that the
socioeconomic status of the participants was not
accounted for. It has been reported that socioeconomic
status is implicated in the development of attentional
processes in young children [57] and executive function
throughout childhood and adolescence [58]. However,
there is evidence suggesting that a lower socioeconomic
status is associated with lower levels of physical activity
[59] and physical fitness [60] in adolescents; which sug-
gests that the effect of socioeconomic status on cognitive
function may, in part, be mediated through physical ac-
tivity and physical fitness. The relationship between
physical fitness and cognitive function in the present
study is cross-sectional and thus, causation cannot be at-
tributed. However, this is still an important finding as
this relationship was evident across all test levels for
both the Stroop test and the Sternberg paradigm. Whilst
the number of trials used in both the Stroop and Stern-
berg tests could be seen as a limitation, it was necessary
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to reduce the amount in order to facilitate the use of
both tests within a realistic timeframe. The choice of
control condition (seated rest) in the present study could
also be seen as a potential limitation, particularly as the
exercise session included both physical and cognitive el-
ements. However, it would be difficult to match the so-
cial interactions of the exercise session and the use of
such a control condition also offers ecological validity. A
further potential limitation is the measurement of global
response time (rather than reaction time and movement
time separately), due to the practicalities of conducting
such measurements in field-based studies of this nature.

Conclusion

Overall, the findings of the present study show that
high-fit participants performed better across tests of in-
formation processing, inhibitory control and all levels of
working memory tasks compared to the low-fit group.
In addition, the current study also provides novel evi-
dence supporting physical fitness as a moderator of the
exercise-cognition relationship. In particular, working
memory was improved in the high-fit group 45 min
post-exercise, whereas it was unaffected in the low-fit
group. The present study also provides novel evidence
that a 60 min bout of Football did not alter peripheral
BDNF concentration in an adolescent population, nor
was BDNF affected by physical fitness. Overall, these
findings suggest that physical fitness is an important de-
terminant of cognitive performance in adolescents; and
that acute bouts of exercise, appropriate to the fitness
levels of the young people, can also enhance subsequent
cognition. This suggests that opportunities for exercise
within the school day must be appropriate for the young
people and, importantly, that a ‘one size fits all’ approach
will not elicit cognitive benefits for all young people.
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