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The effects of a short exercise bout
on executive functions in healthy
older adults

Matteo Martini*>"?, Jamie Enoch¥2 & Arthur F. Kramer3*

Regular physical activity is associated with healthier brains and improved cognition among older
adults. Yet, the impact of a short bout of exercise on older adults’ cognition still is not fully clarified.
The present study explored the effects of 20 min of moderate-intensity aerobic exercise (on a cycle
ergometer) on cognition. Forty-eight healthy older adults were randomly assigned to an exercise or
a control group and completed four cognitive tests: Affective Go/No-Go (AGN), Simple Reaction Time
(SRT), Spatial Working Memory (SWM) and a Backward Counting task. Tests were administered prior
to and immediately after 20 min of cycling (exercise group) or rest (control group). Mixed-design 2 x 2
ANOVA:s indicated a significant interaction of Group x Session, for commission errors on the positive
valence of the Affective Go/No-go task, indicating that the exercise group performed better on one
aspect of this inhibition test after cycling (p =0.004), while the control group’s performance declined
after rest. A similar pattern was found for the SWM, with the exercise group showing a significantly
better performance after the exercise both for total error (p =0.027) and the strategy (p=0.002),
while no improvement was observed after rest (controls). The study suggests that inhibitory control
functions and working memory may be improved by a single relatively short bout of moderate
exercise. However, the null effects of exercise on the other cognitive measures indicate that the
neurocognitive benefits of acute exercise for older adults may be selectively sensitive to exercise
parameters and to specific aspects of cognition.
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Worldwide, the percentage of the general population represented by older adults is rapidly rising!. Demographic
projections suggest that two billion people will be aged 60 or over by 20502, making healthy aging an urgent
healthcare priority. Biological ageing is associated with structural and functional brain changes, characterized
by altered cognition® and declining executive functions (EFs)*. Certain lifestyle factors, like engaging in regular
physical activity, can help prevent cognitive decline and may even boost cognition in healthy older adults®~3.
The psychobiological mechanisms behind such benefits are manifold. Aerobic fitness has been associated
with increased hippocampal volume, and neurogenesis”’ and increased grey matter in older adults’ prefrontal
and temporal cortices®” that typically decline with age!°. Exercise can also boost cerebral blood flow and affect
patterns of neural activation'! 1. As a result, short bouts of physical activity (or ‘acute exercise’) may temporarily
boost cognitive function in older adults'®. In particular, such activity may have a positive impact on EFs'”. EFs
are a class of top-down mental effortful processes (i.e. shifting attention, working memory and inhibitory control
functions)!® that are recruited when automatic processes are not sufficient or possible, as when presented with
novel, unexpected challenges!®. Since, as anticipated earlier, EFs’ efficiency generally declines with age, finding
a way to contrast such detrimental effect of ageing can be crucial in an ageing world?’. Of importance, however,
acute exercise will likely have different effects on specific EFs. For instance, moderate-intensity acute exercise
has significantly enhanced working memory without significantly benefiting inhibitory control?!. Improvements
in working memory following moderate exercise may be limited to faster response time, while working
memory accuracy may deteriorate?2. Therefore, moderate exercise may have selective effects that depend on the
neurocognitive outcome measure used. Yet, acute exercise has had a small, positive effect on overall cognitive
function across various age groups®. Basso and Suzuki®® suggested that these effects are most pronounced on
tasks that are mediated by brain activity in the prefrontal cortex (PFC), although acute exercise can activate

1Department of Psychology, University of East London, Water Lane, London E15 4LZ, UK. 2School of Health &
Psychological Sciences, City, University of London, Northampton Square, London EC1V OHB, UK. 3Center for
Cognitive & Brain Health, Northeastern University, Boston, MA, USA. “Beckman Institute, University of IL at
Urbana-Champaign, Urbana, IL, USA. *Present address: Department of Humanities, Letters, Cultural Heritage and
Educational Studies, Via Arpi, 71121 Foggia, Italy. “email: matteo.martini@unifg.it

Scientific Reports|  (2024) 14:28827 | https://doi.org/10.1038/s41598-024-79685-5 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-79685-5&domain=pdf&date_stamp=2024-11-21

www.nature.com/scientificreports/

widespread changes across numerous additional brain structures and circuits. While acute exercise seems to
have a small, positive effect on older adults’ cognitive function'®?, conflicting findings have complicated the
picture. For example, the effects have varied even when the same cognitive task was used?>2°. This uncertainty
provides the rationale for our attempt to test whether a single bout of moderate aerobic exercise (20 min cycling)
would improve cognitive function in a sample of healthy older adults.

The exercise dosage used in this study has practical relevance: if just 20 min of exercise can benefit cognitive
function, older adults may be more motivated to engage in physical activity. Indeed, lack of motivation is a
common barrier found to limit older adults’ engagement in physical activity?”. Hyodo et al.*® showed positive
effects from as little as 10 min of cycling, although Chang et al.* suggested that positive significant effects of
exercise were generally found when the exercise lasted longer than 20 min. In this study, we opted for 20 min of
exercise to ensure sufficient duration while avoiding excessive exertion. Regarding exercise intensity, Davey?,
drawing on Yerkes and Dodson’s®’, suggested an ‘inverted-U’ relationship between performance and arousal,
predicting that the effect of acute exercise on cognitive function would be smallest when exertion levels are either
very low or very high, with the largest effects associated with moderate intensity exercise. Building on this idea
and based on findings that moderate intensity should be sufficient to benefit cognitive function®*2, a moderate
intensity exercise (around 60% of maximum heart rate) was considered for the current study. Type of cognitive
task can also be a significant moderator of the effects of acute exercise?®. Weng et al.?! found that acute exercise
may positively affect one executive function (e,g. working memory) while not affecting or possibly negatively
affecting others (e.g., inhibitory control). Therefore, we employed four neurocognitive tasks associated with brain
activity in the PFC. Also, we chose to test participants as soon as participants felt comfortable and ready after
the exercise finished (~ 1 min. after). Finally, participants” baseline fitness levels may moderate exercise effects
in older participants, with higher fitness levels associated with greater cognitive gains from acute exercise than
lower fitness levels***4. However, since Ludyga et al’s®® meta-analysis suggested that across studies, fitness level
did not significantly influence the effect of exercise on cognitive function, we chose to maximize the recruitment
of healthy older adults, choosing not to be confined by the participants’ baseline levels of cardiovascular fitness.

Against this background of prior research, we investigated the effect of exercise on a sample of older adults,
using a single, relatively short, moderately intensive exercise bout, as measured by four neurocognitive tests
assessing different aspects of EF (see “Measures” below). To control for mere learning effects, we compared an
exercise group and control group who did not perform any acute physical activity. We hypothesized that there
would be a positive, small, significant effect of exercise on cognitive test performance, and made no specific
hypotheses at the level of each individual test.

Method

Participants

Forty-eight English-speaking older adult participants, ranging in age from 55 to 75 years (M age=62.1,
SD=5.4), were recruited. They were mainly recruited from nearby older adult leisure centres and from friends
of the experimenter’s parents. Participants’ demographic characteristics are shown in Table 1. The experimental
and control groups were matched with respect to age, gender, years of education, scores on the Beck Depression
Inventory (BDI, Beck et al., 1961), and scores on the Mini-Mental State Exam (MMSE*).

Participants were excluded if they reported on screening questionnaire that any of the following conditions
were present at the time of the experiment or previously: mobility impairments, diabetes, cardiovascular disease,
neurological or psychiatric conditions. Participants were also excluded if they displayed potential signs of
cognitive impairment (cut-off at 23 on the MMSE®”®), and/or a score of > 14 on the BDI**-*! since depression
can adversely impact aspects of cognitive function such as attention, information processing, and working
memory*%. Participants were also asked about their last meal time, and were excluded if this was less than two
hours before the start of the experimental procedure, as cognitive performance can be acutely affected by meals,
particularly in the one hour following lunch?3. Moreover, participants were excluded if they had consumed tea
or coffee two hours or less before the start of the experiment, since caffeine intake can positively impact cognitive
function in older adult groups, for example in terms of attention or psychomotor performance*. All participants
were offered water before the start of the procedure. Due to limited participant availability, we were unable to
control for the time of day when the experiment was conducted, even though some evidence suggests that older
adults’ cognitive functions (and attention, in particular) peak in the morning®. Participants were required to
be right-handed, as measured using the Edinburgh Handedness Inventory (EHI*), as handedness provides an
indication of cerebral hemispheric dominance, which can differentially influence cognitive performance.

All participants | EG CG

(n=48) (n=24) (n=24) P!
Age—mean (SD) 62.16 (5.43) 61.33 (4.73) | 63 (6.04) .29
Age—range 55-75 55-71 55-75 n/a
Female gender (%) 29 (60.41) 14 (58.33) 15 (62.5) n/a
Years of education—mean (SD) | 15.65 (2.6) 15.58 (3.02) | 15.76 (2.13) | .87
BDI score—mean (SD) 4.02 (3.74) 3.88 (4.16) | 4.28 (3.34) .79
MMSE score—mean (SD) 28.17 (1.51) 28.17 (1.61) | 28.04 (1.54) |1

Table 1. Socio-demographic characteristics of study participants. 'p-value from independent samples t-tests
comparing the exercise (EG) and control group (CG).

Scientific Reports |

(2024) 14:28827 | https://doi.org/10.1038/s41598-024-79685-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Ethical considerations

We undertook the study in accordance with the ethical code of the British Psychological Society (BPS), and
the research protocol complied with the BPS 2018 Code of Ethics and Conduct. We adapted a standardized
ethics form provided by the University of East London (UEL) for this experiment, and we received approval for
this study from UELs Research Ethics Committee before recruiting any participants. All participants signed an
informed written consent before beginning the study.

Measures

Screening questionnaires

We used screening questionnaires to ensure participants met the inclusion criteria discussed above. A general
screening questionnaire was used to record participants’ demographics (age, gender, education). For the
abovementioned reasons, the BDI was used to screen for symptoms of depression?’, the MMSE o screen for
cognitive impairment®, and the Veale Edinburgh Handedness Inventory to ascertain right-handed dominance*.
Questionnaires were administered by one of the authors (JE) with the help of the experimenters reported in the
Acknowledgment section.

CANTAB research suite

Three of the four tests used to assess cognitive function were from the CANTAB Research Suite, version 6.0
(Cambridge Cognition, 2014): (i) the Affective-Go/No-go (AGN) test, (ii) the Simple Reaction Time (SRT)
test and (iii) the Spatial Working Memory (SWM) test. These tasks were administered on a Gigabyte personal
computer tablet specifically designed for running the CANTAB tasks. The Gigabyte tablet was connected
to a press-pad with two clickable buttons, with one button used to register a response during the AGN and
SRT tests. We used the Gigabyte tablet’s touch screen during the SWM test. For each participant, tests were
set up in a random order, with a first round undertaken before the exercise/rest intervention. For the second
round of tests, conducted after the intervention (or rest), the tests were randomized into a different order. This
randomization was intended to minimize order effects, such as the effect of fatigue which can lead to a decrement
in performance towards the end of a round of testing*®. The tasks were chosen on the basis that they test a range
of EFs. For example, the AGN tests response inhibition?®, the SWM tests manipulate spatial information by
working memory>’, Backward Counting is associated with working memory and the ability to focus and sustain
attention®!, and the SRT tests processing speed, which is correlated with working memory2. Before the start of
each task, participants were given the necessary instructions by the experimenter, reading from the CANTAB
test administration scripts (Cambridge Cognition, 2014). They were guided through practice rounds of each
task, and they were provided with encouragement to complete the tasks as quickly and accurately/carefully as
possible. Specifically, they were told at the start of the procedure to “please complete the tasks as quickly and
accurately as possible;” and in light of the length of the SWM task, these instructions we repeated each time they
were three blocks away from the end of the task. Specific aspects of each task are discussed in turn below. The list
of outcome measures derived from each test are reported at the beginning of the Results section.

Affective Go/No-go (AGN)

The AGN tests inhibitory control, with participants required to respond to one target valence (e.g. positive) of
words, and to ignore distractor words of the opposite (e.g. negative) valence. It also tests for whether there is a
bias for processing positive or negative stimuli. Since acute exercise may modulate emotional processing and the
activity in related brain structures both in younger® and in older adults®, we preferred this “Affective” version
of the classic Go/No-go task®.

In this experiment, positive or negative stimuli were presented, in 10 blocks, each containing 18 words (with
targets, i.e. ‘go trials, being positive for blocks 3, 4, 7 and 8, and negative being ‘go’ trials for blocks 1, 2, 5, 6,
9 and 10). Blocks 1 and 2 were practice blocks by default (CANTAB Research Suite, version 6.0—Cambridge
Cognition, 2014). In total 180 words were presented, 90 negative and 90 positive with 90 ‘go’ trials (half positive,
half negative). Words were presented on the tablet screen for 300 ms, followed by an interval between words
of 900 ms. Examples of positive words include “pleasant” or “success,” and examples of negative words include
“burden” or “inferior” Participants were instructed to click as quickly and accurately as possible on the press-
pad button when they registered a word from the target valence, and to ignore words of the distractor valence.
The experimenter clarified with the participant at the start of each block which valence was the target. The AGN
generally took around 5-6 min to complete.

Spatial working memory (SWM)

The SWM tests the retention and manipulation of spatial information by working memory. Participants were
read the administration script, which asked them to search an array of boxes for a hidden blue token by touching
the boxes using the tablet touch-screen. Once the hidden token was found in a given box, the token would not be
present in that box again and so participants should thereafter avoid revisiting those locations by remembering
where tokens have been found. The test was run in ‘high-functioning shortened mode, which included two
practice blocks (with 3 boxes each) followed by 1 block of 6 boxes, 1 block of 8 boxes, 3 blocks of 10 boxes, and
3 blocks of 12 boxes. During the practice blocks, the experimenter guided the participant through the task with
verbal instructions and hands-on demonstration to ensure their understanding. This task was the longest of the
four, frequently taking over 10 min to complete.

Simple reaction time (SRT)
The SRT was designed to assess participants’ reaction time to click the press-pad as soon as they saw a white
square appear against a black background, which appeared at varying intervals. The SRT was administered in
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‘clinical mode™®, consisting of a practice block of 24 trials, followed by two assessed rounds each consisting of 50

trials. Generally, it took around 5 min for participants to complete this task.

Backward counting
Randomly interspersed among the CANTAB tests, participants undertook a fourth task, requiring them to
count backwards verbally from 100 in sets of 3 (e.g. 100, 97, 94...). In the event of an error, the experimenter
would correct participants and make a note of the error.

This task is based on the more established ‘Serial Sevens™ task, which can be considered a measure of
concentration and is typically used in an alternative version of the MMSE™".

Outcome measures
AGN—Ilatencies (time for a correct response), commission errors (participant pressing the button during
distractor words) and omission errors (missed responses), separated into those for positive valence stimuli and
those for negative valence stimuli. Finally, ‘bias; i.e. the difference between the mean of correct response times
during positive targets and the mean of correct response times during negative targets, was also included;
SWM—Dbetween errors (number of times the participant revisited a box in which a token was previously
found), within errors (number of times the participant revisited an empty box), total errors, strategy scores (the
number of distinct boxes used by the subject to begin a new search for a token—to be noted that for this measure
the lower the score the better the performance), mean time to first response and mean time to last response.
SRT—mean latencies, accuracy (measured by % correct responses), commission errors (participant pressing
the button too soon), omission errors (missed responses);
Backward Counting—time in seconds and number of errors;

Cycle ergometer

In the Exercise Group (EG), participants undertook 20 min of exercise on a stationary bike, or ergometer
(manufactured by TEKKNA 250, JK Fitness, Piove di Sacco, Italy). There were eight resistance settings which
were adjusted depending on the participant’s preference to ensure that the physical activity was sufficiently
aerobic (see next sub-section). The saddle height of the ergometer was adjusted to ensure the participant’s safety,
comfort and full range of leg motion.

Heart rate measurement

Participants assigned to the experimental group (EG) had their heart rate measured at the start of their exercise
session to establish their baseline heart rate, and this was subsequently measured each minute during the 20-
min cycling session. Measurement was carried out with an AliveCore Heart Monitor which was fixed to a
smartphone using adhesive tape. The Kardia application was installed on the smartphone in order to measure
the heart rate in conjunction with the exercise. The AliveCor/Kardia system is reccommended by the UK National
Institute for Health and Care Excellence (NICE, 2015), and has been found in a randomised controlled trial
to reduce rates of atrial fibrillation in an older adult sample relative to routine care®. It is also been recently
used to diagnose arrhythmias during exercise in athletes®. This validation demonstrates the accuracy and
reliability of the heart rate measurement provided concurrently by the AliveCore Heart Monitor and Kardia
application. In this experiment, the heart rate measurement was used to ensure that exercising participants
remained within thresholds for moderate intensity activity. The appropriate heart rate for each participant was
determined, firstly by calculating the maximum heart rate (HRmax) using a formula specifically tailored to
cycling that takes individuals’ age into account: [160 - (0.5 X age) + 5]%. Given the target population, the choice
was oriented toward the Knoepfli-Lenzin’s heart rate formula as it is optimised for sedentary to moderately
trained individuals®®. Secondly, using Loprinzi and Kane's definition of moderate exercise as 51-70% of HRmax
(giving a midpoint of 60%)°!, the target heart rate of each participant was set to 60% of their maximum heart
rate. Thus combining these two calculations, a 60-year-old participant was instructed to speed up or slow down
to a level of around [160-(0.5%60)]¥0.6 =78 + 5 beats per minute (bpm). Participants’ heart rate was measured
at baseline before cycling, i.e. at rest, and if this was found to be high (exceeding 75 bpm), participants were
encouraged to maintain a heart rate at the upper end of the margin (thus 83 bpm in the case of a 60-year old).
In order to keep the HR level within the ‘moderate’ PA boundaries, during the exercise participants were asked
to cycle faster (if their HR was too low) or slower (if HR was too high). HR values were only monitored (not
recorded) during the physical activity performed by the EG, to make sure that they were within the adequate
HR range. As the controls did not engage with any physical activity during the experiment, their HR was not
monitored.

Procedure

Upon arrival, participants provided their informed consent and completed the screening questionnaires
discussed above. They were initially randomly assigned to either the exercise group (EG, n=24) or control
group (CG, n=24), with care taken to match the two groups by age, gender, years of education, and their
BDI and MMSE scores. After completing the screening questionnaires, participants were offered water before
commencing the experiment. Participants then carried out the four neurocognitive tests in a randomized order,
with instructions provided before each task. They were given a chance to ask questions during the practice round
to ensure full understanding of the task. When the first round of tests was completed, EG participants cycled for
20 min, while CG participants rested, remaining seated, for 20 min. No activity was assigned during this time to
the CG to avoid any possible emotional/cognitive influence that this could have had on the performance at the
second round of tests.
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As discussed in Materials, the target heart rate for the EG was measured each minute, and the experimenter
consequently provided feedback to participants to maintain their speed, slow down, or increase speed as
necessary. The experimenter also made sure that participants’ subjective exertion was not exceeding a moderate
level. Following the 20 min of exercise or rest, the four neurocognitive tests were completed in a different order
from the first round. Chang et al.>* suggested, in their meta-analysis, that administering tests 0-10 min after
exercise might reveal negative effects. Conversely, when tests are administered 11-20 min after the exercise
period, positive effects can be uncovered?*. Yet, other investigators have shown that acute exercise can improve
performance on cognitive tasks administered immediately after the exercise®?, including improved working
memory for older adult participants®’, improved reaction time and attention®, and improved inhibitory
control?. Thus, in the present study, we chose to test participants as soon as participants felt comfortable and
ready after the exercise (~ 1 min.).

Data analysis

Given the inter-participant variability, we performed an outliers check on data values, with values beyond two
standard deviations from the group’s mean replaced by the group’s mean for the same measure®. Out of 2016
values, 97 (i.e. 4.8%) values were found to be outliers and were therefore replaced. Even after the replacement
of the outliers the variables obtained were not normally distributed according to the Shapiro-Wilk test (all
ps<0.01) and given that some distributions were negatively skewed, with values between — 1 and — 2, we
considered alogarithmic transformation [Log10 (K-X), where K is = 1+ the highest number in the distribution]%.
Nonetheless, the logarithmic transformation did not sufficiently improve the distribution. Therefore, since the
F-test had proven to be robust even to great departures from normality®, we proceeded with an analysis of the
original data.

We described data in terms of means (and standard deviations). Table 2 shows scores (means and standard
deviations) for each task, by group (EG or CG) before (pre) and after the intervention (post). Initial t-test
group comparisons were conducted to determine whether participants in EG and CG groups differed on initial
demographic and screening variables. We analyzed the neurocognitive task scores were using a 2 X2 mixed-
design analysis of variance (ANOVA), with ‘Session’ (pre and post) as the within participants factor and ‘Group’
(EG or CG) as the between-participants factor. As explained above, ANOVA is considered to be robust and not
significantly affected by distribution deviations from normality. Bonferroni post-hoc tests were used to better
understand details of any significant interaction effects. The statistical significance was set at an alpha level of
0.05. Partial eta-squared were computed for effect sizes with the indicative threshold values of 0.0099, 0.0588,
and 0.1379, regarded as small, medium, and large effects respectively®’. The software considered for the analysis
was JASP (JASP Team (2023)—]JASP (Version 0.17.2) [Computer software]).

Results

Independent samples t-tests showed no significant differences between the EG and CG in terms of socio-
demographic factors, BDI or MMSE scores (see Table 1). The results relative to the neurocognitive tests are
presented below for each measure.

AGN

On the Affective Go/No-Go test, for AGN ‘positive’ outcome measures involving mean correct latencies, both
groups did slightly better during the ‘post’ session but at the statistical level these variations in the performance
were not substantial: indeed there were no significant main effect for Session, F 146)= 1.20, p=0.28, q2 =0.025
nor was there any main effect for Group, F, , =2.14, p=0.15, 1> =0.044 or for the interaction effect between
Session * Group, F, ,=0.04, p=0.84, n° =0.0008. Conversely, for omission scores, while there were no
significant main effects of the two factors FSession, F(146)= 1.11, p=0.30, qz =0.024 or Group, F(146)=0.04,
p=0.83, r]zpz 0.0009) the two groups behaved in the opposite way, with the EG doing better during the
‘post’ session while the CG did worse (significant Session * Group interaction effect, F, 46)=5-10, p=0.029,
I]ZP:O.IO). However, subsequent, post-hoc analysis, using Bonferroni post-hoc test, revealed no specific
significant findings in pairwise testing. For Commission scores too the EG did much better during the ‘post’
session, and this time this difference passed the statistical threshold: indeed while there was no main effect of
Group, F ,=0.39, p=0.53, n2p=0.008, there was a main effect of Session, F | 46=7.07, p=0.011, n?.=0.13,
and there was a significant interaction effect of Group x Session, F, , =6.38, p=0.015, n2P=O.12. Bonferroni-
corrected post-hoc tests showed that only the EG showed a significant improvement across pre and post-testing
sessions, with this group more successfully inhibiting their responses during distractor words at testing after
exercise than before exercise (p=0.004; see Fig. 1). For the Bias scores both groups did better during the ‘post’
session and overall the CG had a better bias score but no difference was significant: the ANOVA revealed a trend
toward significance for the main effect of Session, F |, =4.03, p=0.05, qu =0.08 with both groups increasing
their scores in the post-testing session, and there was a non-significant trend in the main for Group as well,
F 1.46)=372, p=0.06, n% =0.075 with the CG trending toward higher scores. However, there was no significant
interaction effect, F 146)= 0.004, p=0.94, qu =0.00009.

For AGN ‘negative’ outcome measures involving mean correct latencies, there were no statistically-relevant
differences in terms of performance of the two groups, with no significant main effects (but a trend) for Session,
F | 46=346, p=0.07, n2.=0.07 or Group, F | 45=024, p=0.62, n2.=0.005. There was also no significant
interaction effect for Session * Group, F | ,- =0.82, p=0.37, n? =0.018. Similarly, there were no significant main
effects for Omission—Session: F, ,o =1.62, p=0.20, n2p=0.034; Group: F  ,o=0.04, p=0.83, n* =0.0009;
Session * Group: F Lag)= 1.28, p=0.26, nz =0.027 or Commission — Session: F Lig =0.80, p=0.37, 1 p=0.017;

Group: F )=0.05,'p=0.82,q2P=0.001;'§ession*Group:F =2.88,p=0.59,’q3 =0.006.

(1,46 (1,46) p
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Measure Group | Pre Post Mean delta

EG 526.8 (56.2) 518.9 (47.5) 791
AGN+latency (ms)

CG 547.8 (65) 542.3 (56.7) 551

EG 2.96 (4) 1.48 (2) 1481
AGN+ omission

CG 1.81(1.9) 2.35(2.5) —-0.54]

EG 4.09 (1.91) 2.39(1.4) 1.7 1
AGN+ commission

CG 3.61 (2.8) 3.57 (2.5) 0.04 1

EG — 17.43 (28.5) —7.69 (25.7) —9.741
AGN bias

CcG —6.22 (26) 2.89 (20.9) —9.111

EG 542.91 (77.3) 519.19 (50.1) 23.721
AGN- latency (ms)

CG 542.64 (58.2) 534.46 (50.4) 8.18 1

EG 2.26 (2.9) 1.5(2.7) 0.86 1
AGN- omission

CG 2.05 (1.9) 2(2.6) 051

EG 2.38(1.9) 2.26 (1.6) 0.12 1
AGN- commission

CG 2.45(1.7) 2(1.8) 0.45 1

EG 92.08 (50) 80.21 (50.9) 11.87 1
SWM between error

CG 90.74 (48.5) 87.6 (54.3) 3.14 1

EG 5.27 (5.4) 5.55 (5.6) -0.28 ]
SWM within error

CG 5.61 (5.4) 6(8.5) -039]

EG 94.29 (50.7) 77.26 (47.8) 17.03 1
SWM total error

CG 90.26 (50) 88.25 (55.3) 2.017

EG 51.65 (10) 45.75 (12.8) 5917
SWM strategy

CG 48.13 (12.1) 47.78 (12.8) 0.357

EG 2513.84 (1047.97) 2071.3 (832.4) 442.54 1
SWM mean time to first response (ms)

CG 3206.59 (1314.4) 2252.08 (837.7) 954.51 1

EG 55,645.84 (24,622.5) | 49,153.84 (21,832.2) | 6492 1

SWM mean time to last response (ms)
CG 55,556.63 (24,798.3) | 47,679.4 (30,911.7) | 7877.23 1t

Backward counting errors

EG 294.15 (51.9) 294.98 (53.1) —-0.83]
SRT latency (ms)

CG 306.36 (58.6) 314.25(72.2) —-7.89

EG 99.04 (1.1) 99.29 (0.9) —-0.251
SRT correct

CG 99.3(0.9) 99.55 (0.7) —-0.251

EG 0(0) 0(0) -
SRT omission

CG 0(0) 0(0) -

EG 0.96 (1.2) 0.54 (0.8) 0421
SRT commission

CcG 0.57 (0.8) 0.61 (1) 0.42 1

EG 126 (1.2) 0.59 (0.8) 0.67 1

)

CG 1.16 (1.3 0.9 (0.8) 0.26 1

EG 70 (17.7) 59.58 (15.3) 10.42 1
Backward counting time (s)

CG 88.9 (37) 77.2(33.4) 11.7 1

Table 2. Means (and SDs) for neurocognitive task outcome measures, per each group (Exercise—EG/
Control—CG) and Session (Pre/Post). Mean deltas are calculated as a difference between Pre and Post:
Pre—Post. Differences denoting an improvement in the Post compared to the Pre are signalled with an arrow
pointing up. Conversely, differences indicating a worse performance have a downward arrow. Values in bold
reveal which one, between the two groups, performed better (or less worse) for each outcome measure across
sessions.

SWM

On Spatial Working Memory (SWM) between error scores, collectively, both groups of participants made
fewer mistakes during the ‘post’ session, but there was no signiﬁcant difference between the two groups: indeed
there was a main effect of Session, F, , =4.63, p=0.037, n?_=0.092 but no main effect of Group, F 14 = 004,
p=0.83,1 P—O .0009, and no 51gn1ﬁcant interaction effect, F, , =1.56, p=0.22, n P—O .033. Regarding within
errors, the performance of both groups ba51cally did not vary between sessions: indeed there was no significant
main effects for Session, F, ,=0.12, p=0.73, r] =0.003 or Group, F | ,-=0.06, p 0.80, 1> =0.001, and there
was no significant Sessmn * Group interaction effect F (146 =0-004, p=0.95, n P_O 0000% For total errors,
EG showed a much more pronounced better performance durlng the ‘post’ session: indeed, whlle there was
no significant main effect of Group if Session was not considered: (F(1 46)=0.060, p=0.80, n? =0.001), there
was a significant main effect of Session, (F,, ,.,=5.56, p=0.023, n2 —0 11) and a trend toward an interaction
effect between Session and Group was found: =3.46,p=0.07, n =0.07. Explorative Bonferroni-corrected

1, 46
(1 46)
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Fig. 1. Means and SEs for each Group (EG: experimental group, CG: control group) and Session (Pre, Post)
relative to the three outcome measures for which significant results were found. Scores levels are reported on
the Y axis and asterisks denote significant differences (*p <0.05, **p <0.01).

post-hoc effects showed that this trend was in the direction of fewer total errors on post-testing from the EG
participants (p=0.027).

Also for SWM strategy scores the two groups behaved significantly different, with the EG showing a better
strategy score during the ‘post’ session: in particular, there was no main effect of Group, F, ,.,=0.05, p=0.8,

1,46
n2P=0.001, but there was a significant main effect of Session (F, ,; =8.67, p=0.005, n2p= 0.163 and there was
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a significant interaction effect of Session * Group: F, ,=6.87, p=0.01, r]2P=0,13. Bonferroni-corrected post-
hoc effects showed that only the EG made significantly less errors in the post-test compared to the pre-test
(p=0.002).

Time to first and last response both showed a similar strong effect of time (Session), with both groups showing a
strong reduction of reaction times during the ‘post’ session, but no other significant effects (respectively, Session:
F146=1799, p<0.001, n% =0.28; Group: F (146 =313 p 0.08, n> =0.06; Session * Group: F 146) = 241,
p=0.12, n P—O.OSO Session: F, o= 19 09, p<0 001, n? —0.29; Group: F =0.01, p=0.91, % =0.0002;

(1,46)
Session * Group: F, ,.,=0.17, p=0.67, n =0.004.

(1,46)

SRT

Omission scores could not enter the ANOVA because they were all zeros (no missed responses). Beside
a trend to significance for the ‘Session’ factor of the accuracy scores, likely due to a mere learning effect, no
actual statistical differences were found at this task as in all other measures of SRT: mean latencies—Session:

F1.46=0 41 p=0.52, n>. =0.009; Group: F146=099 p=0.32, n%. =0.021; Session * Group: F (146 =026,
p 0.60, n2 =0.006. Accuracy—Session: F145)_3 63, p=0.06, n° =0.07; Group: F =127, p=0.26,
n% =0.02; Session * Group: F =0.001, p 0.97, n2 =0.00002. Commission—Session: =1.64, p=0.20,

P (1,46) po (1,46)

n P—O 03; Group: F, s =0.47, p=0.50, n =0.01; Session * Group: F |, =2.49,p=0.12, %, =0.05.

Backward counting

Participants from both groups made fewer errors at the backward counting during the ‘post’ session compared to
‘pre;, but there was no difference between the two groups: the ANOVA on the errors made during the backward
counting showed a main effect of Session (F, . =5.69, p=0.02, n% =0.1 1) but no Group or interaction effects
(respectively: F, . =0.21, p= 0.65, 1 p—O 005; F, 45 =1.12, p=0.29, n p—0 02). Both groups were faster at
responding during the post’ session and the EG was overall faster in responding, regardless of the session: the
analysis of the time taken to complete the task revealed a main effect of both Session and Group (respectively:
F,| ., =29.15, p<0.001, 11 =0.39; F  ,.,=5.66, p=0.02, n2p= 0.11) but no interaction effect: F,,=0.10,

(1,46)
p= 075r] =0.002.

(1,46) (1,46)

Discussion

We explored the effects of acute exercise on the cognitive performance of a group of healthy older adults. Our
results revealed a clear effect of exercise in three of the measures considered. In particular, a significant interaction
effect was found for AGN + commiission errors, with the EG making, on average, fewer errors after exercise than
before exercise. Conversely, the CG made almost the same amount of errors during the ‘post” session. The AGN
tests response inhibition, and commission errors in particular may be viewed as an inhibition failure®s. Thus,
the improvement in the EG’s performance relative to the CG in AGN commission errors supports previous
findings that acute exercise can enhance younger, middle-aged and older adults’ performance on tasks requiring
inhibitory control!®®®-73 Furthermore, research on longer-term, rather than acute, exercise suggests that
inhibitory control is particularly strongly impacted relative to other cognitive functions. For example, Boucard
et al.”* found that physical activity level among older adults positively influences inhibitory function, but not
task shifting and updating functions. Yet, aerobic fitness training has been shown to have a positive effect on task
switching in older adults’>. To our knowledge, the present study is the first to investigate the effects of physical
activity on an affective go/no-go task, thus making inferences about why an effect was found only for positive
words may prove hazardous. Yet, it is known that affective processes trigger the representation of approach-
avoidance behaviour’® and that stimuli with opposite valence have a differential effect on psychophysics, with
response times generally slower for negative stimuli’’. This said, further evidence is needed to prove that exercise
has a different effect depending on the valence of the stimuli. Also, while it is well known that exercise improves
inhibitory control, the mechanisms behind such cognitive improvement remain unclear. A study on the effects of
an acute bout of moderate-intensity exercise on executive control (including inhibitory control) in older adults,
reported a significantly greater functional activation (incongruent > congruent) in the left inferior frontal gyrus
and inferior parietal lobule after exercise compared to rest’8. A recent activation-likelihood-estimation (ALE)
meta-analysis’?, on both acute and chronic exercise, suggests a hyper-connectivity in the default mode network
(DMN) regions with an improved coupling between the DMN and the frontal-parietal network, and activations
of the dorsolateral prefrontal cortex-caudate circuit and of the pathway extending from the left anterior middle
temporal gyrus and the left anterior insula to the lateral orbitofrontal cortex”.

The other two outcome measures where a clear effect was found were both in the remit of SWM: errors and
strategy. These results are in line with several studies showing how working memory is frequently enhanced
directly after acute and chronic exercise. For example, Tsujii and coworkers found that acute exercise improved
performance in a working memory task among healthy older adults compared to when these same participants
rested between test sessions®. A similar improvement in working memory was also found in a sample of post-
stroke patients after 15 min exercise on a cycling ergometer®!. A greater preservation of hippocampal volume,
associated with a better accuracy and RTs during spatial working memory tasks have been shown in older adults
with higher levels of fitness®2. Nonetheless, a meta-analysis of 15 studies across age groups found that unlike
chronic exercise, which is reliably associated with working memory improvements, acute exercise does not have
a significant positive impact on working memory task performance®. However, as the same authors of the
review acknowledge, several factors may have limited the generalizability of the results®>. Additionally, there is
evidence that SWM task difficulty may mediate the effect of acute exercise on performance: in a young adult
sample, Yamazaki and colleagues®* found that light cycling for 10 min improved SWM performance in the low
difficulty condition (remembering the location of 1 black dot), but exercise did not significantly improve SWM
performance in the high difficulty condition (remembering the location of 3 black dots). In the present study
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the SWM task involved remembering between six and twelve token locations in a round, thus the difficulty level
was higher than in Yamazaki’s study. Yet, our EG did significantly better after the acute exercise. Therefore, it is
possible that only 10 min of light exercise as in Yamizaki’s study, may not be sufficient to get the full beneficial
effect of physical activity on SWM tasks when the complexity of these becomes more cognitively demanding. We
are inclined to think that the length of exercise could have actually contributed to this disparity between our and
Yamizaki’s finding: in a study run on twenty-six healthy young adults, a Stroop test was administered after either
10, 20 or 45 min. of moderate exercise. A curvilinear dose-response relation was found, with 20 min exercise
improving cognition while 10 or 45 min had negligible effects®. Hence, our decision to have a 20 min exercise
session for our EG may have led to the maximum expression of the benefits of physical activity on cognition.
Yet, out of all the measures considered in the present experiment, only three of them showed a significant
improvement. Chang et al’s meta-analysis suggests that in the case of light—especially very light—exercise,
facilitatory effects on cognitive function may dissipate more quickly than with more intense exercise?!. This
would align with the neurophysiological theory that light intensity exercise may not be sufficient to activate the
underlying molecular mechanisms (such as upregulation of BDNF) which can contribute to improved cognitive
function®. Therefore, possible shortcomings linked to the Knoepfli-Lenzin et al’s target heart rate formula®
could be addressed by pairing heart rate monitoring with use of the Borg Rating of Perceived Exertion (RPE)
Scale®”#8, which seems to be a practical tool for monitoring and prescribing exercise intensity, independent
of gender, age, exercise modality, physical activity level and coronary artery disease status®. One further
explanation for the lack of effect of acute exercise on cognitive task performance may be linked to the pre-
test/post-test design. Indeed, practice effects on neuropsychological tests of cognitive function may be at their
strongest between the first and second round of tests for older adults, and thereby risk obscuring the effects of
the intervention®.

Atlast, it should be noted that the various tasks considered in our and in similar studies rely on different brain
networks. For instance, tasks like the SWM are known to rely on a broad range of neuroanatomical structures
such as the hippocampus, the parietal and the prefrontal cortex’2, which may be sensitive to the beneficial
effects of exercise. Indeed, a single session of acute exercise has been linked to glial, synaptic and dendritic
processes which yield beneficial microstructural alterations in the hippocampus of healthy older adults®*. Thus,
it is plausible to think that certain specific parameters adopted during acute exercise interventions may lead
to a measurable effect because some brain networks have benefitted, for a limited time, more from them than
others. Along this line, Kennedy and colleagues® investigated whether greater fitness and lower aortic stiffness
predicted better cognitive performance in a cohort of healthy older adults. Both higher fitness and lower central
arterial stiffness significantly, and independently, explained better SWM performance, even after adjusting for
the effects of age, sex, and BMI. Importantly however, no such relationships were found for the other measures
of cognition like Simple and Choice Reaction Time, Immediate Recognition, Stroop, Contextual Memory and
Delayed Recognition®. The fMRI results of a study on middle-aged adults further suggest that the neural basis
for a better performance at a SWM task may reside in a greater activation, while carrying out such task, of a
specific neural network. In those individuals regularly practicing open-skill exercises (e.g., tennis, table tennis,
badminton) this network includes the left inferior frontal gyrus (IFG), the left anterior cingulate cortex (ACC)/
supplementary motor area (SMA), the left thalamus, and the right hippocampus®.

Our study has practical implications for promoting cognitive health as well as cardiovascular health. Reduced
physical activity in adults aged 60 or over has been associated with lower quality-of-life®® and yet it has been
shown that few older adults are able to meet the recommended physical activity guidelines”’. Sparling and
colleagues argue that it is important for healthcare practitioners to encourage a realistic level of physical activity,
involving reduced sedentary time and incorporating brief bouts of exercise into everyday life*®. In keeping with
this perspective, our study suggests that even a short amount of exercise can positively affect certain EFs such
as inhibition control and working memory; and this could provide an additional motivation for older adults
to integrate brief periods of exercise into their daily routines. Furthermore, since acute exercise is the building
block of a long-term, more regular form of exercise (i.e. “chronic exercise”), understanding the effects that a
singular bout of exercise may have on cognition can offer new insights into how to interpret and approach the
study of the effects of chronic increases in physical exercise on cognitive function?. Also, acute exercise effects
can predict chronic exercise effects in cognition and functional brain measures®.

Before we conclude, we should also acknowledge some limitations of our study. For instance, while we did keep
track of the socio-demographic characteristics of our participants, along with BDI and MMSE scores, we did not
control for the time of the day each participant had been tested. Indeed, even though the time of the day may not
affect all cognitive functions equally'®, circadian variations can still occur for attentional capacities, executive
functioning, and memory'®!. Another factor we did not consider is the level of fitness of our participants, or
if they engaged with physical activity just before the study. Although Ludyga et al’s meta-analysis®® suggested
that across studies, fitness level does not significantly influence the effect of exercise on cognitive function, and
considering that our pre-post design allowed, to some extent, for a control of each participant’s baseline, their
previous engagement with physical activity may still have affected the results. After all, not only is a regular
engagement with physical activity associated with a greater ability to allocate attentional resources toward the
environment and to more efficiently process information!'??, but also the post-exercise recovery duration can
interact with the fitness level to influence the effect of acute exercise on cognitive functions like memory, so
that individuals with higher levels of aerobic endurance, compared to their less fit counterparts, have greater
memory performance after exercise!®. Furthermore, while we monitored the HR of our participants (in the EG)
throughout their physical exercise to make sure it stayed within the ‘moderate’ boundaries for their age, we did
not actually record it. Keeping a record of the HR in both groups could have added useful information regarding
this physiological parameter as it is linked to cognitive performance!®*1%. Finally, while the level of activity
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was monitored via such physiological parameter, it would have been interesting to keep track of the perceived
exertion too (for instance via a Borg scale!), given its potential role in modulating cognitive performance!'?’.

Conclusion
In conclusion, the present study corroborated and extended previous findings that a moderate intensity bout of
acute exercise can improve inhibitory control functions and aspects of working memory.

In particular, the measures that showed a significant improvement were the CANTAB’s AGN (positive)
Commission, the SWM total errors and SWM strategy. While an amelioration in the performance of other tests
could be recorded after the intervention, only in the aforementioned tests could the facilitatory effect of acute
exercise be statistically ascertained. Since we could only focus our attention on a restricted range of EFs, future
studies could test the effects of a single bout of exercise on other aspects like planning or set shifting®. Also,
future endeavours could check if and how the results change after controlling for factors such as level of fitness
and time of the day when the test occurs.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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