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Despite the known positive effects of acute exercise on cognition, the effects of a
competitive team sport match are unknown. In a randomized crossover design, 20
female and 17 male field hockey players (19.7 ± 1.2 years) completed a battery
of cognitive tests (Visual Search, Stroop, Corsi Blocks, and Rapid Visual Information
Processing) prior to, at half-time, and immediately following a competitive match (or
control trial of seated rest); with effect sizes (ES) presented as raw ES from mixed effect
models. Blood samples were collected prior to and following the match and control trial,
and analyzed for adrenaline, noradrenaline, brain derived neurotrophic factor (BDNF),
cathepsin B, and cortisol. The match improved response times for a simple perception
task at full-time (ES = –14 ms; P < 0.01) and response times on the complex executive
function task improved at half-time (ES = –44 ms; P < 0.01). Working memory declined
at full-time on the match (ES = –0.6 blocks; P < 0.01). The change in working memory
was negatively correlated with increases in cortisol (r = –0.314, P = 0.01; medium), as
was the change in simple perception response time and the change in noradrenaline
concentration (r = –0.284, P = 0.01; small to medium). This study is the first to highlight
the effects a competitive hockey match can have on cognition. These findings have
implications for performance optimization, as understanding the influence on specific
cognitive domains across a match allows for the investigation into strategies to improve
these aspects.

Keywords: perception, executive function, BDNF, neurobiological changes, catecholamines

INTRODUCTION

In open skill sports such as field hockey, skill is determined by a player’s ability to adapt and perform
a specific action despite the environmental constraints imposed upon them by calling upon neural
resources from changeable regions of the brain (Allard and Burnett, 1987; Starkes, 1987; Williams
and Jackson, 2019; Morris-Binelli et al., 2020). With the recently adapted rules, field hockey has
become one of the most fast paced team sports, hence the ability to anticipate, adapt and respond
successfully relies on superior perceptual-cognitive factors (Morris-Binelli et al., 2020). Williams
and Jackson (2019) highlight the many different perceptual cognitive skills that contribute to team
sports performance, including the ability to scan, using visual processes, in a more efficient manner
in order to extract relevant cues. These authors emphasize that understanding the influence of
a match on specific perceptual cognitive skills would significantly enhance team performance.
Cognition, encompassing visual perception, executive function, sustained attention and working
memory, influences many aspects of skill performance in team sports; however, an important
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component is likely due to the influence of the prefrontal
cortex in monitoring errors made and shifting neural resources
accordingly to positively influence responses (Arnsten, 2009).
Therefore, athletes who can anticipate necessary responses
successfully, overcoming the spatio-temporal constraints, are
likely to be superior team sports athletes (Williams and Jackson,
2019).

Although cognitive function is often discussed as an overall
phenomenon, it consists of a number of sub-components such as
perception, memory, attention and executive function (Schmitt
et al., 2005); all of which contribute to successful skill, and
sporting, performance. A number of examples span across
these domains, including the ability to recognize and recall
patterns within a match, the ability to evaluate and prioritize
the importance of unfolding events and using perception to
scan and react efficiently to cues (Williams and Jackson, 2019).
Therefore, it is important to understand the effect of team sport
exercise across a range of domains of cognition. Bandelow et al.
(2010) used a variety of cognitive tests, all of which had relevance
to team sports players. A visual search test was used which
allows for the analysis of visual perception. In a hockey specific
example, perception has been highlighted (using interviews) as
a key factor in goalkeeper’s abilities to successfully save penalty
corner attempts (Morris-Binelli et al., 2020). Cañal-Bruland et al.
(2010) assessed this using a laptop simulation of penalty corners
and found visual search strategies, where gaze is shifted to the
location of the ball-and-stick, enabled improved performance
in the goal keepers. These findings can be applied to outfield
players who are required to react to the position of the ball or
opposing players in order to select the correct action. Although
this research provides an insight into how cognition influences
skill performance, the research assessing how the physical load,
in combination with cognitive load, of sport influences cognition
remains limited (Schapschröer et al., 2016). The review by
Schapschröer et al. (2016) found that the impact of exercise on
skill performance was influenced by the specificity of the exercise,
as well as the cognitive task, with expert athletes demonstrating a
positive response in speed of reaction but no change in accuracy.
Hence understanding how an athlete’s cognition, across a range
of domains, varies across a competitive match, will help to
understand the perceptual-cognitive relationship.

The influence of exercise on executive function has also been
extensively researched in laboratory-based studies (Schmit and
Brisswalter, 2020). This domain is particularly important in
team sports players as executive function assesses how players
adaptively respond to novel stimuli and develop new strategies
in order to respond accurately and effectively. Working memory,
a sub domain of executive function, enables the assessment of
how well a player can retrieve information from both immediate
experiences, e.g., a previous interaction on the pitch, and longer
term experiences, e.g., tactical information provided prior to
the match (Strauss et al., 2006). Finally, sustained attention
plays a role across all domains, through the ability the be
able to perform skills throughout a match, despite increased
mental and physical fatigue (Hajar et al., 2019). However, in
order to understand how to enhance these aspects of cognition
during team sport performance, it is important to understand

(a) the effect of a competitive team sport match across a range
of domains of cognition, and (b) the potential physiological
variables responsible for these effects.

Heightened arousal, via increased secretion of catecholamines
(adrenaline and noradrenaline), has consistently been named as
a contributor to exercise-induced cognitive changes (McMorris
and Graydon, 1997). The influence of catecholamines on
cognition has traditionally followed an inverted-U relationship,
whereby cognition improves up to a certain point, alongside
increases in catecholamines, until over arousal began to have a
negative effect on the prefrontal cortex, and resulting cognition
(Arnsten, 2009). However, the inverted-U has received some
criticism in recent years, with Schmit and Brisswalter (2020)
suggesting the relationship is far more complex and dynamic
than first assumed.

Brain-derived neurotrophic factor (BDNF) has been
investigated in response to both acute and chronic exercise
protocols (Winter et al., 2007; Griffin et al., 2011). Winter et al.
(2007) found that increased BDNF concentration was increased
following high impact anaerobic sprint intense exercise, an effect
that was related to a 20% improvement in short-term learning,
however, the effect in team sports is still unknown. Cathepsin
B (a muscle secretory factor that is increased post-exercise)
has also recently been recognized to contribute to the positive
memory alterations in response to treadmill exercise (Moon
et al., 2016). Contrastingly high levels of cortisol, a hormone
released in response to stress (McMorris et al., 2006), have
been found to detrimentally influence cognition (Kirschbaum
et al., 1996). This effect is via the action of glucocorticoid
receptors in the prefrontal cortex (Oei et al., 2006), resulting
in the blocking of catecholamine transporters (Arnsten, 2009).
Therefore, emerging evidence suggests that a number of different
blood parameters (e.g., catecholamines, cathepsin B, BDNF,
cortisol) can contribute to enhancing our understanding of the
exercise-cognition relationship, yet the impact of team sports on
cognition and blood parameters are yet to be examined together.

Cognitive function is also known to be sensitive to perceptual
changes and changes in mood (Malcolm et al., 2018), two
aspects which are likely to fluctuate across a team sports match.
Hence, considering the range of factors that influence cognition
(neurohormones, mood, and affect) is essential to a better
understanding of this relationship.

Studies have tried to mimic the demands of match-play
in a laboratory to investigate the influence of intermittent
team sport activity on skill performance in soccer (McGregor
et al., 1999) and, hockey (Sunderland and Nevill, 2005). These
laboratory assessments provide us with an understanding of
how high intensity intermittent exercise influences cognition;
however, in order to truly understand the impact of team sport
itself, an ecologically valid field-based assessment is required.
To our knowledge, the only study to address this area to date
assessed the influence of a field-based competitive football match
on cognitive function Bandelow et al. (2010). However, this
study was performed at high external temperatures (∼34◦C),
which presents a confounding variable due to the known effects
of heat on cognition (Gaoua et al., 2011; Liu et al., 2013;
Malcolm et al., 2018). Consequently, due to the challenges around

Frontiers in Human Neuroscience | www.frontiersin.org 2 March 2022 | Volume 16 | Article 829924

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-16-829924 February 28, 2022 Time: 18:56 # 3

Malcolm et al. Hockey and Cognitive Function

collecting data in a match context, there is no study that has
assessed the influence of an intermittent team sport match
on cognitive function in a temperate environment, despite the
importance of understanding this to facilitate the optimization
of skill performance.

Therefore, the aim of the current study was to establish
the influence of a competitive field hockey match on cognitive
performance (perception, working memory, executive function);
and to examine changes in blood parameters and mood as
potential explanatory variables for these effects. It is hypothesized
that response times will improve for perception and executive
function tasks, with a trade-off occurring with accuracy, while the
remaining cognitive tasks will be unaffected by the competitive
exercise stress.

MATERIALS AND METHODS

Twenty female athletes (mean ± SD: age 19.6 ± 1.1 years, height
1.67 ± 0.03 m, body mass 64.7 ± 6.3 kg) and seventeen male
athletes (age 19.8 ± 1.3 years, height 1.83 ± 0.07 m, body mass
77.9 ± 6.3 kg) volunteered for the study. The participants were
recruited due to their affiliation with a hockey club and played for
one of four teams across the club at an elite (7 training sessions
and 2 matches per week) or sub-elite level (4 training sessions and
2 matches per week), and across all outfield positions. Ethics was
gained from the institution’s invasive ethical advisory committee
prior to data collection (approval code 403). All participants
were provided with an information sheet and completed an
informed consent form and health screen questionnaire prior
to participation.

Study Design
This study was a randomized, order-balanced, crossover design,
whereby participants all completed one familiarization session (at
least 1 week prior to their first main trial), one match trial and
one rested control trial. Data collection across the 4 teams was
between September and March. The study was order balanced by
half the participants completing the control trial the day before
the match, and half completing the trial the day after. Participants
completed a 24 h food diary prior to the first main trial and
replicated prior to the second main trial. The average temperature
across the 8 trial days (control and match) was 10.3± 2.7◦C.

Familiarization
Height was measured using a stadiometer (Seca 123, Seca Ltd.)
to the nearest 0.1 cm and nude body mass was measured to
the nearest 0.1 kg (GFK 150 AEADAM digital scale, Vitech
scientific Ltd.). The participants completed a full battery of the
cognitive function tests [visual search, stroop test, corsi blocks
and rapid visual information processing (RVIP)] to familiarize
themselves with the tests, as completed in previous research
(Malcolm et al., 2018).

Protocol
Data were collected during four competitive field hockey
matches and simulated control days. The participants arrived

2 h prior to the start of the match or control trial, and
2 h post-prandial. A urine sample was taken on arrival to
measure urine osmolality (Osmocheck, Pocket PAL-OSMO,
Japan). The participants who were deemed hypohydrated (urine
osmolality > 800 mosmol.kg−1) were instructed to drink 0.5 L of
water and re-tested in 30 min, until urine osmolality was < 800
mosmol.kg−1. This was completed due to the known impact of
hypohydration on cognition (Judelson et al., 2007). Nude body
mass was then collected in privacy, to the nearest 0.1 kg (GFK 150
AEADAM digital scale, Vitech scientific Ltd.). This was repeated
following the completion of each trial (Figure 1). The change in
body mass was then corrected for urine output and fluid intake to
determine sweat loss and estimate hydration status.

On match day trials, the participants were fitted with a global
positioning system unit (GPS) (SPI Pro, GPSports, Fyshwick,
Australia) and heart rate monitor (Polar Electro, Kemple,
Finland), whereas only heart rate monitors were worn on the
control trials. Cognitive data was collected at three time points,
relative to the timings of the match (1 h pre-match, at half
time (shortened testing battery) and immediately post-match),
where half time occurred after 35 min and full time following
70 min of match play. Cognitive tests were conducted in a
private room immediately next to the hockey pitch. Lights were
turned off, windows covered and noise canceling headphones
worn to ensure no distracting stimuli occurred. All participants
left the pitch immediately following the half-time and final
whistle, beginning the tests within 2 min. All matches were
league matches and took place in Loughborough, England
between September 2015 and March 2016. The temperature and
humidity were not different between control and match trials
for all participants (P > 0.05). All timings and measurements
were the same on the control trial, with the exception of the
warm-up and match, which were replaced by seated rest. The
participants were allowed to converse and read during the control
trial rest periods, but no cognitively challenging or demanding
activities were permitted.

The participants were instructed to eat as normal until 2 h
prior to arrival for main trials and then not permitted to eat until
the trial was completed. Water was consumed ad libitum during
both trials (and measured), and the participants were encouraged
to drink frequently during the 24 h leading to the trial to ensure
euhydration. The participants were asked to avoid caffeine on the
day of each trial, and avoid alcohol and exercise in the 24 h prior
to each trial. The participants completed a 24 h food diary prior
to their first main trial and were asked to repeat this prior to their
subsequent trial in order to minimize metabolic fluctuations.

Measurements
Cognitive Function Tests
A battery of cognitive function tests (visual search test, Stroop
test, Corsi blocks and RVIP) was administered using a laptop
computer (Thinkpad T450, Lenovo PC HK Limited, China) 1 h
prior to and immediately following the competitive field hockey
match. Each participant had their own laptop for the duration
of the study, allowing a full team to complete their cognitive
tests at the same time. Tests were always completed in the order

Frontiers in Human Neuroscience | www.frontiersin.org 3 March 2022 | Volume 16 | Article 829924

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-16-829924 February 28, 2022 Time: 18:56 # 4

Malcolm et al. Hockey and Cognitive Function

FIGURE 1 | Schematic of the match day protocol. CF, Cognitive function; RVIP, rapid visual information processing. Data is mean ± SD.

stated above. The full version of the cognitive battery consisted
of a simple and complex visual search test, a simple and complex
Stroop test, Corsi blocks test and 5 min RVIP test. A shortened
version of the battery of tests was administered at half time
due to the time constraints, including the complex level of the
visual search and Stroop tests, the Corsi blocks test and 3 min
of the RVIP test. The full battery lasted ∼ 14 min and the
shortened battery ∼ 7 min. Participants sat at individual desks,
spaced around the room and wore noise-canceling headphones to
eradicate any distracting stimuli. Prior to each test (and test level),
3–6 practice stimuli were presented to re-familiarize participants
with the task and eradicate any learning effect.

Perception (Visual Search Test)
Perception and visual processing were assessed using the Visual
Search test, as used by Cooper et al. (2015). The test is made
up of two levels, with 21 stimuli on each. On the simple level of
this test participants were required to react as quickly as possible
to the presence of a bold, solidly outlined, green triangle. The
complex level of the test required participants to complete the
same task, however, the triangle shape was made up of several
dots. The background was covered in green dots, which were
redrawn every 250 ms, with the aim of inducing the visual effect
of a flickering background. For both levels of the test the location
and intervals of appearance of the stimuli, was randomized.
Participants were instructed to respond to the stimuli as quickly
as possible, by pressing the space bar. In order to assess visual
processing and perception, this test scrutinizes the capacity to
focus on specific cues whilst ignoring distracting information.
The response time of correct responses and the proportion of
the correct responses achieved were both measured, for each
level of the test.

Executive Function (Stroop Test)
In order to assess executive function and selective attention,
both controlled by frontal lobe function, the Stroop test was
administered (Stroop, 1935). The test is comprised of two levels.
The aim of the test is to assess the ability to suppress an automated

response hence each level has varying amounts of interference
to regulate the level of difficulty. Each level involves a test word
appearing in the center of the screen, with a target word and
a distractor either side of it. The target word’s position was
counterbalanced for the left and right side within each test level.
The participant was instructed to select the target word’s position,
using the right and left arrow key, as quickly as possible once the
words appeared on the screen.

Twenty stimuli were used for the simple level of the test
and 40 stimuli for the complex level. On the simple level of
the Stroop test, all words were presented in white font and the
participant was instructed to select the word which matched the
target word in the center of the screen. The color interference
complex level of the test required the participant to select the
word which matches with the color the word in the center of
the screen was written in, rather than the word itself (which
was an incongruent color). The choices stayed on the screen
until the participant made a response. Following the response,
an inter-stimulus interval of 1 s took place, prior to the next
selection of stimuli appearing. The main outcome measures were
the response time of correct responses and the proportion of
correct responses.

Working Memory (Corsi Blocks)
Visuo-spatial short-term working memory is measured using the
Corsi Blocks test (Corsi, 1972). Squares within a 3 × 3 grid are
lit up in a random order. Participants are required to click on the
boxes on the screen, in the order in which they lit up. Initially,
three boxes are lit up in a sequence, thereafter, after each correctly
remembered sequence, one additional box is lit up. If participants
reached a sequence length of 9 correctly remembered boxes, the
grid increased in size to 4 × 4. Performance was determined
by the mean of the 3 longest correctly remembered sequences
(Cooper et al., 2016).

Attention (Rapid Visual Information Processing)
Sustained attention is measured using the RVIP, as implemented
by Hogervorst et al. (2008). The test lasted 5 min, during which
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the numbers between 2 and 9 appeared on the screen at 600 ms
intervals. The participants were instructed to press the space bar
as quickly as possible whenever detect target sequences of three
consecutive odd or even numbers (e.g., “2-8-4,” “9,5,3”) appeared
on the screen. There were 8 target sequences per min. For each
target sequence, the participants could only respond during or
within the 1,500 ms immediately following the sequence. The
outcome measures were the response time of correct responses
and the proportion of correct responses made.

Global Positioning System Unit
For the duration of the match, players wore a GPS monitor
(GPS, GPSports Ltd.), mounted between the shoulder blades.
GPS transmitters assessed total distance ran. Distances covered
were split into 6 different speed zones; 0–4 km.h−1, 4–7 km.h−1,
7–11 km.h−1, 11–15.5 km.h−1, 15.5–20 km.h−1, > 20 km.h−1.
Time spent off the pitch (e.g., during substitutions or following
sending off) was not included. Data were analyzed using
GPSports team AMS v.1.2.1.11.

Heart Rate
Heart rate monitor belts (Polar Electro Team Sport System,
Kemple, Finland) were worn throughout both main trials, to
provide heart rate data every 5 s.

Mood Questionnaire
A shortened version of the Brunel Mood Scale (BRUMS)
questionnaire (Terry et al., 1999) was completed by the
participants immediately prior to the first and final battery
of cognitive function tests (pre-match and full-time). The
participants answered 24 items linked to 6 aspects of mood; anger,
confusion, depression, fatigue, tension and vigor. Each of these
items was ranked on a scale of 1–5 (where 1: “not at all,” 2:
“a little,” 3: “moderately,” 4: “quite a lot,” 5: “extremely”), this
generated a total out of 20 for each facet of mood, which was
used for analysis.

Blood Analyses
Due to issues with blood sample collection, not all data sets
are complete. The sample size for each marker is reflected in
the results. Blood samples were taken immediately following
pre-match and post-match cognitive function testing, via
venepuncture. This was completed within 2 min of completing
the cognitive test battery, and blood was immediately treated. For
serum samples, approximately 5 ml of blood was pipetted into an
anticoagulant-free tube (Sarstedt, Germany) and allowed to clot
for 30 min. Following this the sample was centrifuged (accuSpin
1R centrifuge, Fisher Scientific, Germany) for 10 min at 3,000 g.
For plasma samples, 5 ml of blood was pipetted into each of two
lithium heparin tubes (Sarstedt, Germany). Tubes were inverted
five times and immediately centrifuged (accuSpin 1R, Fisher
Scientific, Germany) for 10 min at 3,000 g. The supernatant for
both plasma and serum was removed using a pipette, dispensed
into eppendorfs and initially frozen at –20◦C and then at –
80◦C until analyses were performed. Due to the short half-life
of catecholamines, a single plasma eppendorf was snap frozen
for the analysis of adrenaline and noradrenaline. Plasma was

also analyzed for Cathepsin B and estrogen (female participants).
Serum was analyzed for cortisol and BDNF.

All blood analysis and intra-assay CV analysis was completed
by the lead researcher. Plasma was analyzed for adrenaline
(intra-assay CV: 10.5%) and noradrenaline (intra-assay CV: 6.5%)
using manual enzyme immunoassay (CatCombi ELISA, IBL
International GmbH, Hamburg, Germany) and for Cathepsin B
(intra-assay CV: 7.6%) via ELISA (Cathepsin B Human ELISA
Kit, Abcam, Cambridge, United Kingdom). Serum was analyzed
for cortisol (intra-assay CV: 12.4%) using an immunoassay
(Cortisol, R&D systems, Abingdon, United Kingdom) and for
BDNF (intra-assay CV: 12.1%) using separate immunoassay
procedures (Human Free BDNF, R&D systems, Abingdon,
United Kingdom). A 20-fold dilution was used for both cortisol
and BDNF. For female participants, baseline plasma samples on
the control and match day were analyzed for estrogen (estrogen,
R & D systems, Abingdon, United Kingdom) in order to identify
any changes in the stage of the menstrual cycle between trials.

Data Analysis
Physiological data and corsi blocks data were analyzed using
SPSS (Version 23, SPSS Inc., Chicago, Il, United States) via
two-way repeated measures Analysis of Variance (ANOVA),
using a trial by time approach. Where paired comparisons
were required, paired samples t-tests with Bonferroni
corrections were conducted.

The remaining cognitive data (Stroop, visual search and RVIP)
were analyzed using mixed effect models in R.1 Response time
analyses were performed using the nlme package (yielding t
statistics) and accuracy analyses were performed using the lme4
package (yielding z statistics), to account for the binomial nature
of accuracy data. Due to the shortened battery of tests at half-
time, two analyses were run. The first analysis assessed changes
from pre-match to half time, and the second analysis assessed
changes from pre-match to full-time. For cognitive variables,
effect sizes (ES) are reported as raw effect sizes from the mixed
effect models, demonstrating the magnitude of the interaction
effect. Effect sizes are reported relative to the control trial (i.e.,
a negative effect size for response times indicates a greater
improvement in response times on the match trial, a positive
effect size for accuracy indicates an improvement in accuracy
on the match trial). The effect size (Cohen’s d) of mood and
blood parameters were calculated using post hoc pairings using
the following thresholds: < 0.2 = trivial effect; 0.2- < 0.5 = small
effect; 0.5–0.8 = moderate effect and > 0.8 = largest effect.

Pearson’s correlation coefficients were computed for
correlations between absolute change in blood parameters
(adrenaline, noradrenaline, BDNF, cathepsin B and cortisol)
and absolute change in cognitive task performance. Correlations
were also run between changes in blood parameters and match
variables (e.g., GPS data). There were also run alongside change
in cognitive task performance. A positive relationship will
signify both variables increasing or decreasing, vs. a negative
relationship where one variable increases, while the other
decreases. The larger the absolute value of the correlation

1www.r-project.org
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TABLE 1 | Cognitive function data across the control and match day trials.

Test Variable Test level Control Match Trial effect Time effect Interaction

Pre HT FT Pre HT FT

Visual
search

Response
time (ms)

Simple 284 ± 24 302 ± 41 293 ± 25∧ 298 ± 32∧&+ P < 0.01 P < 0.01 P < 0.01

Complex 1,114 ± 190 1,079 ± 195 1,079 ± 180 1,080 ± 187 1,074 ± 202 1,051 ± 141 P = 0.34/0.32 P = 0.29/0.13 P = 0.99/0.92

Accuracy
(%)

Simple 98.6 ± 2.5 97.5 ± 3.7 97.7 ± 3.6 97.3 ± 3.7 P = 0.17 P = 0.09 P = 0.35

Complex 97.1 ± 3.3 98.1 ± 4.3 96.4 ± 6.3 97.8 ± 5.3 97.2 ± 6.7 96.7 ± 5.2 P = 0.39/0.11 P = 0.15/0.40 P = 0.09/0.69

Stroop
test

Response
time (ms)

Simple 610 ± 82 605 ± 79 608 ± 74 625 ± 100 P = 0.51 P = 0.86 P = 0.09

Complex 815 ± 173 821 ± 170 810 ± 186 827 ± 168 787 ± 163# 807 ± 162 P = 0.72/0.75 P = 0.60/0.48 P < 0.01/0.66

Accuracy
(%)

Simple 98.1 ± 3.6 97.2 ± 4.9 97.5 ± 3.8 97.1 ± 4.3 P = 0.60 P = 0.31 P = 0.77

Complex 96.5 ± 4.2 95.8 ± 4.9 95.3 ± 4.9 94.5 ± 5.7 94.2 ± 5.3 95.0 ± 5.7 P = 0.06/0.06 P = 0.43/0.38 P = 0.62/0.34

Corsi
blocks

Sequence
length

6.3 ± 1.1 6.2 ± 1.0* 6.5 ± 1.0 6.3 ± 1∧ 5.9 ± 0.9* 5.9 ± 1.1∧+ P = 0.47/0.03 P < 0.01/0.39 P = 0.09/P < 0.01

RVIP Response
time (ms)

471 ± 126 503 ± 57 482 ± 113 484 ± 106 466 ± 105 447 ± 123 P = 0.31/0.41 P = 0.40/0.31 P = 0.61/0.06

Accuracy
(%)

49.6 ± 18.4 55.9 ± 17.5* 50.7 ± 19.3 52.5 ± 18.6 52.2 ± 20.1*# 53.1 ± 19.3 P = 0.07/0.06 P < 0.01/0.53 P = 0.04/0.64

Data is mean ± SD. Pre, Baseline; HT, half-time and FT, full-time. Where tests were completed at half-time and full-time, two P-values are presented; pre to half-time and
pre to full-time, respectively. Trial effect (significantly worse on the match = ∧), time effect (pre to half-time = * and pre to full-time = &) and interaction effect (half-time con
vs. Half-time match = # and full time con vs. full time match =+).

coefficient (e.g., closer to 1 or –1), the stronger the relationship
between the variables. The magnitude of the correlation is
deemed small = 0.1, medium = 0.3 and large = 0.5 (Cohen, 1992).

For all analyses, significance was set at P < 0.05 and data are
presented as mean± standard deviation.

RESULTS

Cognitive Function
Mean data for all cognitive tests are presented in Table 1.

Visual Search
There was no effect of the hockey match on response times or
accuracy on the complex level of the visual search test, at half-
time or at full-time (all P > 0.05). However, response times on the
simple level of the visual search test were slower overall during the
match trial [main effect of trial, t(1,3,219) = 2.6, P < 0.01; Table 1],
globally slowed across time [main effect of time, t(3,3,210) = 5.6,
P < 0.01] and slowed in the control condition from pre-match to
full-time whereas they were better maintained in the match trial
[trial∗time interaction, t(3, 3,210) = –2.9, P < 0.01; ES = –14 ms;
Figure 2C).

Stroop Test
Response times and accuracy on both the simple and the
complex levels of the Stroop test were not affected by the hockey
match at full-time (all P > 0.05). However, when considering
Stroop test performance at half-time, whilst response times
were not different overall between the trials (main effect of
trial, P = 0.72) or across time (main effect of time, P = 0.60);
there was a significant trial∗time interaction, whereby response

times improved from pre-match to half-time on the match trial,
compared to a slowing in the control trial [trial∗time interaction,
t(3,4,348) = –2.8, P < 0.01; ES = –44 ms; Figure 2A]. Accuracy on
the complex level of the Stroop test was not affected at half-time
(all P > 0.05).

Rapid Visual Information Processing
There was no effect of the hockey match on response times or
accuracy on the RVIP test at full-time (all P > 0.05). However, at
half-time, whilst response times were not affected (all P > 0.05),
there was a tendency for accuracy to be greater on the control
trial [main effect of trial, z(1,10,654) = 1.8, P = 0.07] and accuracy
was greater at half-time compared to baseline [main effect of
time, z(3,10,654) = 3.4, P < 0.01]. Furthermore, whilst accuracy
was similar at half-time compared to baseline on the match trial,
accuracy was greater at half-time compared to baseline on the
control trial [trial∗time interaction, z(3,10,654) = –2.1, P = 0.04;
ES = –6.5%; Figure 2B].

Corsi Blocks
The mean length of the 3 longest remembered sequences did not
differ between trials from pre match to half-time (P = 0.47). From
pre-match to half-time sequence length decreased [main effect
of time, F(1, 37) = 7.72, P < 0.01], however no difference was
seen between trials in the rate of change [trial∗time interaction,
P = 0.09]. The mean length of the 3 longest remembered
sequences was greater in the control trial compared to the match
trial [main effect of trial, F(1, 37) = 4.83, P = 0.03; Table 1]. Across
time performance did not change (main effect of time, P = 0.39).
The pattern of change differed from pre-match to full-time, with
recall improving on the control trial but decreasing on the match
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FIGURE 2 | (A) Response times on the complex level of the Stroop test. Pre, prior to the match; HT, half-time. (Trial∗time interaction, ∗P < 0.01). Data is mean ± SD.
(B) Proportion correct on the RVIP test. Trial∗time interaction, P = 0.04. Pre = baseline and HT = half-time. (Trial∗time interaction, P = 0.04). Data is mean ± SD.
(C) Response time on the simple level of the Visual Search test. (Main effect of time, P < 0.01; trial∗time interaction, P < 0.01). Pre, baseline; FT, full-time. Data is
mean ± SD. (D) Mean sequence length from pre-match to full-time for the Corsi Blocks test. Main effect of trial (P = 0.03), and trial∗time interaction (P < 0.01). Data
is mean ± SD.

trial [trial∗time interaction, F(1, 37) = 11.89, P < 0.01; ES = –0.6
blocks, Figure 2D].

Hydration Status
Urine osmolality at the beginning of the match trial (567 ± 289
mosmol.kg−1) and the control trial (548 ± 287 mosmol.kg−1)
both demonstrated participants were euhydrated upon arrival,
with no difference between trials (P = 0.73). Body mass change,
corrected for fluid intake and urine output, as a percentage of
resting body mass, was well maintained and similar between trials
(match vs. control: 0.49± 1.14 vs. 0.29± 0.96%, P = 0.35).

Characteristics of the Match
Data for distances run and heart rate across the match can be
found in Table 2. There was no difference in the distances run
at high speed between the first and second half for the men
(P = 0.65) or the women (P = 0.81). High speed meters were
positively correlated (r = 0.42, P = 0.04, medium effect) with
change in BDNF concentration. Whereas a negative correlation
was seen with change in cortisol concentration (r = –0.40,
P = 0.048, medium effect). All other correlations (e.g., with
cognitive variables) were not significant.

Mood
Raw data for all aspects of mood can be found in Table 3. Anger
was greater in the match trial [F(1, 35) = 22.90, P < 0.01] and
increased across time [F(1, 35) = 18.80, P < 0.01]. This led to a
significant trial by time interaction [F(1, 35) = 18.13, P < 0.01],
where anger was greater post-match than following the control
trial (post hoc, P < 0.01; d = 1.05, largest effect).

A trial∗interaction occurred for confusion [F(1, 35) = 6.60,
P = 0.02], with a higher value for confusion being demonstrated
post-match than following the control trial (post hoc P = 0.05;
d = 0.44, small effect).

Depression was greater in the match trial [F(1, 35) = 17.80,
P < 0.01] and increased across time [F(1, 35) = 6.70, P = 0.01].
This resulted in a trial∗time interaction [F(1, 35) = 14.10,
P = 0.001], with a significantly higher value for depression
being demonstrated post-match than following the control trial
(post hoc P < 0.01; d = 1.28, largest effect).

Fatigue increased across time [F(1, 35) = 19.80, P < 0.01],
causing a trial∗time interaction [F(1, 35) = 31.80, p < 0.01], with
a higher value for fatigue following the match than following
the control trial (post hoc P < 0.01; d = 0.81, largest effect).
However fatigue was less at baseline [t(36) = 2.05, P < 0.05] on
the match day trial.
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TABLE 2 | Heart Rate and GPS data for male and female athletes.

1st half 2nd half Match

Men

Mean heart rate (beats.min−1) 169 ± 7 164 ± 9 –

Max heart rate (beats.min−1) 191 ± 6 190 ± 6 –

Total distance (m) – 6,183 ± 1,589

High speed (m) – 502 ± 633

Women

Mean heart rate (beats.min−1) 164 ± 19 160 ± 18 –

Max heart rate (beats.min−1) 195 ± 10 195 ± 9 –

Total distance (m) – – 5,943 ± 1,445

High speed (m) – – 493 ± 262

Data is mean ± SD.

Tension was greater on the match trial (main effect of
trial, F(1, 35) = 8.00, P = 0.008], and decreased across time
[main effect of time, F(1, 35) = 8.00, P = 0.008]. However,
no trial∗time interaction was present, with a similar pattern of
change in both trials.

Vigor was greater in the match trial than the control trial
[main effect of trial, F(1, 35) = 7.80, P = 0.008).

All other findings were non-significant (P > 0.05).

Blood Parameters
Data for each blood parameter across the match and control trials
are shown in Table 4.

Adrenaline
Adrenaline was greater on the match trial [F(1, 30) = 4.44,
P = 0.04], however, no change was seen across time (P = 0.39).
A trial∗time interaction occurred [F(1, 30) = 5.47, P = 0.03], where
adrenaline was greater at the end of the match trial (post hoc
P < 0.01; d = 0.67, medium effect).

Noradrenaline
Noradrenaline was greater on the match trial [F(1, 28) = 13.04,
P = 0.001], increased across time [F(1, 28) = 15.05, P = 0.001].
There was a greater rate of increase from baseline to full-time in
the match trial [trial∗time interaction, F(1, 28) = 7.72, P = 0.01,
post hoc P < 0.01; d = 0.82, largest effect, Table 4].

Cortisol
Cortisol concentration was greater on the match trial [F(1,
25) = 9.30, P < 0.01]. Cortisol concentration increased on
the match trial and decreased on the control trial [trial∗time
interaction, F(1, 25) = 22.10, P < 0.01]. Cortisol was greater post-
match than following the control trial (post hoc P < 0.01; d = 0.85,
largest effect).

Brain Derived Neurotrophic Factor
Overall, serum BDNF was greater on the match trial [F(1,
23) = 5.70, P = 0.03, Table 4]. There was no change across time
(P = 0.15), resulting in no trial∗time interaction (P = 0.18).

TABLE 3 | Mood data for all athletes.

Control (Pre) Control (Post) Match (Pre) Match (Post)

Anger 4.4 ± 1.0 4.4 ± 1.2& 4.5 ± 1.2∧ 7.3 ± 3∧&+

Confusion 4.6 ± 1.0 4.3 ± 0.6 4.5 ± 0.6 4.9 ± 1.8+

Depression 4.5 ± 1.1 4.1 ± 0.5 4.6 ± 2.5∧ 6.4 ± 2.5∧+

Fatigue 8.5 ± 3.3 8.4 ± 3.3& 7.3 ± 2.3 11.1 ± 3.4&+

Tension 5.0 ± 2.4 4.4 ± 1.1& 5.7 ± 1.5∧ 5.1 ± 1.6∧&

Vigor 9.7 ± 3.5 9.5 ± 3.9 11.3 ± 3.0∧ 10.5 ± 3.9∧

Data is mean ± SD. Trial effect (significantly greater than control = ∧), time effect
(increased from pre to full-time = &) and interaction effect (greater at full time on
match vs. con =+).

Oestrogen
There was no difference between the match and control trials for
estrogen concentration (control: 767 ± 426 pg.ml−1 vs. match:
630± 339 pg.ml−1, P = 0.31).

Cathepsin B
Cathepsin B did not differ between trials or within trial (all
P > 0.05).

Correlational Analysis
Correlational analysis revealed a negative correlation between the
increase in cortisol and the change in Corsi Blocks performance
(r = –0.314, P = 0.01, medium). A negative correlation occurred
between the change in noradrenaline and the change in simple
level Visual Search response time (r = –0.284, P = 0.01, small).
A positive correlation was found between change in cathepsin
B and the change in accuracy on the complex level of the
Visual Search task (r = 0.22, P = 0.04, small). There were no
other statistically significant correlations between the changes in
blood parameters and changes in cognitive task performance (all
P > 0.05).

DISCUSSION

This study was the first to isolate the effects of competitive
team sports match on cognitive function. In agreement with the
hypothesis, response times were improved on the match trial
at half-time for the Stroop test (assessing executive function),
compared to the control. However, from pre-match to half-
time and full-time, working memory got worse, in comparison
to the control. This study provides important implications for
how cognition may be influenced across a field hockey match,
suggesting a domain specific effect has occurred, and accuracy is
not influenced in this process.

The findings of the present study suggest that a competitive
field hockey match provides a protective influence on the
simple perception test. Therefore, the increment in arousal
seen with competitive sport may protect against a drop off
in response time, which could be a result of a minimally
arousing task being combined with rest on the control trial
(Hancock, 1989). For the simple level of the executive function
tasks, no changes were seen in response times or accuracy.
Whereas on the complex level, response times improved at
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TABLE 4 | Blood parameter (mean ± SD) across the control and match day trials.

Blood parameter Control Match Trial effect Time effect Interaction effect

Pre FT Pre FT

Adrenaline (pg/ml) 96 ± 68 84 ± 48 96 ± 62∧ 125 ± 71∧+ P = 0.04 P = 0.39 P = 0.03

BDNF (serum) (pg/ml) 23,151 ± 9,203 24,423 ± 11,183 26,617 ± 5,472∧ 29,608 ± 5,933∧ P = 0.03 P = 0.15 P = 0.18

Cathepsin B (ng/ml) 67 ± 27 64 ± 24 64 ± 26 66 ± 28 P = 0.87 P = 0.80 P = 0.08

Cortisol (ng/ml) 46 ± 19 33 ± 15& 45 ± 17∧ 47 ± 18∧&+ P < 0.01 P = 0.03 P < 0.01

Noradrenaline (pg/ml) 314 ± 83 348 ± 84& 329 ± 82∧ 451 ± 156∧&+ P < 0.01 P < 0.01 P = 0.01

Pre, Baseline and FT, full-time. Trial effect (significantly greater than control = ∧), time effect (increased from pre to full-time = &) and interaction effect (greater at full time
on match vs. con =+).

half-time on the match trial when compared to the control
trial. Executive function tasks are known to be influenced by
the effects of exercise, an effect likely mediated by changes in
arousal (Ferris et al., 2007). From a practical standpoint, these
changes suggest a player faced with opposing decisions (e.g.,
dribble or pass) in a game would be able to select the response
more quickly. As a result of the selective permeability of the
blood-brain barriers, the action of peripheral catecholamines
in the central nervous system was warranted to provide
a mechanistic explanation for changes seen. Noradrenaline
increased across time in the match, which indicates greater
activation of central nervous system (McMorris and Graydon,
1996), and likely narrowing of attentional focus (Lemmink and
Visscher, 2005). Despite appearing to be domain specific, this
alteration in neural function has important implications and
is likely to benefit skill performance due to the constantly
changing environment. In agreement with the current study,
Lemmink and Visscher (2005) also showed improvements in
choice reaction time following exercise, implying a narrowing
of attentional focus. Despite using a cycling protocol, Lemmink
and Visscher (2005) provide a physiological strain which may
mimic the transient effects of a section of a match (e.g.,
time before a rolling substitute). The present study adds
to this current literature, providing the most ecologically
valid evidence regarding the effects of physiological and
psychological strain associated with a team sports match on
cognitive performance.

Previously, strong relationships have been demonstrated
between both adrenaline and noradrenaline with choice reaction
time, which highlights an inverted-U (Chmura et al., 1994).
Although only small to medium effect, the correlations seen in
the current study confirm that arousal facilitates improvements
in perception as the change in response time was negatively
correlated with noradrenaline, suggesting that noradrenaline
increases alongside improvements in response time.

A decline in working memory was seen at full-time when
compared to pre match. Arnsten (2009) suggested increases in
noradrenaline awaken neural networks within the prefrontal
cortex, influencing working memory in an inverted-U like
manner. The inverted-U relationship suggests that the higher
intensity, intermittent nature of the competitive sports match
in the present study negated the positive effect seen following
moderate exercise stress (Martins et al., 2013). A number of

studies have highlighted an association between high cortisol
levels and poor memory performance (Bohnen et al., 1990;
Newcomer et al., 1994), where more recently Quaedflieg and
Schwabe (2018) have suggested cortisol can have a positive
response depending on the timing of testing in relation to the
peak in cortisol. The present study found a medium negative
correlation was found between changes in cortisol and working
memory, reinforcing the fact that when cortisol increases,
working memory decreases (Arnsten, 2009). It is believed that
in states of anxiety, when cortisol concentration is increased,
the brain preferentially uptakes neurotransmitters associated
with emotion over those related to cognitive neurons in the
hippocampus and prefrontal cortex (McMorris et al., 2006; Oei
et al., 2006; Arnsten, 2009), explaining the cognitive detriment.

Serum BDNF and serum cortisol were overall greater in
the match trial, compared to the control trial, which agrees
with previous literature where both are greater in response to
moderate intensity exercise (Vega et al., 2006). Studies have
shown increases in BDNF following high impact anaerobic work
to positively influence learning (Winter et al., 2007) and working
memory (Griffin et al., 2011). The current findings demonstrate
that throughout the match day BDNF is greater than throughout
the control trial, which may result in greater BDNF, being
secreted from the brain (the hippocampus) and thus enhance
neuron health and cognitive performance. However, there is
no significant increase across the match in comparison to the
control, therefore the mechanisms associated with the change are
unclear. Cortisol secretion is known to influence hippocampal
neurotrophin expression and synthesis in the brain (de Assis
and Gasanov, 2019) if the glucocorticoid receptors are over
activated by high loads of cortisol in the blood. This suggests
that the lack of change in BDNF across the match may be due
to the increasing cortisol concentration throughout the match
influencing it’s expression.

Mood is known to contribute to changes in cognition (Schmitt
et al., 2005). Similar to Moore et al. (2012), the exercise stress in
the present study resulted in increases in fatigue, anger, confusion
and depression. It is understood that mood has a zone of optimal
functioning (Prapavessis, 2000), hence the influence on cognition
seen in the current study may indicate that effects of exercise
on mood remain within this zone. Further, it has been shown,
that changes in mood can enable narrowing of attentional focus,
which may have also aided participants to focus on task relevant
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cues, responding more quickly as a result (Hüttermann and
Memmert, 2015). However, the decrement in working memory
(corsi blocks performance) at full time coincides with increases in
anger, confusion, depression and fatigue, suggesting the domain
of working memory is more susceptible to the effects of mood,
likely demonstrating a more narrow zone for optimal function.

This study provides a novel approach to assessing the impact
of competitive sport on cognition, however, due to the field-
based nature and ecological validity, some limitations exist. Due
to the time constraints at half-time, a shortened battery of the
cognitive tests was conducted. It was decided to complete the
more extensive battery at either side of the match despite this,
due to the known differences between simple and complex tests
(Gaoua et al., 2011; Moore et al., 2012) in response to stress.
This process allowed us to get a more thorough understanding of
the cognitive responses to competitive sport, whilst still gaining
an understanding of how cognition progressed at half time. In a
laboratory-based study, the variation in activity patterns between
the participants could be deemed a limitation, however, due to the
aim of this study being to assess the impact of competitive sport
on cognition, this provides the most ecologically valid stimulus
to enable us to achieve this. The study used a large sample size
spread across positions in order to provide the most accurate
insight possible into the physiological demands and resulting
influence on cognition.

PRACTICAL APPLICATIONS

Establishing the effects of a competitive team sports match allows
further investigation into both, strategies (e.g., nutritional such
as caffeine supplementation) which can optimize performance,
and stressors which may limit this aspect of performance
(e.g., environmental). Incorporating a half-time testing session
provides detail to the time course of changes in the varying
domains of cognition and highlights the potential for using
this break in play as an opportunity to utilize strategies for
performance optimization. Although no difference was seen in
match variables (high speed meters and total distance run) from
the first half to the second half, future research will aim to
assess additional measures (e.g., change of direction) which may
place greater cognitive, neuromuscular and physiological stress
upon players than running meters, and help to explain cognitive
changes seen across a match.

CONCLUSION

In conclusion, the present study was the first to isolate the effects
of a field hockey match on cognitive function, demonstrating
domain and task level (e.g., simple or complex) specific changes
in cognition in response to competitive sport. These findings add
to the current understanding regarding the potential explanatory
variables involved in changes in team sports performance, and
provides important implications as to how skill performance
may be influenced in a competitive match. Future research must
endeavor to elaborate on these findings by investigating the
influence of a competitive sport specific protocol, as used in the
current study, on sport specific cognitively challenging skills.
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