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Abstract
Acute exercise elicits benefits to cognition and mood. The 
consistency and accumulation of benefits across exercise 
sessions remains unclear. This exploratory study evalu-
ated the reproducibility and accumulation of changes in 
cognitive control and mood across multiple exercise ses-
sions. Thirty young healthy adults (18– 35 years) were re-
cruited to exercise (N = 14; age: 21.71 [SD = 1.64]; 57% 
female) or control (N = 16; age: 22.25 [SD = 3.68]; 56% 
female) groups. Participants attended six sessions over 
2 weeks (EX = 20- min mod- intensity cycling; CO = 20- 
min reading). Cognitive control was assessed using a 
Flanker task (accuracy- adjusted response time, RTLISAS) 
pre- /post- intervention. Mood was reported 5×/day on ex-
ercise and non- exercise days (pre, post, 11:30 am, 3 pm, 
and 8 pm) using the Bond– Lader VAS. Cognitive control 
and mood improved acutely (within session) following ex-
ercise compared with control (F(1, 592) = 6.11, p = .0137; 
F(1, 305.93)  =  38.68, p  <  .0001; F(1, 307.06)  =  13.69, 
p = .0003) and were consistent across sessions. Cognitive 
control also improved across sessions in both groups (F(5, 
282.22) = 11.06, p <  .0001). These results suggest that: 
(1) acute effects of exercise on cognition and mood are 
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INTRODUCTION

Maintaining cognitive function throughout the life span is vital to academic success, occupational 
attainment, and healthy aging. Furthermore, mental well- being and cognitive function are inherently 
linked. Positive mood states are associated with enhanced cognitive function (Harmon- Jones et al., 
2013), while young-  and mid- adulthood depression is one of the strongest risk factors for dementia 
in later life (Bennett & Thomas, 2014). Mental well- being is also critical to health as people age 
(Dickerson, 1993; Harmon- Jones et al., 2013). A substantial body of research shows that people who 
are more physically active have better cognitive function and mental well- being in early and mid- life, 
and are more likely to maintain or even improve cognitive function in late life (Hamer et al., 2018; 
Loprinzi et al., 2013; Plassman et al., 2010; Sofi et al., 2011). In addition, growing research supports 
the notion that participation in an exercise program as short as 3 months can improve cognitive func-
tion and positively influence mood (Basso & Suzuki, 2017; Craft & Perna, 2004; Kramer & Erickson, 
2007; Northey et al., 2018).

Both chronic training and acute exercise sessions elicit specific benefits in cognitive function 
across all ages (Basso & Suzuki, 2017; Bherer et al., 2013; Chang et al., 2012; Loprinzi et al., 2013; 
van Uffelen et al., 2008). These exercise- associated benefits are well documented when testing ex-
ecutive functions, including cognitive control. Improvements in executive functions following acute 
exercise have been associated with improvements in cortical activation patterns linked to allocation of 
attentional resources (Basso & Suzuki, 2017; Kamijo et al., 2009). As the executive functions are par-
ticularly susceptible to age- related cognitive decline, methods to preserve function across the life span 
are vital to reducing the impact of cognitive aging (Coxon et al., 2016; Harada et al., 2013; McNab 
et al., 2015; Wasylyshyn et al., 2011).

Despite transient behavioral and neurophysiological changes following acute exercise, the main-
tenance of such changes, and the subsequent transition toward chronic changes, remains less clear. It 
has been suggested that the acute benefits to cognitive function after exercise may last anywhere from 
30 min to 2 h post- exercise (Joyce et al., 2009, 2014). Specifically, one study showed that exercise- 
induced improvements on executive function may be sustained up to 2 h post- exercise in young adults 
(Basso et al., 2015). Though cognitive improvements have been tracked over a short period of time 
following a single session of exercise, it is not clear whether the effects are consistent or cumulative 
over repeated acute sessions.

Similar to its role in cognition, improvements in mood are also observed after a single session of 
aerobic exercise. Though there is variability in individual response, acute benefits to affect and mood 
are consistently observed across studies (Basso & Suzuki, 2017; Reed and Ones, 2006; Stevens et al., 

consistent across multiple sessions; (2) the Flanker task 
learning effects continue over many trials/sessions; and (3) 
accumulated mood effects require further investigation. 
Future studies should further explore the connection be-
tween acute exercise exposures and accumulated cognitive 
benefits.
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2016), despite variable exercise dose and individual characteristics (Basso & Suzuki, 2017; Yeung, 
1996). Similar to cognition, variability in magnitude of affect and mood response to exercise may be 
due to varying dose characteristics and assessment timing and type across studies (Ekkekakis et al., 
2005). While moderate- intensity exercise seems to be optimal for improvements in affect with benefits 
becoming less predictable in higher intensities (Ekkekakis et al., 2005), other research has suggested 
that as little as 10 min of moderate- intensity aerobic exercise was sufficient to elicit reductions in neg-
ative mood states while greater improvements are seen with up to 30 min of aerobic exercise (Hansen 
et al., 2001). A recent study examining varying bouts of acute exercise concluded that an exercise bout 
could elicit improvements in mood states despite varying durations from 10 to 60 min (Crush et al., 
2018). Though mood is considered a sustained, low- intensity construct, it also plays a role in lowering 
the threshold for provoking emotions and psychologically preparing for future events (Ekkekakis, 
2013). Efforts to promote positive mood may subsequently provoke positive emotions and promote 
positive affective memories toward exercise.

The translation of immediate improvements in mood following acute exercise to sustained positive 
mood states is less understood. Research exploring the effects of an acute bout of walking on affective 
response suggested that effects may not be sustained beyond the recovery period and are only present 
when heart rate remains elevated (Ekkekakis et al., 2000). However, research exploring the benefits of 
a session of exercise on mood states suggested that benefits may last for several hours after exercise, 
even in those with mental health disorders (Craft & Perna, 2004; Gligoroska & Manchevska, 2012; 
Mikkelsen et al., 2017). One study examined the effect of one session of aerobic exercise on the total 
mood disturbance score (using The Profile of Mood States) and found that improvements in mood 
after exercise had not fully regressed to baseline at 24 h post- exercise (Maroulakis & Zervas, 1993). 
While these improvements were centered on a single exercise bout, participants had been exercising 
regularly for at least one month prior to collection.

Though exercise appears to induce positive changes in cognitive function and mood after a sin-
gle session of exercise and over a period of exercise training, the consistency of acute effects over a 
period of training and the trajectory of change in these outcomes over repeated exposures to exercise 
(which may lead to chronic neural adaptations) are less understood. One study investigated the effects 
of repeated acute aerobic exercise on mood in young adults, measuring both the acute effects of each 
session and the changes from baseline at mid- intervention (6 weeks) and post- intervention (12 weeks) 
(Walter et al., 2013). Acute improvements in mood were consistent over the course of 10 weeks of 
aerobic endurance training, but no mid- term changes in mood states were observed from baseline 
(Walter et al., 2013). However, this study was limited by deteriorating compliance to electronic mood 
assessments, which precluded the examination of changes post- intervention. Though we identified no 
studies that examined the acute changes in cognition following repeated exercise sessions, research 
does suggest that a single session of exercise can influence learning, which is a long- term cognitive 
change (Colcombe & Kramer, 2003; Lambourne & Tomporowski, 2010). Moreover, a single session 
of exercise may facilitate angiogenesis, neurogenesis, and the synthesis of various neurotransmitters 
in different cerebral structures involved in cognition (Paillard, 2015; Tillman & Wiens, 2011).

Given the scarcity of research examining cognition and mood over repeated exposures to exercise, 
the consistency of acute changes and the presence of accumulated of benefits is unclear. This study is 
a preliminary exploration of the reproducibility and accumulation of changes in cognitive control and 
mood across multiple exercise sessions among healthy young adults. Compared with a non- exercise 
control group, we hypothesised that: (1) exercise would prompt acute (pre-  to post- ) improvements in 
cognitive control and mood, as measured by a modified Flanker task and Bond– Lader Visual Analog 
Scale (BL- VAS), respectively; (2) acute improvements in cognitive control and mood would not dif-
fer significantly across exercise sessions; and (3) cognitive control would improve across multiple 
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exercise sessions. Note that the latter two hypotheses are exploratory, given the paucity of related 
research.

MATERIALS AND METHODS

Participants

A total of 30 young healthy adults (aged 18– 35 years) were recruited to this exploratory study, includ-
ing 14 people who were recruited to the exercise (EX) group and 16 people who were recruited to the 
control (CO) group (non- randomized). Given the lack of previous research based on the acute effects 
of exercise on cognitive control and mood across a number of exercise sessions, sample size was 
based on feasibility for an exploratory study rather than established effect sizes.

Participants were recruited using posters in university health science buildings and word of mouth 
from research team members, other members of the Health Sciences faculty, and previous partici-
pants. Participants were screened with the Physical Activity Readiness Questionnaire (PAR- Q+) to 
ensure safety to exercise (“PAR- Q+ and ePARmed- X+,” 2013). Participants were excluded if they: 
had a history of heart disease (heart attack or operation, heart murmur, coronary artery disease, con-
genital heart disease, pacemaker); had uncontrolled hypertension; had drop in blood pressure when 
rising from a seated position; had neurological conditions (e.g. concussion within last 6 months/post- 
concussion syndrome, stroke, epilepsy, Parkinson's disease, or dementia); were taking beta blockers, 
anticoagulants, or anticholinergics; had chronic obstructive pulmonary disease; or had musculoskel-
etal impairments that cause more pain during exercise than tolerable. This study was approved by a 
University of Waterloo research ethics committee. All participants provided written informed consent.

Study design

This study used a repeated- measures design within two groups (EX and CO) to examine the influence 
of exercise on cognitive control. Each participant came into the laboratory for a total of six sessions 
across 2 weeks (three per week, generally Monday, Wednesday, and Friday). Experimental sessions 
were scheduled to start between 8:00 am and 9:30 am. All participants were asked to refrain from caf-
feine prior to all experimental sessions. (Study design is shown in Figure 1.)

Experimental protocol

In the first session, participants reported demographics and medical history and completed the PAR- 
Q+ (“PAR- Q+ and ePARmed- X+,” 2013) and International Physical Activity Questionnaire (IPAQ) 
(Craig et al., 2003). In all sessions, participants performed a 100- trial practice block of a modified 
Flanker task. The participants then completed the BL- VAS to assess mood (described below) (Bond 
& Lader, 1974). Heart rate and blood pressure were then measured, and participants were fitted with 
a heart rate monitor (Polar, Bethpage, New York). Cognitive control was subsequently assessed by 
administering 200 trials of the modified Flanker task.

The EX group performed 3 min of self- paced warm- up followed by 20 min of moderate- intensity 
aerobic exercise (70% of age- predicted maximum heart rate) and 3 min of self- paced cool down on a 
stationary cycle ergometer. Twenty- minutes of moderate- intensity was chosen to align with previously 
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published literature regarding cognitive effects following acute exercise (Chang et al., 2012). A fre-
quency of three sessions per week for 2 weeks mimics a weekly dose rate often seen in exercise train-
ing studies and provides six sessions over which to observe acute effects. Participants were instructed 
to maintain a cadence of 90 ± 10 rpm. Cycle ergometer resistance was adjusted to maintain heart rate 
at 70 per cent of age- predicted maximum (±10 bpm) and a rating of perceived exertion (RPE) of 13 
(Borg, 1982), consistent with moderate- intensity exercise. RPE and resistance (watts) were recorded 
every 2 min. The CO group completed 26 min of quiet reading. Heart rate was recorded every 2 min 
in both the EX and CO interventions.

Following the intervention, participants filled out another BL- VAS to assess mood. After having 
heart rate and blood pressure assessed, they completed another 200 trials of the modified Flanker task 
to assess cognitive control. Participants were then asked to fill out the BL- VAS at three more times 
throughout the day at 11:30 am, 3:00 pm, and 8:00 pm.

F I G U R E  1  Study design, showing study activities completed for each session with six sessions completed over 
2 weeks (3 sessions/week)
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On weekdays without laboratory sessions (generally Tuesday and Thursday), participants filled out 
the BL- VAS at the same five time points throughout the day (at the same time as their pre- intervention 
and post- intervention) and at 11:30 am, 3 pm, and 8 pm.

Measures

Cognitive measure: a modified Flanker task

The primary cognitive outcome was a modified Flanker task (Eriksen & Eriksen, 1974), used to probe 
cognitive control. The modified Flanker task consisted of five arrowheads displayed horizontally on 
the screen. The participant was asked to respond to the direction of the center target arrow by pressing 
one button if it pointed left and another if it pointed right. The flanking arrows on either side could 
point in the same direction as the center arrow as in a congruent condition (e.g. >>>>>), or in the 
opposite direction from the center arrow as in an incongruent condition (e.g. <<><<). There was 
an even distribution of congruent and incongruent trials within each 200- trial block. The modified 
Flanker task was created and delivered using LabView (National Instruments).

The task was performed in an enclosed soundproof booth to reduce visual and auditory distraction. 
Participants were instructed to look at a small white fixation cross in the middle of a black screen 
where the target stimuli appeared and respond as quickly as possible to the stimulus when it appeared. 
The response buttons were mounted to a table shoulder width apart. Participants responded with their 
left thumb for arrows pointing left and their right thumb for arrows pointing right. Participants were 
seated 120 cm away from a 24- inch computer monitor. The stimuli on screen had a height of approxi-
mately 10 cm. Each stimulus was displayed for 100 ms with a 1000- ms response window. There was a 
varying interstimulus interval of 1500 or 2000 ms. A minimum response time of 200 ms was required 
for correct responses to eliminate anticipatory responses.

Accuracy and response time were collected using LabView (National Instruments). Only response 
times from correct trials were included in analysis. Since accuracy varied by condition and time, the 
modified Flanker task performance was quantified by an accuracy and variability adjusted response 
time score, the Linear Integrated Speed Accuracy Score (RTLISAS) (Vandierendonck, 2017, 2018). The 
RTLISAS score is calculated using the following equation:

RT and PE are the participant's mean response time and proportion error (1- accuracy) for each 
block of the Flanker trials (divided by condition, time, and congruency). The terms SD RT and SD 
PE refer to the participants' overall standard deviation in response time and proportion error within 
the Flanker block. If PE was zero, such that there was 100 per cent accuracy, the latter portion of the 
equation was set to zero.

Mood measures: Bond– Lader Visual Analog Scale

The BL- VAS is a visual analog rating scale comprising 16 dimensional items, each with a 100- mm 
response line representing a continuum of possible responses (Bond & Lader, 1974). The partici-
pant is instructed to make a perpendicular mark along each of these lines to indicate their subjective 

RTLISAS = RT + (SD RT∕SD PE) × PE.
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feelings at that moment. Items 4, 6, 8, 9, 10, 12, 14, and 16 are reversed to correct polarity prior to 
calculating scores. Scores are measured from the left to the participant's indicated point. Definitions 
for uncommon items are listed with the scale to ensure clarity. The 16 items load onto three factors: 
alertness (alert, attentive, energetic, clear- headed, well- coordinated, quick- witted, strong, interested, 
proficient), contentedness (happy, amicable, tranquil, contented, gregarious), and calmness (calm, 
relaxed) (Bond & Lader, 1974). Loading of each item was allocated based on previously published 
factor analysis (Bond & Lader, 1974). Counterintuitively, lower scores indicate more alertness, con-
tentedness, or calmness. Pre- intervention BL- VAS and post- intervention BL- VAS on intervention 
days were collected immediately before and after the intervention. Participants received a package 
of 8 BL- VAS at each in- laboratory visit which they were asked to complete at designated times and 
return at the subsequent visit.

Statistical analysis

Data analysis was performed using R v3.6.3 (R Core Team, 2020). Linear mixed- effects models 
were built using the lmer() function from the lme4 v1.1- 23 package (Bates et al., 2015), and type 
III ANOVA tests were obtained using the lmerTest v3.1- 2 package (Kuznetsova et al., 2017). 
Standardised effect sizes in the form of partial Eta- squared (in this paper referred to as η2) were 
obtained from the model ANOVA tables using the effectsize v0.4.1 package (Ben- Shachar et al., 
2020). Assumptions were assessed graphically using residual Q– Q plots (to examine residual 
normality) and residual versus fit plots (to examine heteroskedasticity). A logarithmic transfor-
mation was applied to dependent variables where required in order to normalize model residu-
als. All variables were categorical and sum- contrast- coded to allow the interpretation of main 
effects and lower order interactions in the models. A significance level of p = .05 was used for 
all main outcome analyses. To correct for the non- independence of measures within participants, 
PARTICIPANT was included as a random effect (random intercept) in all models. Observed 
power analysis was conducted using simulations run with the simr v1.0.5 package (Green & 
MacLeod, 2016).

Effect of exercise on cognitive control

To analyze the acute effect of exercise and changes in this effect across sessions, the modified Flanker 
task data were analyzed using a linear mixed- effects model with the fixed independent variables 
GROUP, TIME, DAY (experimental session), and CONGRUENCY (congruent vs. incongruent con-
ditions). The fixed independent variables were all fully interacted.

Repeated effect of exercise on cognitive control

In order to analyze the repeated effect of exercise, the modified Flanker task data from the pre- 
intervention TIME were analyzed using a linear mixed- effects model with the fixed independent 
variables GROUP, DAY, and CONGRUENCY. The fixed independent variables were all fully 
interacted.
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Acute effect of exercise on mood

In order to analyze the acute effect of exercise on mood and changes in this effect across sessions, 
BL- VAS data from exercise days were submitted to a linear mixed- effects model with the fixed inde-
pendent variables GROUP and TIME. The fixed independent variables were fully interacted.

Long- term effect of exercise on mood

In order to analyze the repeated effect of exercise, BL- VAS data from the pre- intervention TIME on 
exercise days were analyzed using a linear mixed- effects model with the fixed independent variables 
GROUP and DAY (experimental session). The fixed independent variables were fully interacted.

Effect of exercise days on mood

In order to analyze the effect of days where participants exercised versus days they did not, BL- VAS 
data from 11:30 am, 3:00 pm, and 8:00 pm were analyzed using a linear mixed- effects model with 
the fixed independent variables GROUP and DAY (exercise, non- exercise). The fixed independent 
variables were fully interacted.

RESULTS

Participants

The EX and CO groups were similar in most characteristics (Table 1). The EX group had an average 
age of 21.71 years (standard deviation(SD) = 1.64, range: 20– 25) with 57 per cent [8] female, while 
the CO group had an average age of 22.25 years (SD = 3.68, range: 18– 34) with 56 per cent [9] female 
(see Table 1 for a detailed description of participant characteristics by group).

Exercise characteristics, mean (SD)

Participants in the EX group had a higher mean heart rate during the intervention (150.53, 21.8 bpm) 
compared with the CO group (73.02, 6.40 bpm), as expected. The EX group reported a mean RPE of 

T A B L E  1  Participant characteristics by group (mean ± SD or n [%])

Exercise group (n = 14)
Control group 
(n = 16)

Age 21.71 ± 1.64 22.25 ± 3.61

Sex, female 8 [57%] 9 [56%]

BMI 23.14 ± 2.62 23.28 ± 2.29

IPAQ score 4197.52 ± 2242.46 3985.08 ± 2711.96

History of concussion, yes 4 [29%] 5 [31%]
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13.14 (1.3), which aligns with moderate- intensity exercise; 91.25 per cent of participants had a mean 
RPE within the target range of 12– 15.

Acute effect of exercise on cognitive control

In order to normalize model residuals, a logarithmic transformation was applied to the modi-
fied Flanker task RTLISAS scores. There was a main effect of GROUP (F(1, 28) = 4.22, p = .0494, 
η2 = .131), TIME (F(1, 592) = 15.95, p = .0001, η2 = .026), DAY (F(5, 592.25) = 12.43, p < .0001, 
η2 = .095), and CONGRUENCY (F(1, 592) = 564.97, p < .0001, η2 = .488). There was an interaction 
between GROUP and TIME (F(1, 592) = 6.11, p = .0137, η2 = .010), with a greater improvement 
from pre-  to post- intervention in the EX group compared with the CO group (Figure 2). Observed 
power in our study was 59 per cent. Observed power analyses suggest that a future study to replicate 
this effect should enroll at least 50 participants (see Appendix S1 for power curves).

There was no interaction between GROUP and DAY (F(5, 592.25) = 1.08, p = .3712, η2 = .009), 
TIME and DAY (F(5, 592)  =  1.78, p  =  .1155, η2  =  .015), GROUP and CONGRUENCY (F(1, 
592) = 1.38, p = .2401, η2 = .002), TIME and CONGRUENCY (F(1, 592) = .2, p = .6543, η2 < .001), 
DAY and CONGRUENCY (F(5, 592)  =  .79, p  =  .5556, η2  =  .007), GROUP  ×  TIME  ×  DAY 
(F(5, 592)  =  .17, p  =  .973, η2  =  .002), GROUP  ×  TIME  ×  CONGRUENCY (F(1, 592)  =  .26, 
p  =  .6138, η2  <  .001), GROUP  ×  DAY  ×  CONGRUENCY (F(5, 592)  =  .11, p  =  .9897, 
η2  <  .001), TIME  ×  DAY  ×  CONGRUENCY (F(5, 592)  =  .06, p  =  .9975, η2  =  .001), or 
GROUP × TIME × DAY × CONGRUENCY (F(5, 592) = .13, p = .9856, η2 = .001).

F I G U R E  2  Flanker RTLISAS (estimated mean and SE) before and after exercise and a control condition
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Repeated effect of exercise on cognitive control

In order to normalize model residuals, a logarithmic transformation was applied to the modified 
Flanker task RTLISAS scores. There was a main effect of DAY (F(5, 282.22) = 11.06, p <  .0001, 
η2 = .164) and CONGRUENCY (F(1, 282) = 319.05, p < .0001, η2 = .531), but no main effect of 
GROUP (F(1, 28) = 3.38, p = .0765, η2 = .108). The effect of DAY was similar across both groups, 
with the Flanker RTLISAS scores improving with each subsequent day (Figure 3).

There was no interaction between GROUP and DAY (F(5, 282.22) = .99, p = .4223, η2 = .017), 
GROUP and CONGRUENCY (F(1, 282) = .26, p = .6077, η2 = .001), DAY and CONGRUENCY 
(F(5, 282) = .47, p = .8017, η2 = .008), or GROUP, DAY, and CONGRUENCY (F(5, 282) = .18, 
p = .97, η2 = .003). Observed power in our study was 41 per cent. Power analyses suggest at least 80 
participants would be required to detect the observed effect size between GROUP and DAY, indicat-
ing a different rate of improvement between groups (see Appendix S1 for power curves).

Acute effect of exercise on mood

In order to normalize model residuals, a logarithmic transformation was applied to all BL- VAS sub-
scale scores except where noted.

Alertness

There was a main effect of TIME (F(1, 305.93) = 32.69, p < .0001, η2 = .097), but no main effect 
of GROUP (F(1, 27.9) = 1.38, p = .2508, η2 = .047). There was an interaction between GROUP and 

F I G U R E  3  Flanker RTLISAS (estimated mean and SE) before exercise and control conditions on six sessions over 
2 weeks
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TIME (F(1, 305.93) = 38.68, p < .0001, η2 = .112) such that the exercise group showed more alert-
ness (lower score) post- intervention (Figure 4). Observed power in our study was 99 per cent.

Contentedness

There was a main effect of GROUP (F(1, 28.05) = 4.81, p =  .0367, η2 =  .146) and TIME (F(1, 
307.06) = 19.75, p < .0001, η2 = .060). There was also an interaction between GROUP and TIME 
(F(1, 307.06) = 13.69, p = .0003, η2 = .043) such that the exercise group showed more contentedness 
(lower score) post- intervention (Figure 4). Observed power in our study was 97 per cent.

F I G U R E  4  Mood before and after an exercise and control condition, averaged across six sessions over 2 weeks 
by domain (a) alertness; (b) contentedness; and (c) calmness. Note that lower scores indicate more alertness, 
contentedness, or calmness. Solid line shows the exercise group, and the dashed line shows the control group
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Calmness

There was no main effect of GROUP (F(1,27.82) = .55, p = .466, η2 = .0193) or TIME (F(1,306.85) 
= .4, p = .5295, η2 = .0013). There was also no interaction between GROUP and TIME (F(1,306.85) 
= 2.96, p = .0864, η2 = .0096) (see Figure 4).

Long term effect of exercise on mood

In order to normalize model residuals, a logarithmic transformation was applied to all BL- VAS sub- 
scale scores.

Alertness

There was no main effect of GROUP (F(1,27.77) = .03, p = .8551),or DAY (F(5,130.11) = 1.94, p 
= .0913). There was also no interaction between GROUP and DAY (F(5,130.11) = 1.52, p = .1882).

Contentedness

There was no main effect of GROUP (F(1,28.08) = 1.78, p = .1932) or DAY (F(5,130.44) = .95, p 
= .4528). There was also no interaction between GROUP and DAY (F(5,130.44) = 1.8, p = .1171).

Calmness

There was no main effect of GROUP (F(1,27.58) = .06, p = .8151) or DAY (F(5,130.27) = 1.78, p 
= .1212). There was also no interaction between GROUP and DAY (F(5,130.27) = .47, p = .8016).

Effect of exercise- days on mood

Alertness
In order to normalize model residuals, a logarithmic transformation was applied to the BL- VAS alert-
ness scores. There was no maineffect of GROUP (F(1, 28.05) = 1.96, p = .1729) or exercise DAY 
(F(1,803.25) = .03, p = .8705). There was also no interaction between GROUP and exercise vs non- 
exercise DAY (F(1,803.25) = .1, p = .7566).

Contentedness

In order to normalize model residuals, a logarithmic transformation was applied to the BL- VAS con-
tentedness scores. There was a main effect of GROUP (F(1,28.09) = 6.45, p = .0169) but no main 
effect of exercise vs. non- intervention DAY (F(1,800.27) = 2.07, p = .1505). There was also no inter-
action between GROUP and exercise vs. non- exercise DAY (F(1,800.27) = 2.2, p = .1388).
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Calmness

No transformations were applied to the dependent variable. There was no main effect of GROUP 
(F(1, 28.05) = .33, p = .5694, η2 = .019) or exercise DAY (F(1, 803.44) = 3.2, p = .0739, η2 = .001). 
There was also no interaction between GROUP and exercise DAY (F(1, 803.44) = 1.29, p = .2573, 
η2 = .010).

Observed power in our study was 44 per cent. Power analyses suggest that a future study looking 
at the effect on calmness should enroll at least 80 participants (see Appendix S1 for power curves).

DISCUSSION

The results of this exploratory study support a consistent, positive acute effect of exercise on both 
cognitive control and mood. Conversely, our results do not suggest sustained improvements following 
exercise in cognitive control or mood over 2 weeks, as the EX and CO group showed similar improve-
ments session to session. Accumulation of sustained, chronic benefits of exercise may require more 
time or greater power to detect.

In our study, participants who exercised improved acutely on the modified Flanker task to a greater 
extent than participants who did not. This is consistent with previous literature that suggests that 
exercise carries with it a small positive effect for select cognitive domains including cognitive con-
trol (Chang et al., 2012). Additionally, the positive effect was consistent across all six sessions over 
2 weeks, indicating a consistency of benefits from each individual exercise session. To our knowl-
edge, this is the first study to test this repeated acute effect across multiple sessions and suggests that 
exercise will continue to improve cognitive control among young adults even if one is exercising at 
frequent intervals.

We hypothesised that improvements in cognitive control would be observed over the six sessions, 
contributing to improved cognitive control seen in training periods short as a month (Colcombe & 
Kramer, 2003; Stern et al., 2019). However, improvements across sessions were similar between EX 
and CO groups, indicating a positive change not due to exercise. This improvement across sessions 
is likely due to a learning effect. However, our null finding regarding an effect of exercise should be 
taken with caution. A larger sample size and/or follow- up period may be required to observe improve-
ments across sessions. Inspections of cognitive changes across sessions (Figure 3) showed that the CO 
group exhibited a learning curve that appeared to plateau between day 5 and 6, while the EX group 
still appeared to be improving between days 5 and 6. Our power analyses suggest that a future study 
would need a larger sample size (at least 80 participants) to detect differences in the rate of improve-
ment between exercise and control groups should the observed effect sizes hold true.

In this study, mood improved immediately following EX but not following the CO sessions. This 
improvement was particularly evident in alertness and contentedness domains of the BL- VAS, which 
aligns with prior research that suggested that exercise elicits positive acute changes in a variety of 
mood dimensions (Basso & Suzuki, 2017; Stevens et al., 2016; Yeung, 1996). While exercisers may 
become more alert due to increased arousal during exercise, contentedness may be linked to an over-
all enjoyment and satisfaction following exercise. Importantly, this acute improvement in mood oc-
curred following each exercise session, which suggests a consistent response to exercise for mood and 
cognitive control. This finding is somewhat different form a prior study exploring the consistency 
of exercise- associated mood improvements across three identical acute exercise sessions 1– 2 weeks 
apart (Unick et al., 2015). Consistent with our study, authors reported acute (pre– post) affective im-
provements within the sample with no differences in the magnitude of change between sessions. Of 
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note, despite the consistency of group- level changes across sessions, individual participants did not 
consistently fall into responders (improved mood) or non- responders (no change, decrease) within this 
prior study, demonstrating an ongoing challenge of identifying who will benefit from exercise. To our 
knowledge, no other study has explicitly examined the reproducibility of exercise- associated mood 
improvements across multiple acute exercise sessions within our time frame. Consistent benefits over 
multiple sessions may play a role in promotion of exercise and adherence. Positive changes to affect 
after one or more exercise sessions may promote future exercise behavior (Kwan et al., 2017).

Though acute improvements in mood were consistent across repeated exercise sessions, this study 
did not support the hypothesis that improvements were sustained across the day of exercise or the 
day following the intervention. This conflicts with one prior study that suggested that improvements 
in mood were sustained 24 h post- exercise (Maroulakis & Zervas, 1993). It is possible that repeated 
administration of the BL- VAS confounded our ability to detect sustained mood effects, where partici-
pants may not have attended to the task consistently. Our results do correlate well with a recent study 
that suggested that exercise days featured greater positive affect later in the day (post- exercise) com-
pared with non- exercise days during a 6- month walking program (Emerson et al., 2018). It is possible 
that any sustained benefits of exercise were overpowered by external influences throughout the day.

Though exercise sessions consistently elicited acute improvements in mood, there was no evidence 
to suggest accumulated benefits across sessions. Some, but not all, prior studies suggest chronic ben-
efits to mood over as little as 6 weeks (Arent et al., 2000; Awick et al., 2017; Walter et al., 2013). 
However, one study that examined acute and chronic changes following a 10- week running interven-
tion observed discrepancies in acute and accumulated effects similar to our findings. The authors 
observed acute effects when mood was examined intermittently over the training period; however, 
no accumulation of effects was observed when mood was measured at 6 weeks (Walter et al., 2013).

An understanding of the trajectory for accumulated benefits may help us plan the duration of 
exercise interventions and programming necessary for sustained benefits. Current clinical trials have 
tested as little as a month and as much as 2 years, with little consistent connection between interven-
tion duration and benefits (Colcombe & Kramer, 2003; Northey et al., 2018). It may be that the tra-
jectory of change varies across individuals or due to an interaction between individual characteristics 
and dose. Studies should probe for an association between the magnitude of acute and chronic changes 
due to exercise, which could help predict which people would be most likely to benefit and at which 
doses. Including biomarkers within the study could help clarify the mechanisms for both the acute and 
chronic effects of exercise on mood or cognitive control to understand how acute exposures contribute 
to sustained effects. Such evidence would be helpful in informing personalized guidance for exercise 
to promote cognitive health.

This study was the first to examine the repeatability and accumulation of cognitive and mood 
benefits with exercise. However, it has several limitations that should be considered when interpreting 
our results. Firstly, group allocation was not randomized, and the EX group was completed before the 
CO group. The CO group added post hoc to better isolate whether improvement in cognitive control 
was due to exercise or learning effects. While consecutive recruitment is not optimal, the groups (EX 
vs. CO) did not differ in demographic or baseline activity levels and the recruitment process was 
identical for both groups. In addition, the repeated administration of a modified Flanker task may 
introduce learning effects or reduce participant attention during the assessments such as the BL- VAS. 
Lack of additional breadth in cognitive assessments limits the scope of our understanding to cogni-
tive functions assessed with the Flanker task (cognitive control). Examination of executive functions 
beyond inhibitory control, such as working memory and cognitive flexibility, and broader cognitive 
function may provide greater insight into cognitive effects. In addition, this study did not measure any 
negative mood state constructs. Additionally, we cannot guarantee timing compliance for completion 
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of out- of- laboratory BL- VAS. Participants did receive specific times for completion of each BL- VAS 
and were encouraged to set reminders on their phones while in the laboratory. We acknowledge that 30 
per cent of participants reported a history of concussion, though no participants reported a concussion 
in the past 6 months or presences of post- concussion syndrome. The sample was recruited by posters 
and word of mouth in university health science buildings, which may have led to a greater propor-
tion of athletes who experienced concussion. Lastly, this was an exploratory study. A larger sample 
size may help detect smaller changes between sessions and create a more representative sample. To 
examine the possible cumulative effect of exercise, we suggest that a future study enroll at least 80 
participants (see Appendix S1 for associated power curve). With this being said, it is important to 
recognize that these power calculations are based on the effect sizes that This we observed which, due 
to our small sample size, are not necessarily equivalent to population effect sizes. As such, these are 
relatively crude estimates and should be used with appropriate caution.

Consistent positive effects to cognitive control and mood across multiple sessions contribute to the 
strength of evidence supporting the acute benefits of exercise. However, this study did not yet yield 
insights into the accumulation of sustained benefits for cognitive control or mood that have been ob-
served in clinical trials. While the observed effect of acute exercise appears to be robust, the lack of 
evidence for a cumulative effect should not yet be taken as an absence of effect. Future studies should 
build on this exploratory study with an increased number of sessions and/or increased sample size to 
yield insights into the connection between acute exercise exposures and accumulated chronic benefits.
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