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ABSTRACT ARTICLE HISTORY

Acute aerobic exercise has a facilitative effect on task components Received 19 November 2023
with varied inhibitory control demands. However, the effects on Accepted 2 June 2024
specific neural processes evoked by an inhibitory control task
remain underexplored. In this study, we examined the effects of
acute a_ero_bic exercise on midfrontal theta event—!'ela_ted frequency analysis;
synchronisation and frontal alpha event-related desynchronisation, midfrontal theta; frontal
two EEG frequency markers that index distinct neural process alpha; inhibitory control
during inhibitory control. Fifty-eight college-age students (mean

age=19.2+1.0 years old) participated in this within-subjects,

crossover, pretest-posttest design study. Participants engaged in a

20-minute bout of aerobic exercise condition and an active control

condition on separate days in a counterbalanced order. The aerobic

exercise condition consisted of walking/jogging on a treadmill at

moderate intensity (approximately 70% of age-predicted maximum

heart rate). The active control condition consisted of walking on

the treadmill at 0.5 mph and 0% grade. Before and after both

conditions, participants completed a flanker task, with concurrent

EEG data collection. Despite shorter reaction times following

aerobic exercise relative to following active control condition,

neither aerobic exercise nor active control condition modulated

midfrontal theta event-related synchronisation (which indexes

control and behavioural monitoring process) or frontal alpha event-

related desynchronisation (which reflects cognitive integration

mechanism). Collectively, while acute aerobic exercise enhances

inhibitory control performance at a behavioural level, these effects

do not extend to the modulation of neural processes underlying

behaviour adaptation and cognitive integration mechanisms.
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Despite a robust body of literature demonstrating the beneficial effects of acute bouts
of moderate-intensity aerobic exercise on cognitive control (Kao et al., 2022; Ludyga
et al,, 2016; Pontifex et al., 2019), a cognitive process involves in goal-oriented beha-
viours (Diamond, 2013), the underlying neural mechanisms remain underexplored.
While investigations in this area have used event-related potentials (ERP) to investigate
the effects of acute bouts of exercise on attention resources allocation (e.g., the P3
component from ERP) (Chu et al, 2015; Kao et al., 2022; Tsai et al, 2014, 2016),
conflict resolution (e.g., the N450) (Chang et al.,, 2017; Hsieh et al., 2018), and motor
preparation (e.g., the CNV) (Kamijo et al., 2004) during various cognitive control
tasks relative to non-exercise control conditions, the time-domain averaging approach
of ERPs may overlook valuable cognitive-related information within electroencephalo-
graphy (EEG) data. Here, we used event-related EEG frequency dynamics, encompass-
ing neural synchronisation and desynchronisation (a state of synchrony/desynchrony in
a population of neurons in support of specific mental processes) at specific frequency
bands relevant to events of interest (Klimesch, 1999; Makeig et al., 2004). Similar to
ERPs, event-related frequency dynamics provide high temporal resolution; however,
they operate through different underlying mechanisms. ERPs reflect the summation
of event-induced post-synaptic activity from pyramidal neurons, whereas frequency
dynamics reflect modulations of cortical oscillations within neural networks (Pfurtschel-
ler & Lopes Da Silva, 1999). As such, event-related frequency dynamics could offer an
additional perspective on the subtle neural changes induced by acute bouts of aerobic
exercise.

Inhibitory control, a subdomain of cognitive control, involves the ability to suppress
task-irrelevant goals and conflicting information/action to facilitate effective behavioural
interactions with the environment (Diamond, 2013; Miyake et al., 2000). At a neural level,
inhibitory control can be supported by the top-down regulatory mechanisms and behav-
ioural adaptation mediated by the medial prefrontal cortex, the orbitofrontal cortex, and
the anterior cingulate cortex (ACC) (Cavanagh & Frank, 2014). Specifically, the control
function mediated by the medial-frontal circuit is reflected in modulations of midfrontal
theta (4-7 Hz) oscillations (Cavanagh & Frank, 2014). Midfrontal theta serves as a neural
marker for top-down control and monitoring processes, particularly when individuals per-
ceive a need for enhanced control to adaptively adjust their behavioural response (Cohen
& Donner, 2013; Duprez et al.,, 2020; Nigbur et al.,, 2012). Research has also indicated that
midfrontal theta event-related synchronisation is increased after individuals commit a
cognitive or behavioural error (Cavanagh et al., 2012). Collectively, increased midfrontal
theta event-related synchronisations may indicate more effective cortical control over
behaviour monitoring and adaptation processes.

In addition to midfrontal theta event-related synchronisation, alpha (~8-13 Hz) event-
related desynchronisation serves as an index of cognitive strategy control, e.g., the sup-
pression of task-irrelevant cortical region during tasks with increased perception (Kolev
et al., 1999), attention (Krause et al., 2000), memory (Klimesch, 1999), cognitive control
(Klimesch, 1999; Krause et al., 2000), and sensorimotor activity (Rizzo et al., 2022). Alpha
event-related desynchronisation is also associated with activity of thalamocortical net-
works involved in regulating sensory information and alertness (Klimesch, 1997).
Increased frontal alpha event-related desynchronisation may indicate the implementation
of a cognitive integration mechanism that organises sensory information and
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consciousness perception (Rizzo et al., 2022), supress task-irrelevant cortical regions, and
enhances alertness. These cortical modulations may, in turn, facilitate further information
processing.

Midfrontal theta event-related synchronisation and frontal alpha event-related
desynchronisation play pivotal roles in supporting inhibitory control. However, research
examining the effects of acute aerobic exercise on these EEG frequency dynamics
during inhibitory control is still limited. Regarding midfrontal theta oscillations, two
studies in young adults have reported conflicting findings (Ciria et al, 2018; Griggs
et al., 2023). Specifically, study from Ciria et al. found no change in global theta oscil-
lations during inhibitory control following either moderate - or light-intensity aerobic
exercise (Ciria et al., 2018). However, this study has two notable limitations. First, it pri-
marily focused on global theta oscillations using a data-driven approach, leaving the
specific effects of aerobic exercise on theta oscillations over the medial-frontal
region untested (Ciria et al, 2018); second, it lacked a valid control condition (e.g.,
non-exercise or active control condition), which increased the risks of practice or fam-
iliarity effects. On the other hand, study by Griggs et al. observed enhanced midfrontal
theta event-related synchronisations during task component with lower inhibitory
control demands (e.g., congruent trials during a flanker task) in young adults who
engaged in vigorous-intensity aerobic exercise condition, compared to those who
engaged in a non-exercise control condition (Griggs et al, 2023). The inconsistent
findings between these two studies (Ciria et al., 2018; Griggs et al., 2023) may be attrib-
uted, at least in part, to differences in exercise intensity (e.g., light and moderate inten-
sities in Ciria et al. study vs. vigorous intensity in Griggs et al. study) and selection of
cortical regions (e.g., global theta oscillations in Ciria et al. study vs. frontal theta oscil-
lations in Griggs et al. study). Regarding frontal alpha desynchronisation, existing litera-
ture also present conflicting findings. While a few studies in young adults reported no
effects of acute aerobic exercise on global (Ciria et al., 2018) and frontal alpha desyn-
chronisation (Griggs et al, 2023), Chang et al. study found increased frontal alpha
desynchronisation following acute bouts of aerobic exercise in older adults (Chang
et al,, 2015). These contradictory results could be attributed to methodological hetero-
geneity across studies, such as participants’ age (Chang et al. study focused on older
adults vs. Griggs et al. and Ciria et al. studies focused on young adults), selection of
cortical regions (e.g., global alpha oscillations in Ciria et al. study vs. frontal alpha oscil-
lations in Chang et al. and Griggs et al. studies), exercise intensity (e.g., vigorous inten-
sity in Griggs et al. study vs. moderate intensity in Ciria et al. and Chang et al. studies).
In addition, a notable methodological limitation shared by the aforementioned studies
(Chang et al., 2015; Ciria et al., 2018; Griggs et al., 2023) is the absence of pre-test cog-
nitive performance assessment. This omission makes it challenging to account for day-
to-day variations in cognitive performance and limits the interpretation of “direction of
change” in outcome measures induced by aerobic exercise (Pontifex et al., 2019).
Without pre-test measures, conclusions regarding the effects of aerobic exercise on
cognition are restricted to differences between experimental conditions/groups,
rather than establishing a causal relationship between exercise and cognitive
changes. Therefore, further research should address these methodological gaps to
provide a clearer understanding of the effects of acute aerobic exercise on distinct
neural processes during inhibitory control.
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The current investigation was grounded in the well-documented modulatory effects of
acute bouts of exercise on inhibitory control (Chang et al., 2015; Chu et al., 2015; Hsieh
et al.,, 2018; Kao et al., 2017) as well as the functional significance of midfrontal theta syn-
chronisation (Cavanagh & Frank, 2014) and frontal alpha desynchronisation (Klimesch,
1999) in supporting inhibitory control. We aimed to better understand how aerobic exer-
cise affects distinct neural processes evoked during an inhibitory control task. Specifically,
we tested how midfrontal theta event-related synchronisation and frontal alpha event-
related desynchronisation are changed following an acute bout of moderate-intensity
aerobic exercise in contrast to changes following an active control condition in young
adults. The novelty of the current investigation lies in the exploration of two EEG time-
frequency components indicative of distinct neural processes subserving inhibitory
control process. By addressing methodological limitations of previous studies through
a rigorous crossover, within-subjects, pretest-posttest design, we sought to enhance
understanding of neural processes that may be altered by acute bouts of aerobic exercise
and provide stronger causal inference. We believe that our investigation is practically rel-
evant given that midfrontal theta and frontal alpha oscillations are closely related to
various psychological and behaviour symptoms (e.g. anxiety, addiction, attention)
(McLoughlin et al., 2022; Wang & Griskova-Bulanova, 2018). Building upon findings
from previous studies (Chang et al., 2015; Griggs et al,, 2023), we hypothesised that
young adults would exhibit greater midfrontal theta event-related synchronisation,
indicative of better behaviour monitoring and adaptation, as well as frontal alpha
event-related desynchronisation, reflecting the implementation of cognitive integration
mechanisms, during an inhibitory control task following an aerobic exercise condition
relative to following an active control condition. We also hypothesised that such neural
modulations would coincide with improved performance on an inhibitory control task fol-
lowing aerobic exercise relative to following an active control condition.

Method
Participants

The current investigation was a secondary analysis of data from McGowan et al. (2019),
with the novel aim of investigating midfrontal theta event-related synchronisation and
frontal alpha event-related desynchronisation. The portion of the task performance
data (i.e., response accuracy and mean reaction times) reported herein that overlap
with the McGowan et al. study was presented only to better inform the neural oscillations
findings. Analyses were conducted using the full sample of 58 college aged young adults
(M=19.2£ 1.0 years, 32 females; 84.5% identified as White/Caucasian, 5.2% identified as
Asian, 5.2% identified as Black/African American, 5.2% identified as multiracial) from
Michigan State University. All participants reported being free of neurological disorders
or physical disabilities, indicated normal or corrected-to-normal vision, and provided
written informed consent. All experimental protocols were approved by the Institutional
Review Board at Michigan State University and all methods were carried out in accordance
with those protocols and relevant guidelines/regulations regarding the research with
human participants. Demographic and fitness data for all participants are provided in
Table 1.
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Table 1. Participant demographic and fitness characteristics (mean + SD).

Measure All Participants
N 58 (32 female)
Age (years) 19.2+1.0
White/Caucasian 84.5%
Asian 5.3%
Black/African American 5.3%
Multi-racial 5.3%
Body Mass Index (kg/m?) 246+7.7
VO,max (ml/kg/min) 46.5+8.7
VO,max Percentile 58.3+325
Lowest Observed Heart Rate (bpm) 726 +10.9
Maximum Heart Rate (bpm) 192.7 £10.6
Age Predicted Maximum Heart Rate (bpm) 1926 +0.7

Note: VO,max percentile based on normative values for VO2max (Shvartz & Reibold, 1990).

Measures

Inhibitory control task

Inhibitory control was assessed using a letter version of the Eriksen flanker task (Chandler
et al., 2021; Eriksen & Eriksen, 1974; McGowan et al., 2019; Moser et al., 2011). Participants
were instructed to attend to and to respond as accurately as possible to a centrally pre-
sented letter nested among a lateral array of letters that were either congruent (e.g.,
“TTTTT” or “lllI") or incongruent (e.g., “lITII” or “TTITT") with the centrally presented letter.
Following completion of 80 practice trials to reduce the potential for learning related
effects, participants completed 160 experimental trials grouped into two blocks of 80
trials. Within each block of trials congruency was equiprobable and participants were pre-
sented with perceptually similar letter pairs (e.g., pretest block 1:1 - T, pretest block 2: U -V,
posttest block 1: M - N, posttest block 2: E - F) and were instructed to respond by pressing
the button assigned to the centrally presented target stimulus. To ensure a high degree of
task difficulty, the button-letter assignments were reversed at the midpoint of each block
(e.g., left button press for “T” through the first 40 trials of Block 1, then right button
press for “T” through the last 40 trials of Block 1). Flanking letters were presented 55 ms
prior to target letter onset, and all five letters remained on the screen for a subsequent
100 ms (for a total stimulus duration of 155 ms) with a response window of 1000 ms and
a variable inter-trial interval of 2300, 2400, 2500, 2600, or 2700 ms. Stimuli were presented
focally on a black background on an Asus VG248QE 144 Hz LCD monitor using PsychoPy
(Peirce, 2009). Reaction time was quantified as the mean speed of responding following
the onset of the stimulus only for correct trials while response accuracy was quantified
as the proportion of correct responses relative to the number of trials administered. To
ensure the integrity of the data, reaction times exceeding the upper bound and response
accuracy below the lower bound of 3.5 times the interquartile range were identified as out-
liers and removed from analysis.

Neuroelectric activity assessment

EEG activity was recorded from 64 electrode sites (Fpz, Fz, FCz, Cz, CPz, Pz, POz, Oz, Fp1/2,
F7/5/3/1/2/4/6/8, F17/8, FC3/1/2/4, T7/8, C5/3/1/2/4/6, M1/2, TP7/8, CB1/2, P7/5/3/1/2/4/
6/8, PO7/5/3/4/6/8, O1/2) arranged in an extended montage based on the International
10-10 system (Chatrian et al.,, 1985) using a Neuroscan Quik-Cap (Compumedics, Inc.,
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Charlotte, NC). Recordings were referenced to averaged mastoids (M1, M2), with AFz
serving as the ground electrode. Additional electrodes were placed above and below
the left orbit and on the outer canthus of both eyes to monitor electrooculographic
(EOG) activity with a bipolar recording. Continuous data were digitised at a sampling
rate of 500 Hz with a DC to 70 Hz filter using a Neuroscan SynAmps RT amplifier. The
EEG data were then imported into EEGLAB (Delorme & Makeig, 2004) and prepared for
temporal ICA decomposition. Data > 2 s prior to the first event marker and 2 s after the
final event marker were removed to restrict computation of ICA components to task-
related activity. The continuous data were filtered using a 0.05 Hz high-pass Butterworth
IR filter to remove slow drifts (Chandler et al., 2019; Chandler et al., 2020; Gwizdala et al.,
2021; Pontifex et al, 2017), and the mastoid electrodes were removed prior to ICA
decomposition. ICA decomposition was performed using the extended infomax algorithm
to extract sub-Gaussian components using the default settings called in the MATLAB
implementation of this function in EEGLAB with the block size heuristic set at (floor
[sqrt(EEG.pnts/3)]) (Chandler et al., 2019; Chandler et al., 2020; Gwizdala et al., 2021; Pon-
tifex et al,, 2017). Following ICA decomposition, the eyeblink artifact components were
identified using the icablinkmetrics function (Logan et al,, 2021; Pontifex et al., 2017;
Raine et al.,, 2018) and the EEG data were reconstructed without the eyeblink artifact.
Following removal of the eye blink components, stimulus-locked epochs were created
for correct trials from —1500 to 1500 ms around the stimulus which were baseline cor-
rected using the entire sweep (Hsieh et al., 2020), and filtered using a zero-phase shift
low-pass filter at 30 Hz. Trials with artifact exceeding + 100 puV were rejected. To ensure
the integrity of the signal, stimulus locked epochs were visually inspected blind to the
experimental condition, time point, and congruency prior to computing mean waveforms
(mean number of included trials: exercise pretest =57.7 + 12.1, exercise posttest =552 +
11.8, active control pretest = 55.7 = 12.0, active control posttest = 55.9 + 11.1). The EEGLAB
toolbox was utilised to analyse the event-locked EEG responses. Data analysis and report-
ing of time—frequency processing comply with the latest recommendation and publi-
cation guidelines by Keil and colleagues (Keil et al., 2022). Oscillatory EEG power was
computed by a Morlet-based wavelet transform with a width of 3 cycles of single trial
data for a frequency band between 4-30 Hz using the newtimef() function in EEGLAB.
Event-related spectral permutations were computed on the wavelet-transformed
epochs at each time point and wavelet frequency to yield time-frequency maps. Oscil-
latory power (the magnitude of the analysed signal) was then averaged across accepted
trials. The mean oscillatory power was rescaled by the baseline values from —300 to —100
ms relative to stimulus onset and taking the log10 transform of this quotient (dB) (dB
power=10x 10 [power/baseline]), to allow a direct comparison of results of interest
across frequencies. Mean oscillatory power was then collapsed across frontal electrodes
(F1, FZ, F2, FC1, FCZ, FC2) to create a frontal region of interest. This pre-determine
region of interest complies with the latest publication guidelines (Keil et al., 2022) and
can be supported by several studies that also investigated modulations of midfrontal
theta oscillations and frontal alpha oscillations (Cohen & Donner, 2013; Hsieh et al,,
2020; Kao et al., 2020, 2021; van Noordt et al., 2022). The mean power from this region
of interest in the time interval between 50 and 500 ms at 4-7 Hz was extracted as an
index of frontal theta activity. The mean power from this region of interest in the time
interval between 100 and 500 ms at 9-13 Hz was extracted as an index of frontal alpha
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activity. The frequency bands and time windows of midfrontal theta and frontal alpha
were selected by inspecting the time-frequency plots (Figure 1a) and by following pro-
cedures in previous relevant studies who also focused on midfrontal theta (Cohen &
Donner, 2013; Hsieh et al., 2020; van Noordt et al., 2022) and frontal alpha oscillations
(S. C. Kao et al., 2020, 2021).

Cardiorespiratory fitness assessment

Measures of relative peak oxygen consumption (ml/kg/min) were assessed using a com-
puterised indirect calorimetry system (ParvoMedics True Max 2400) while participants ran
or walked on a motor-driven treadmill (Trackmaster TMX425C). During the cardiorespira-
tory fitness assessment, participants exercised at a constant speed with 2.5% increases in
grade every 2 minutes until the participant was no longer able to maintain the exercise
intensity(American College of Sports Medicine, 2018). Measures of heart rate (Model:
H7; Polar Electro, Kempele, Finland) and OMNI rating of perceived exertion (RPE) were
recorded during the assessment. Consistent with previous investigations, attainment of
maximal effort was evidenced by attainment of two of four criteria for reaching VO,ax
(Chandler et al., 2019; Chandler et al., 2020; Gwizdala et al., 2021; McGowan et al., 2019).

Procedure

Participants visited the laboratory on two separate days (mean days apart 7.9 + 5.8 days;
mean time of day difference, 2.3 +2.2 h). Prior to each experimental session, participants
were instructed to abstain from exercise as well as alcohol/drug and caffeine consumption
for 24 hours. To ensure that any observed effects were unrelated to the specific order in
which participants received the experimental conditions, participants were randomly
assigned into two different session orders (Day 1: exercise, Day 2: active control or Day 1:
active control, Day 2: exercise) using a within-participants crossover pretest-posttest
design (Gwizdala et al, 2021; Kao et al, 2023; McGowan et al., 2019). During each
session, heart rate was measured at two-minute intervals throughout the experimental con-
dition using a Polar HR monitor (Model H7, Polar Electro, Finland) alongside OMNI ratings of
perceived exertion (Utter et al., 2002). As previously reported in McGowan et al. (2019), the
exercise experimental condition consisted of 20 min of exercise on a motor-driven treadmill
at an intensity between 65 and 75% of age predicted maximum (205.8 — (0.685 x Age))
(Robergs & Landwehr, 2002) heart rate (HR=137.0 bpm [95% Cl: 135.5-138.4]; % Heart
Rate Reserve =54.0% [95% Cl: 51.4-56.5]). The active-control condition consisted of 20
min of walking on a motor-driven treadmill at the lowest possible speed and grade (0.5
mph and 0% grade; HR=88.9 bpm [95% Cl: 84.1-93.8]; % Heart Rate Reserve =13.8%
[95% Cl: 10.2-17.4]). This use of an active control condition can be supported by studies
that aim to minimise participants’ expectations to intervention and maximise internal val-
idity of intervention (Weng et al., 2015). To reduce experimenter interaction and non-exer-
cise related stimuli, participants watched an emotionally-neutral video (minutes 65-85 and
85-105; Wonders of the Universe) during the entire period of both experimental conditions.
The inhibitory control task and concurrent neuroelectric activity assessment were con-
ducted approximately 30 min prior to and 10 min following each experimental condition
(see McGowan et al. (2019) for more details characterising the experimental conditions).
The 10-minute post-exercise recovery allowed participants’ heart rates returned to within
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Figure 1. a) Plot of the change in event-related spectral permutation induced by the active control
condition showing the activity at pretest (i), posttest (ii), and the statistical change (in Cohen'’s dr.,)
from pretest to posttest (iii). b) Plot of the change in event-related spectral permutation induced
by the aerobic exercise condition showing the activity at pretest (i), posttest (ii), and the statistical
change from pretest to posttest (iii). ¢) Plot illustrating the statistical differences (in Cohen’s dr,,) in
event-related spectral permutation at pretest (i) and posttest (ii), alongside the statistical difference
(in Cohen’s dr,) in change from pretest to posttest for the aerobic exercise relative to active
control condition (iii). All plots illustrate data from the frontal region of interest collapsed across con-
gruencies of the flanker task. Time-Frequency segments of interest are indicated by the bounding box.
Theta synchronisation and alpha desynchronization are depicted as power increase between 50 and
500 ms at 4-7 Hz and power decrease between 100 and 500 ms at 9-13 Hz, respectively, relative to
baseline (—300 to —100 ms).
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10% of baseline levels to minimise the confounding effects of exercise-induced hyperther-
mia and tachycardia (Pontifex et al., 2015). Eyes closed followed by eyes open EEG recording
was conducted for 5 minutes each prior to the start of the Flanker task at both prettest and
posttest. At the end of the second experimental session, participants completed the cardi-
orespiratory fitness assessment to ensure that the maximal exercise test did not induce
potential changes in cognition.

Statistical analysis

All data analyses were performed in R Version 4 (R Core Team, 2019) utilising a familywise
alpha level of p=0.05. The analysis was conducted using a 2 (Mode: exercise, active
control) X 2 (Time: pre-test, post-test) x 2 (Congruency: congruent, incongruent) univari-
ate multi-level model including the random intercept for each participant. Additional
random intercepts associated with participant by mode, participant by time, and partici-
pant by congruency interactions were considered but were not identified as statistically
relevant. The multi-level model analysis was performed using the Rmimic package (Pon-
tifex, 2022) which provides a standardised implementation wrapper around the Ime4
(Bates et al., 2015), ImerTest (Kuznetsova et al., 2017), and emmeans (Lenth et al., 2017)
packages in R (R Core Team, 2019) with Kenward-Roger degrees of freedom approxi-
mations and Benjamini-Hochberg false discovery rate control=0.05 for post-hoc
decompositions. Cohen’s f2 and d with 95% confidence intervals were computed as stan-
dardised measures of effect size, using appropriate variance corrections for within-subject
(dym) comparisons (Lakens, 2013). Given a sample size of 58 participants and beta of 0.20
(i.e., 80% power), the present research design theoretically had sufficient sensitivity to
detect conventional t-test differences exceeding d = 0.37 (with a two-sided alpha) as com-
puted using G*Power 3.1.2 (Faul et al., 2007).

Results
Behavioural performance

As the present investigation is a secondary analysis of data from McGowan et al. (2019), a
summary of the relevant behavioural findings is provided below. Reaction time was
observed to be shorter at posttest (378.5 +55.3 ms) relative to pretest (388.2+£59.2), t
(101) =3.4, p=0.001, d,,,=0.25 [95% Cl: 0.10-0.39], only in response to the exercise
experimental condition. No such effect was observed for the active control condition
(pretest: 385.7 + 54.4 ms; posttest: 382.3 £55.4 ms), t (100)=1.2, p=0.2, d,,,, =0.09 [95%
Cl: —0.06-0.23]. Although a marginal Mode x Time interaction was observed for response
accuracy, F (1, 220) =3.9, p=0.049, f %’s=0.05 [95% Cl: 0.01-0.15], post-hoc decompo-
sition of this interaction did not reveal any significant effects t's(120) < 1.4, p’s > 0.2, d,,.
’s <0.16 [95% Cl: - 0.08-0.39].

Neuroelectric activity

Please see Figure 1 for time-frequency plots depicting oscillations of midfrontal theta syn-
chronisation and frontal alpha de-synchronisation.
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Table 2. Summary of fixed effects of the neuroelectric measures using Kenward-Roger degrees of
freedom approximation (rounded to the nearest integer).

Measure Effect df F p 2 [95% Cl]

Frontal Theta Synchronisation
Mode 1,385 0.1 0.7 0.01 [0.0-0.04]
Time 1,377 < 0.1 0.8 0.0 [0.0-0.02]
Congruency 1,377 20.8 < 0.001 0.84 [0.39-1.74]
Mode x Time 1,377 1.6 0.2 0.07 [0.0-0.21]
Mode x Congruency 1,377 0.4 0.51 0.02 [0.0-0.09]
Time x Congruency 1,377 0.2 0.69 0.01 [0.0-0.05]
Mode x Time x Congruency 1,377 0.6 0.45 0.02 [0.0-0.10]

Frontal Alpha Desynchronization
Mode 1,379 < 0.1 0.9 0.0 [0.0-0.03]
Time 1,377 1.0 0.31 0.19 [0.0-0.47]
Congruency 1,377 2.6 0.1 0.47 [0.15-1.02]
Mode x Time 1,377 0.1 0.8 0.02 [0.0-0.08]
Mode x Congruency 1,377 0.1 0.8 0.01 [0.0-0.06]
Time x Congruency 1,377 <0.1 0.8 0.01 [0.0-0.05]
Mode x Time x Congruency 1,377 0.8 0.36 0.15 [0.0-0.38]

Midfrontal theta

Please see Table 2 for a summary of F-test statistics in relation to midfrontal theta synchro-
nisation. Analysis of midfrontal theta activity revealed a main effect of Congruency, such
that congruent trials (2.2 + 1.6 dB) exhibited lower power than incongruent trials (2.7 + 1.4
dB), F(1, 377.1)=20.8, p < 0.001, dx, =0.37 [95% Cl: 0.21-0.53]. No differences between
aerobic exercise and active control or from pre - to post-test were observed, F’s (1,
377)< 1.6, p’s > 0.2, f%’s <0.07 [95% Cl: 0.0-0.21].

Frontal alpha

Table 2 summarises F-test statistics in relation to frontal alpha desynchronisation. No
differences in frontal alpha activity were observed between aerobic exercise and active
control, between pretest and posttest, or between congruent and incongruent trials, F’s
(1,377)<0.8, p’s > 0.36, f *’s < 0.15 [95% Cl: 0.0-0.38].

Discussion

Our secondary analysis aimed to investigate how midfrontal theta event-related synchro-
nisation and frontal alpha event-related desynchronisation during the performance of an
inhibitory control task were influenced by moderate-intensity aerobic exercise compared
to an active control condition in college-age adults. We observed shorter reaction times
across both congruent and incongruent trials following aerobic exercise (as reported pre-
viously by McGowan et al., 2019). However, midfrontal theta event-related synchronisa-
tion and frontal alpha event-related desynchronisation remained unchanged following
a single bout of moderate-intensity aerobic exercise or an active control condition.
Although this finding was inconsistent with our a priori hypothesis, it provides insight
into the spectrum of cognitive processes that underlie inhibitory control operations.
Notably, our study presents two methodological advancements compared to relevant
studies focusing on theta event-related synchronisation (Ciria et al., 2018; Griggs et al.,
2023) and/or frontal alpha event-related desynchronisation (Chang et al., 2015; Griggs
etal., 2023; Kao et al., 2020, 2021). We employed a robust randomised, within-participants,
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crossover pretest-posttest design and introduced a novel active control condition to miti-
gate potential confounds arising from day-to-day variations in cognition, expectation, and
non-exercise stimuli (Pontifex et al., 2019). This approach allowed us to directly compare
changes in neural indices of inhibitory control between aerobic exercise and active
control conditions, addressing a gap in previous research.

Given that the Physical Activity Guidelines for Americans in 2018 specifically indicate
that a single bout of aerobic exercise can lead to temporary enhancement in cognition
and brain function (Erickson et al., 2019), an increasingly body of research has focused
on the post-exercise enhancement in various cognitive domains, such as attention, execu-
tive function, and memory (Pontifex et al., 2019). Some studies have further indicated that
acute enhancement in cognition induced by aerobic exercise can last for up to 80 minutes
following exercise (Hung et al., 2013; Ludyga et al., 2019; Yu et al,, 2020). In the context of
inhibitory control, research has shown that acute bouts of moderate-intensity aerobic
exercise can lead to improvements in either reaction times (Aly & Kojima, 2020; Griggs
et al., 2023; Kao et al.,, 2017) or response accuracy (Griggs et al., 2023) during task com-
ponents with varied inhibitory control demands. The observed shorter reaction times
during both congruent and incongruent trials following aerobic exercise, without differ-
ences between task trials, suggest a general facilitative effect of acute moderate-intensity
aerobic exercise on processing speed involving inhibitory control. However, two studies
implementing vigorous aerobic exercise (Griggs et al., 2023) or high-intensity interval
training (Kao et al., 2017) found greater exercise-induced enhancements in the perform-
ance of incongruent trials versus congruent trials, suggesting that the effects of acute
exercise on inhibitory control might be intensity-dependent. Specifically, moderate-inten-
sity aerobic exercise exerts a general facilitative effect whereas high-intensity aerobic
exercise yields selective benefits to task components with increased inhibitory control
demands.

While there has been considerable attention on the post-exercise enhancement of
inhibitory control at a task level, our understanding of how acute bouts of aerobic exercise
affect specific cognitive processes during inhibitory control tasks remains limited. Existing
literature has primarily focused on the changes induced by acute moderate-intensity
aerobic exercise in attention resources allocation (e.g., the P3 component from ERP)
(Chu et al,, 2015; Kao et al., 2022; Tsai et al., 2014, 2016), conflict resolution (e.g., the
N450) (Chang et al.,, 2017; Hsieh et al., 2018), and motor preparation processes (e.g., the
CNV) (Kamijo et al., 2004) during various cognitive control tasks. Our study goes further
by examining EEG time—frequency oscillatory markers that reflect distinct neural pro-
cesses. Midfrontal theta event-related synchronisation is indicative of modulations in
the medial-frontal mediated top-down control processes, which affords better under-
standing of neural resources invested during the signalling, monitoring, and control of
stimulus-response conflict in favour of subsequent behavioural adaptations (Cavanagh
& Frank, 2014). Contrary to our hypothesis, our findings suggest that the control and
behavioural monitoring processes indexed by midfrontal theta remain unchanged in
response to a single bout of moderate-intensity aerobic exercise. This finding aligns
with previous research investigating the effect of a bout of moderate-intensity aerobic
exercise on theta oscillations during inhibitory control in young adults (Ciria et al.,
2018) and school-age children (Hsieh et al,, 2023; Kao et al., 2023). These converging
findings imply that the control and behavioural monitoring mechanisms mediated by
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the medial-frontal cortical regions may not alter significantly in response to acute bouts of
aerobic exercise at moderate intensity. Furthermore, our findings are supported by
studies utilising the frontal N2 component from ERP. The frontal N2, elicited between
200 and 400 ms following stimulus onset, is maximal over the frontocentral region and
is thought to be specifically related to the neural resources required to monitor and
detect task-evoked conflicts between stimulus acquisition and response execution
(Larson et al., 2014). Several studies in college-age students have indicated a null effect
of acute moderate-intensity aerobic exercise (Bailey et al.,, 2021; Chang et al., 2017; The-
manson & Hillman, 2006) on frontal N2 evoked during an inhibitory task. However, it is
crucial to distinguish the cognitive implications of frontal N2 from midfrontal theta.
While the frontal N2 is associated with conflict detection and monitoring, midfrontal
theta plays a unique role in orchestrating online monitoring and behavioural adaptation
by signalling and communicating with long-range task-relevant cortical areas (e.g., lateral
prefrontal cortex, motor cortex, parietal cortex and somatosensory cortex) responsible for
top-down sensorimotor decision-making, inhibition, attention modulations, and behav-
iour adaptation when cognitive control is needed (Cavanagh & Frank, 2014; Cohen &
Donner, 2013; Duprez et al., 2020).

Contrary to our hypothesis, acute sessions of moderate-intensity aerobic exercise did
not seem to affect frontal alpha event-related desynchronisation in young adults. Our
findings are consistent with studies reporting no significant effects of moderate-intensity
aerobic exercise on global alpha oscillations (Ciria et al., 2018). By integrating a pre-test
cognitive assessment and employing a more precise electrode selection, our study pro-
vides stronger evidence supporting the null effect of moderate-intensity aerobic exercise
on frontal alpha event-related desynchronisation in young adults. An alternative method
for assessing neural activity related to inhibitory control is through pupillometry. Previous
research has established a direct link between pupil dilation and activity of the locus-coer-
uleus (Joshi et al., 2016; Murphy et al., 2014), a cortical region with projections to the pre-
frontal cortex, thalamus, and hypothalamus that regulates sensory inputs, alertness, and
arousal (Aston-Jones & Cohen, 2005). Intriguingly, two studies employing task-evoked
pupil dilation as an indicator of arousal and alertness modulation also reported null
effects of moderate-intensity aerobic exercise on task-evoked pupil dilation in college-
age students (McGowan et al., 2019; Shigeta et al., 2021). These pupillometry findings
somewhat support the null effects of moderate-intensity aerobic exercise on frontal
alpha desynchronisation observed in our study. Taken together, these converging
findings provide compelling evidence suggesting that the cognitive integration mechan-
ism and alerting system may remain unaffected by acute sessions of moderate-intensity
aerobic exercise in young adults. However, it is important to note that the effects of acute
exercise on frontal alpha oscillations may be intensity dependent. For instance, a study by
Kao et al. found that acute sessions of high-intensity interval exercise, but not moderate-
intensity exercise, influenced frontal alpha desynchronisation during a working memory
task in young adults (Kao et al., 2021). This potential intensity-dependent effect warrants
further investigation, particularly in inhibitory control tasks.

Of note, our task and EEG findings suggest that modulations in the behaviour adap-
tation process and cognitive integration mechanism do not appear to contribute to
acute exercise induced improvements in inhibitory control. The dissociation between
improvement in task performance and unaltered EEG oscillations following acute exercise
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implies that neither behaviour adaptation nor cognitive integration mechanism are the
primary neural mechanisms responsible for the effects of acute moderate-intensity
aerobic exercise on inhibitory control. Instead, other neural processes, such as attention
resource allocation (indicated by the P3 component from ERP) and conflict resolution
(indexed by the N2 component from ERP), may serve as more tangible markers.
Indeed, preliminary data indicates that alterations in the P3 and N2 components are
associated with improved inhibitory control following acute moderate-intensity aerobic
exercise (Hsieh et al.,, 2018; Yu et al., 2020).

In conclusion, the current study aimed to examine the effects of acute aerobic exercise
on midfrontal theta event-related synchronisation and frontal alpha event-related desyn-
chronisation during inhibitory control in young adults. Contrary to our expectations,
neither the control and behavioural monitoring processes, as indicated by midfrontal
theta oscillations, nor the cognitive integration mechanisms, as reflected by frontal
alpha oscillations, were modulated by acute moderate-intensity aerobic exercise. This is
despite the observed enhancement in processing speed related to inhibitory control fol-
lowing aerobic exercise. Our findings provide valuable insights into the neural processes
possibly involved in the effects of acute aerobic exercise on inhibitory control. However,
there is still a need for further research to examine how these cognitive processes respond
to different exercise doses, modalities, and intensities. Addressing these gaps in knowl-
edge will enhance our understanding of the impact of exercise on cognitive function.
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