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ABSTRACT

Intro: Electroencephalography (EEG) is a technique for measuring brain activity that
is widely used in neuroscience research. Event-related potentials (ERPs) in the EEG
make it possible to study sensory and cognitive processes in the brain. Previous
reports have shown that aerobic exercise can have an impact on components of ERPs
such as amplitude and latency. However, they focused on the measurement of ERPs
after exercise.

Objectives: The aim of this systematic review was to investigate the feasibility of
measuring ERPs during cycling, and to assess the impact of cycling on ERPs during
cycling.

Methods: We followed the PRISMA guidelines for new systematic reviews. To be
eligible, studies had to include healthy adults and measure ERPs during cycling.
All articles were found using Google Scholar and by searching references. Data
extracted from the studies included: objectives of ERP studies, ERP paradigm, EEG
system, study population data, exercise characteristics (duration, intensity, pedaling
cadence), and ERP and behavioral outcomes. The Cochrane Risk of Bias 2 tool was
used to assess study bias.

Results: Twenty studies were selected. The effect of cycling on ERPs was mainly
based on a comparison of P3 wave amplitude between cycling and resting states,
using an attentional task. The ERP paradigm most often used was the auditory
oddball task. Exercise characteristics and study methods varied considerably.
Discussion: It is possible to measure ERPs during cycling under conditions that are
likely to introduce more artifacts, including a 3-h athletic exercise session and cycling
outdoors. Secondly, no assessment of the effect of cycling on ERPs was possible,
because the methods differed too widely between studies. In addition, the theories
proposed to explain the results sometimes seemed to contradict each other. Although
most studies reported significant results, the direction of the effects was inconsistent.
Finally, we suggest some areas for improvement for future studies on the subject.

Subjects Neuroscience, Rehabilitation, Sports Medicine
Keywords Event-related potentials, Cycling, Attentional task, Electroencephalography
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INTRODUCTION

Electroencephalography (EEG) was the first non-invasive method to directly measure
brain activity, in the early 1930s (Berger, 1931). EEG is still widely used today, and captures
the micro-currents resulting from electrical activity generated by ionic flows as neurons
connect and fire (Bear, Connors & Paradiso, 2016). The change in electrical potential
produced by the nervous system in response to internal or external stimuli is known as
event-related potential (ERP). Internal stimuli are linked to cognitive activity (attention,
memory, motor preparation, etc.), while external triggering events are sensory stimuli
(visual, auditory, etc.). Evoked potentials can therefore be used in both clinical practice, to
verify the proper functioning of the brain, and in neurophysiological research, to
understand the functional organization of the nervous system.

As these are micro-currents (in the microvolt range), it is often necessary to repeat the
recording a large number of times to reliably characterize an ERP by increasing the signal-
to-noise ratio. EEG signal “averaging” made it possible to use ERPs in neuroscience
research from the 1960s onwards (Woodman, 2010). The evoked potential can be
described in terms of different parameters including its amplitude, latency, efc.

One advantage of ERP measurement over other techniques for measuring brain activity
is its precision or temporal resolution, since it makes it possible to observe brain responses
that take place over a few tenths of a second, with no conduction delay in relation to actual
brain activity. However, with this method, it is difficult to distinguish the precise location
of the neural generators of the ERPs measured (Woodman, 2010), although new
approaches based on high-resolution EEG are improving accuracy (Kristeva-Feige et al.,
1997). Spatial resolution remains inferior to other techniques for measuring brain activity,
such as fMRIL

In response to an internal or external stimulus, the simultaneous activity of a large
number of neurons oriented perpendicular to the scalp surface generates a wave called an
“ERP wave”, which can be detected by EEG. An ERP wave has several components. These
include its polarity (N for negative, P for positive), amplitude and latency. We can also
describe its distribution on the scalp (fronto-parietal, for example) and its sensitivity to a
type of stimulus. Some ERP components are linked to specific components of executive
function, such as the speed of the attentional process, reflected by ERP latency, or the
quantity of cognitive resources, reflected by ERP amplitude.

ERP measures have been linked to low-level sensory processes, such as perception, and
to cognitive processes, such as attention, inhibition, response choice, error feedback
processing, memory activity and other cognitive functions (Helfrich ¢» Knight, 2019).
The most widely studied ERP is the P3 wave, which represents a family of ERPs with
positive deflection and for which the wave appears around 250 to 500 milliseconds after
the stimulus (around 300 ms). The discovery of the P300 goes back a long way. As early as
1964, during a study of evoked potentials, Chapman & Bragdon (1964) noticed a variation
in brain activity around 300 ms after the presentation of stimuli with which the subjects
were unfamiliar. The P3 is considered to be an endogenous potential, as its occurrence is
not linked to the physical attributes of a stimulus, but rather to the individual’s reaction to
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it. Depending on the experimental protocol, this wave can be interpreted as an index of
attention to a target, including its detection or discrimination. In addition, it can be used as
a marker of attentional performance (accuracy, response time) (Helfrich ¢» Knight, 2019).
Its amplitude component can even be influenced by the valence (gain/loss) of a feedback
stimulus, demonstrating its link to high-level cognitive processes. Prolonged P300 latency
and reduced amplitude indicate difficulties in processing and responding to infrequent
target stimuli, which are crucial for attention and cognitive control (Polish ¢ Kok, 1995).
The procedure by which the P300 wave is most commonly studied is the oddball paradigm.
The first article citing the discovery of the P300 using the oddball paradigm is Sutton et al.
(1965). In this test, the subject is presented with at least two different stimuli: one is the
non-target item (which appears frequently), the other is the target item (its appearance is
rarer and requires a reaction from the subject).

One recent application of ERPs is to explore variations in neural activity during exercise.
Aerobic exercise calls on brain resources to execute a movement or maintain a physical
effort. The theories of Dietrich (2006) and Dietrich ¢» Audiffren (2011) assume a transfer of
frontal neural resources to the aerobic effort regions that need them. Several studies have
shown that after aerobic exercise, the amplitude and latency of ERPs are affected
(Gusatovic et al., 2022). Moderate exercise intensity affects ERPs the most, suggesting the
importance of exercise intensity on ERPs. It remains unknown whether the effects of
exercise or exercise intensity on ERPs differ when measured during or after aerobic
exercise. Thus, the study of ERPs during exercise may open up new perspectives in the
study of the direct impact of aerobic exercise on cognitive functioning. Measuring brain
activity during movement presents obstacles (Thompson et al., 2008), but great progress
has been achieved in terms of signal processing (Sadiya, Alhanai & Ghassemi, 2021) and
equipment. An increasing number of mobile EEG devices are appearing on the market,
offering performances comparable to those of fixed devices (Chabin et al., 2020).
Moreover, specific conditions of exercise are adapted to the measure of ERPs. Cycling on a
bicycle or cycloergometer is the type of exercise most often used for EEG measurements
during aerobic exercise, because the head remains relatively immobile. Compared to
treadmill running for example, the number of artifacts is considerably reduced.

The main aim of this review was to examine the feasibility of measuring ERPs during
cycling, and to examine the methods used to perform these measurements. It also aimed to
investigate the effect of pedaling on ERPs, in particular by comparing them according to
exercise intensity.

MATERIALS AND METHODS

We followed the PRISMA guidelines for new systematic reviews. The PRISMA guidelines
relating to the synthesis of results as for meta-analysis were not applicable in this review
because there were too few studies and methods were too heterogeneous, precluding meta-
analysis. We used the Cochrane risk-of-bias tool 2 (Sterne et al., 2019) to assess the risk of
bias of the studies included.
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Selection criteria

We chose to include studies involving adults only, as the effect of exercise on ERP in
children may be different and would introduce bias into the results. For the same reason,
we excluded studies that included pathological conditions. In addition, we chose to include
only studies in which the mode of exercise was pedaling (on a cycloergometer or bicycle),
in order to reduce variability in methods between studies, thus rendering the results more
comparable.

Search equation

A first search was performed on Google Scholar in June 2023 with the following equation:
“event-related potentials” AND (cycling OR pedaling OR biking). To avoid excluding
potentially relevant articles, no filters or time limits were used. The search for studies had
to be carried out using a broad, unfiltered search equation on Google Scholar, which offers
articles that are less relevant overall, but more numerous. With PubMed, this equation
yielded only one result, not relevant to this review. Web of Science did not identify any new
articles. For this review, articles were selected and read by two reviewers (RRG, DG).
Disagreements during this phase were resolved by consulting a third reviewer.

Extracted data and assessment of bias
The data extracted were: ERP study objective, task type (or ERP paradigm), EEG system
used, study population data, exercise characteristics (duration, intensity, pedaling
cadence), ERP and behavioral results. We chose to record the behavioral results (response
time and error rate on the attentional task) because they can help in the analysis of the
impact of cycling on ERPs. The studies mainly focused on a comparison of ERP amplitude
or latency between pedaling and non-pedaling conditions. However, some studies focused
on other comparisons, e.g., several exercise intensities (Bullock, Cecotti ¢ Giesbrecht, 2015;
Olson et al., 2016; Dodwell et al., 2021) or pedaling cadences (Akaiwa et al., 2022). Finally,
two others took into account the effect of exercise duration (Grego et al., 2004; Olson et al.,
2016).

Aerobic exercise intensity is an essential parameter to explore because it can influence
the amplitude and latency components of ERPs after acute exercise (Gusatovic et al., 2022).
In this review, we attempted to assess the impact of intensity.

RESULTS

Search results

The equation produced around 3,500 results, according to the search engine. Only the first
1,000 results (first 100 pages) were accessible. However, all the articles in this study were
found in the first 500 results. Of the 1,000 results available on Google Scholar, 72 were
selected by title. The abstracts were then read and 15 were eliminated because the
measurements had been taken after; and not during exercise. Others did not concern ERP
measurement, or the exercise used was not cycling. Nineteen abstracts were selected.
Finally, full-text articles were explored. E-mails were sent to the authors of two studies to
find out whether ERPs were actually measured during cycling. In the end, a total of 17
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Figure 1 PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources. The pattern

has been modified compared to the original one to make it more readable and adapted to our research process.

Full-size (4] DOT: 10.7717/peerj.17448/fig-1

studies were retained. The remaining three studies included in the review (Zink et al., 2016;
Scanlon et al., 2017; Robles et al., 2022) were not found during the search, as they do not
contain the exact phrase “event-related potentials” in their full text. They were identified
through previous searches with other equations or from references in the selected articles.
We used the “PRISMA 2020 flow diagram for new systematic review which included
searches of databases, registers and other sources” model (Page et al., 2020) as shown
shown in Fig. 1.

Study objectives

Effects of cycling (intensity, cadence, duration)

Among the aims of the studies, the most common objective was to evaluate the

effect of cycling on cognitive abilities and certain attention-related ERPs. Most studies
compared the amplitude and latency of ERPs induced by an attentional task between a
resting condition and a cycling condition. The cycling condition could be performed
at low or moderate intensity, with three studies including two levels of intensity
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(Bullock, Cecotti & Giesbrecht, 2015; Olson et al., 2016; Dodwell et al., 2021). Two studies
assessed the effect of exercise duration on ERPs (Olson et al., 2016; Grego et al., 2004).
Finally, one study (Akaiwa et al., 2022) compared several cycling conditions at the same
intensity with three cadences, i.e., at an optimal pedaling frequency chosen by the
participants, 30% slower and 30% faster.

In some cases, the investigation of the effect of cycling on ERPs compared to a resting
condition (without cycling) was not part of the objectives. For three studies (Schmidt-
Kassow et al., 2013; Conradi et al., 2016; Schmidt-Kassow, Thone & Kaiser, 2019), the aim
was to test the effect on attention of synchronizing pacing with periodic auditory stimuli.
In the study by Grego et al. (2004) the aim was to assess the effect of the duration of a long
bout of athletic cycling on physiology and attention. In Scanlon et al. (2020) and Robles
et al. (2022) the aim was to compare the effect of more or less noisy or hectic environments
during outdoor cycling. The studies’ objectives regarding ERP are briefly summarized in
Table 1.

Intention to approximate natural conditions

Nearly half the studies in this review aimed to approximate ERP measurements under
“natural conditions”, for example cycling in an outdoor environment. In Killane, Browett
¢ Reilly (2013), the aim was to test the feasibility of collecting EEG measurements of
attention under so-called “ecological” conditions (cycle ergometer and treadmill). Vogt
et al. (2015) evaluated the effect of exercise on a cycle ergometer with or without virtual
movement on a virtual reality road. In Zink et al. (2016), the experiment was carried out in
an outdoor environment on a bicycle. The next five studies in this category all come from
the same research team. In Scanlon et al. (2017), the feasibility of ERP collection during
sub-aerobic cycling was tested. In Kuziek et al. (2018), the aim was to demonstrate that a
minicomputer (the Latte Panda) could be used to accurately collect EEG data and perform
EEG experiments in a portable manner. In Scanlon et al. (2019), the aim was to test the
feasibility of collecting EEG measures while cycling in a park. Even more advanced,
Scanlon et al. (2020) investigated the effect of environmental noise under natural
conditions on auditory ERPs while cycling. Finally, in Robles et al. (2022), the aim was to
study how a change in urban environment (more or less noisy) caused changes in
attentional marker ERPs.

Study features

Participants

The number of participants was less than 17 in eight articles, and more than 19 for the
other 12. The subjects included in Grego et al. (2004) were all male cyclist-athletes.

The other studies mixed both sexes. However, the sex of participants was not specified in
Robles et al. (2022). The study by Killane, Browett ¢» Reilly (2013) did not give an average
age. A total of 14 out of 20 studies had an average age between 20 and 25 years, and five
between 25 and 40. In addition, only 7 out of 20 studies reported selecting only
right-handed people for their study. Table 1 shows more detailed information about the
study populations.
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Table 1 Studies characteristics (population, type of assessment about ERPs, ERP paradigm, pedalling mode).

References

What is assessed about ERPs

Number of Mean age of Hand laterality ERP paradigm Pedalling

subjects in  subjects of subjects mode
analysis
Yagi et al. (1999) ERP modulations due to exercise 24 21 Right-handed Visual oddball, Recumbent
auditory bicycle
oddball (in ergometer
two different
conditions)
Grego et al. (2004) Effects of duration of a long cycling 12 (only 29 NA Auditory Recumbent
exercise on cognitive functions men) oddball bicycle
ergometer
Pontifex & Hillman ERP modulation due to exercise 41 20 Right-handed = Modified Cycling
(2007) flanker ergometer
Killane, Browett ¢ Reilly ERP modulation due to exercise 7 221032 (no NA Auditory Fixed cycling
(2013) average) oddball
Schmidt-Kassow et al. Effect of periodicity of sounds on 14 24 Right-handed ~ Auditory Cycling
(2013) attention allocation while cycling oddball ergometer
Vogt et al. (2015) ERP modulation due to cycling in virtual 22 30 NA Mental Cycling
reality arithmetic ergometer
Bullock, Cecotti & ERP modulation due to exercise 12 20 NA Visual oddball ~ Recumbent
Giesbrecht (2015) bicycle
ergometer
Torbeyns et al. (2016) Effect of pedaling at an office desk on 23 35 NA Rosvold Chair-pedaler
cognitive performances continuous
performance
test
Olson et al. (2016) ERP modulation due to exercise and 27 20 Right-handed =~ Modified Cycling
duration of exercise flanker ergometer
Zink et al. (2016) ERP modulation during outside 15 27 NA Auditory Bike
pedaling oddball
Conradi et al. (2016) Comparison of effect on attentional 18 21 Right-handed ~ Auditory Cycling
allocation between synchronising pace oddball ergometer
on periodic sounds or the sounds
synchronising to the pace while cycling
Scanlon et al. (2017) ERP modulation due to pedaling 14 25 NA Auditory Bike
oddball
Kuziek et al. (2018) Check the performance of a portable 16 21 Right-handed  Auditory Stationary bike
informatic device (Latte Panda) oddball
Scanlon et al. (2019) Good feasability during outside pedaling 12 23 NA Auditory Bike
oddball
Schmidt-Kassow, Thone  Effect of periodicity of syllables on ERP 20 24 Right-handed ~ Auditory Cycling
& Kaiser (2019) while cycling oddball ergometer
Scanlon et al. (2020) ERP modulation due to level of noise 10 23 NA Auditory Bike
during outside pedaling oddball
Akaiwa et al. (2022) Influence of pedaling speed on 25 23 NA Tactile oddball ~ Stationary bike
attentional resources (small
electrical
currents)
(Continued)
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Table 1 (continued)

References What is assessed about ERPs Number of Mean age of Hand laterality ERP paradigm Pedalling
subjects in subjects of subjects mode
analysis

Dodwell et al. (2021) ERP modulation due to exercise 24 23 Three left- Additional- Recumbent

handed singleton stationary
search task cycling
ergometer

Robles et al. (2022) ERP modulation due to level of noise 24 21 NA Auditory Bike

during outside pedaling oddball

Olson, Cleveland ¢ Effect of light-intensity aerobic exercise 27 23 NA Visual oddball ~ Recumbent

Materia (2023) on cognitive functions stationary
bike

Some studies excluded subjects after recording for various reasons. Olson et al. (2016)
excluded three subjects because more than 50% of their trials contained artifacts. Kuziek
et al. (2018) excluded one subject due to “registration problems”, Scanlon et al. (2020)
excluded five subjects due to “technical problems”. Dodwell et al. (2021) excluded eight;
four because the error rate in the cognitive task was too high (>20%), and four because they
failed to maintain the required physical effort. In Schmidt-Kassow et al. (2013), Conradi
et al. (2016), Schmidt-Kassow, Thione ¢» Kaiser (2019), between four and six subjects were
excluded in each study due to technical problems, incomplete recordings or excessively
artifactual EEG datasets. Since excluding participants from the analysis means excluding
all recordings in any condition from these participants, no imbalance in the outcome data
results from this process.

Attentional task during cycling

In most studies in this review, the task used during cycling was an attentional task, an
oddball task (15 out of 20 studies), a modified flanker task (Pontifex ¢ Hillman, 2007,
Olson et al., 2016), or another task that primarily engages attention (Torbeyns et al., 2016;
Dodwell et al., 2021). These tasks present few physical constraints that would require
subjects to move their heads, which would cause more artifacts in the EEG signal.

In the auditory oddball (used by 11 out of 15 studies), a series of short tones is presented
at a certain pitch (e.g., 1,000 Hz); and a random distribution of a “rare” tone, often one in
five, represents the “target” to which the subject must respond by counting them, or be
pressing a key as soon as they hear it. The visual oddball works on the same principle but
with targets displayed on a screen. Yagi ef al. (1999) used the two variants (visual and
auditory) separately. In Akaiwa et al. (2022), a “tactile” variant was used, in which subjects
had to count the electrical stimuli generated by electrodes around their fingers.

Two studies (Pontifex ¢» Hillman, 2007; Olson et al., 2016) used a modified “Flanker”
task, in which the task was to press in the direction indicated by a target arrow surrounded
by arrows pointing in the same direction (congruent condition) or in the opposite
direction (incongruent condition).
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Table 2 Quantitative distribution of paradigms used in the studies to trigger ERPs.

Oddball paradigm Flanker Rosvold continuous Additional-singleton Mental
paradigm performance paradigm arithmetic
Auditory Visual Tactile oddball
oddball oddball (electric)
12 3 1 2 1 1 1
Note:

One study used two paradigms separately: a visual and auditory oddball (Yagi et al., 1999).

The study by Torbeyns et al. (2016), which examined the effect on cognition of adapted
cycling in office work, used the Rosvold Continuous Performance Test to measure ERPs.
The task involved pressing a button when the letter X appeared. It appears to be similar to
an oddball task.

The study by Dodwell et al. (2021) used the “additional-singleton paradigm” and
involved indicating the orientation of the grating depicted in the target singleton (yellow
circle), present among a set of green circles around the fixation point. A distractor was
sometimes present in the form of a red circle. The task was said to be lateralized and
supposed to involve a specific type of attention. A lateralized ERP called PCN (posterior-
contralateral negativity) was calculated (see section on observed ERPs).

The study by Vogt et al. (2015) used a mental arithmetic task to test the combined effect
of cycling and virtual reality on cognitive performance. This is the only study in which the
task was not attentional. It involved guessing the correct result of a calculation as quickly as
possible between two proposed results. The calculations were given in random order and
were of equal difficulty. Table 2 presents the distribution of ERP paradigms among studies.

EEG signal measurement and analysis

Electrodes and EEG systems

The P3 wave is well marked at the Pz electrode, which is why it is often used for analysis in
studies. The Cz and CPz electrodes are also often used. In Dodwell et al. (2021), the NCP
ERP was calculated from the activity of two contralateral parieto-occipital electrodes as
follows: ((PO8 — PO7 (left singleton)) + (PO7 — PO8 (right singleton))/2).

Half of the studies (10) used a portable EEG, and the electrodes could be of the active
type. Portable EEGs are wireless and can be used with a laptop in a backpack while cycling,
as in Scanlon et al. (2020). The studies by Scanlon and by Robles used a portable EEG
(Brain Products Active Wet electrodes actiCAP) with active electrodes and used 15
electrodes out of 120 in a maximum configuration. In the study by Zink et al. (2016), a
portable EEG with 24 wet electrodes was used. In Vogt ef al. (2015), a portable EEG (Brain
Vision Recorder, Brain products, Bavaria, Germany) with 64 electrodes was used.

The details of the EEG systems used are presented in Table 3.

Analysis of evoked potentials

All studies except (Dodwell et al., 2021) measured the P3 wave, which reflects a high-level
attentional process, i.e., with cognitive preprocessing. The studies are based on the increase
in the P3 amplitude during the appearance of rare stimuli (“targets”) in the oddball
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paradigm. In theory, this occurs 300 milliseconds after stimulus onset. Furthermore, the
study by Bullock, Cecotti ¢» Giesbrecht (2015) distinguished two components of the P3
wave in their analysis, called P3a and P3b, and assumed to be related to different and
successive cognitive processes. MMN (Mismatch Negativity) is a component of the
event-related response to an odd stimulus. This negative deviation occurs between 175 and
275 ms after the stimulus. This signal response appears when a rare deviant stimulus (as in
the oddball paradigm) occurs among a frequent standard stimulus. MMN was calculated
in the following three studies (Kuziek et al., 2018; Scanlon et al., 2017, 2019). The study by
Dodwell et al. (2021) measured a lateralized ERP, named PCN for “posterior-controlateral
negativity”, which is related to lateralized visual attention, and to the side on which the
target stimulus appears. It was calculated from the activity of two diametrically opposed
parieto-occipital electrodes. Other ERPs measured in the studies in this review include the
N2, N1 and P2 waves, which are related to lower-level attentional processes, such as
attentional orienting or background noise filtering.

Methods to combat artifacts
There are several ways of limiting EEG artifacts.

Firstly, the experimental environment can be adapted. A room “shielded” from external
electromagnetic sources, and minimizing electromagnetic sources inside the room, can
help to reduce electromagnetic disturbances on the EEG, as in Scanlon et al. (2017, 2019)
and Kuziek et al. (2018).

In addition, since cycling involves lateral head movements and artifacts, a cycle
ergometer can be used on which you can lean strongly forward, as with road racing bikes,
as in Bullock, Cecotti & Giesbrecht (2015). Another solution is to use the seated position on
a chair or a cycling system adapted to the seated position, as in Torbeyns et al. (2016).
The mode used in each study is detailed in Table 1. In addition, motion-adapted EEG
equipment can also be used to minimize artifact, such as a wireless mobile EEG. A
“breathable” mesh cap and an air-conditioned room can also limit artifacts due to
perspiration (Bullock, Cecotti & Giesbrecht, 2015). Finally, participants can be encouraged
to behave in a way that limits their head movements. They can be asked to stare at a cross
on the screen between trials. Furthermore, low exercise intensity results in fewer EEG
artifacts than high intensity exercise, in general, due to reduced head movements. Finally,
Grego et al. (2004) asked subjects to close their eyes during recording, in order to limit
artifacts associated with blinking or eye movement.

Secondly, the studies used a variety of post-recording methods to limit or deal with
artifacts, in addition to the systematic use of frequency filters. High-pass, low-pass and
band-pass frequency filters are commonly used in EEG. Most studies also used
semi-automatic rejection of parts of the signal that were above an amplitude threshold
value. A frequently used threshold value is 100 microvolts (see Table 3). Electro-oculogram
(EOG) sensors have also been used to deal with ocular artifacts (blinks, saccades). They
were placed around the eyes, above or below the left eye, to detect ocular saccades and
blinks. EEG electrodes placed close to the eyes can make it possible to treat ocular artifacts
without the need for EOG sensors. More advanced methods are less frequently used. A
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regressive method of correcting ocular artifacts was used in five studies by the same
research group, namely Scanlon, Kuziek and Robles. The “independent component
analysis” (ICA) algorithmic method was used in some studies to reduce artifacts in the
EEG recordings. A method to counter muscle artifacts called BSS-CCA (“blind source
separation-canonical correlation analysis”) was used in the study by Zink et al. (2016).
In Akaiwa et al. (2022); electromyographic (EMG) sensors on the leg (right vastus
medialis) and arm (biceps femoris) were used to calculate a correlation between EMG
activity and the P3 EEG wave. However, no significant correlation was found.

Conditions of use

Duration

The studies by Grego et al. (2004) and Olson et al. (2016) had exercise durations of 180 min
(single condition) and 30 min per condition respectively. These two studies had durations
long enough to assess the specific effect of exercise duration. The studies by Bullock, Cecotti
& Giesbrecht (2015), Dodwell et al. (2021), Olson, Cleveland ¢ Materia (2023) had
durations of 20 to 25 min per condition, but without the objective of testing the effect of
duration. The duration of the conditions was not always mentioned and could be less than
12 min of cycling. It often consisted of several blocks of more than 100 tones in the oddball
task, and the effect of duration was not included in the study objectives.

Intensity

Several methods were used to determine the value of power (intensity). On the one hand,
four studies based the power value on the results of an exercise test (Grego et al., 2004;
Pontifex ¢» Hillman, 2007; Olson et al., 2016; Torbeyns et al., 2016). On the other hand, in
Dodwell et al. (2021) and Olson, Cleveland ¢» Materia (2023) intensity was determined
from a theoretical HRmax and a reserve HR. The formulae used by Dodwell et al. (2021)
were as follows: HR_reserve = HR_max — HR_rest with HR_max= 208 — (0.7 x age).
In Olson, Cleveland ¢ Materia (2023) intensity was calculated as HRmax = 220 — age.
However, most studies (Killane, Browett ¢ Reilly, 2013; Vogt et al., 2015; Zink et al., 2016;
Scanlon et al., 2017; Kuziek et al., 2018; Scanlon et al., 2019, 2020; Akaiwa et al., 2022;
Robles et al., 2022) did not give a precise value for intensity but rather, simply indicated
“subaerobic”, “low” or “moderate” intensity to qualify cycling intensity, as indicated in
Table 4 detailing the exercise conditions in the included studies.

Exercise intensity varied across studies, but was most often mild, as the impact of
intensity was not necessarily investigated. The study by Grego et al. (2004) consisted of
constant exercise at 66% of the VO2 max for 3 h. In the study by Yagi et al. (1999), intensity
was adapted so that the heart rate (HR) was between 130 and 150 bpm. In Pontifex e
Hillman (2007) the intensity corresponded to 60% of the HRmax on the basis of an exercise
test. In Olson, Cleveland ¢ Materia (2023), intensity was defined as 60% of the theoretical
HRmax (220-age). In Torbeyns et al. (2016), subjects cycled at 30% of their estimated
maximum power. In some studies (Schmidt-Kassow et al., 2013; Conradi et al., 2016;
Schmidt-Kassow, Thone & Kaiser, 2019), intensity was set at the same value (namely 50 W)
for all subjects, corresponding to a light exercise intensity.
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Table 4 Exercise conditions (intensities and cadence).

References Intensity of cycling Other cycling intensity Cadence in rpm
Yagi et al. (1999) 130-150 bpm (HR) No 60
Grego et al. (2004) 66% VO,max No Free pedaling rate
Pontifex ¢ Hillman (2007) 60% HRmax No Steady pace
Killane, Browett & Reilly (2013) Light intensity No Self-paced
Schmidt-Kassow et al. (2013) 50 watt No 60
Vogt et al. (2015) Moderate No Self-paced
Bullock, Cecotti & Giesbrecht 40 watt RPE12-14 (70 to 120 W according to 50
(2015) participants’ RPE)
Torbeyns et al. (2016) 30% of max power No 80
Olson et al. (2016) 40% VO,max 60% VO,max Steady pace 50-75 rpm
Zink et al. (2016) Biking freely No Slowly
Conradi et al. (2016) 50 watt No 60 or self-paced (two different
conditions)
Scanlon et al. (2017) Sub-aerobic No Slowly
Kuziek et al. (2018) Low-intensity No Evenly and constantly
Scanlon et al. (2019) Sub-aerobic No Slowly
Schmidt-Kassow, Thone ¢ Kaiser 50 watt No 60
(2019)
Scanlon et al. (2020) Sub-aerobic No Slowly
Akaiwa et al. (2022) NA (but very low scores of  No Self-paced + 30% slower + 30%

exertion)

faster

Dodwell et al. (2021) 40-50% reserve HR 60-70% reserve HR Self-paced
Robles et al. (2022) Sub-aerobic No Slowly
Olson, Cleveland & Materia 60% of HRmax (220-age) No Self-selected
(2023)
Note:

NA, not available; RPE, Rating of perceived exertion; HR, heart rate; HRmax, theoretical maximum heart rate.

Three studies (Bullock, Cecotti ¢ Giesbrecht, 2015; Olson et al., 2016; Dodwell et al.,
2021) each included a lower-intensity condition and a higher-intensity condition, with
different methods for determining these intensities. Bullock, Cecotti ¢» Giesbrecht (2015)
called the cycling condition at 40 W “low-intensity exercise”, and “high-intensity” was
then determined by obtaining an effort score between 12 and 14 on the Borg scale. In Olson
et al. (2016), the low-intensity condition corresponded to 40% of the VO, max calculated
using an exercise test, and the higher-intensity condition to 60% of VO, max. In Dodwell
et al. (2021), the lower intensity condition (called “moderate” in that study) corresponded
to 40-50% of HR reserve (HRR) estimated from the formula: HR_max =208 — (0.7 x age)
then HR _reserve = HR_max — HR_rest, while the higher intensity condition corresponded
to 60-70% of HR_reserve (called “vigorous” exercise in that study).

Pedaling frequency or cadence

Cadence or pedaling frequency was sometimes imposed at a specific value, as in Bullock,
Cecotti ¢ Giesbrecht (2015), Yagi et al. (1999) and Torbeyns et al. (2016) with imposed
cadences of 50, 60 and 80 rpm, respectively. In three studies (Schmidt-Kassow et al., 2013;

Renoud-Grappin et al. (2024), PeerJ, DOI 10.7717/peer|.17448 16/33


http://dx.doi.org/10.7717/peerj.17448
https://peerj.com/

Peer/

Conradi et al., 2016; Schmidt-Kassow, Thone ¢~ Kaiser, 2019), the cadence used was 60 Hz.
Dodwell et al. (2021) mentioned the 70-80 rpm window, Olson et al. (2016) left the choice
at the participant’s discretion between 50 and 75 rpm, but the cadence had to be kept
constant.

Other studies allowed any cadence (Grego et al., 2004; Vogt et al., 2015; Akaiwa et al.
2022) but with the intention of obtaining a constant cadence. Some studies did not specify
a value but required a slow, steady cadence, as in Scanlon et al. (2017, 2019, 2020), Robles
et al. (2022). No information on cadence was mentioned in the studies by Killane, Browett
& Reilly (2013), Zink et al. (2016).

ASSESSMENT OF RISK OF BIAS IN STUDIES USING THE
COCHRANE RISK OF BIAS ASSESSMENT TOOL 2

In this section, we present the results of our analysis of the risks of bias using the Cochrane
risk of bias tool 2. The results are summarized in Table 5. The sources of bias considered in
this tool are:

e Bias in missing data for results.
e Measurement bias.
e Randomization bias.

* Bias in deviations from planned intervention.

Bias in the selection of reported results.

Measuring the EEG signal during movement can be tricky because of movements of the
head or part of the head, which create artifacts. For each study, it is plausible that larger
parts of the EEG signal were suppressed in the cycling condition compared with the EEG
signal in the resting condition. This is a potential source of bias in terms of missing data on
the results. There may therefore be an imbalance in the outcome data. However, the studies
did not clearly report this problem. It is possible that they did not have greater difficulty
processing EEG data in the cycling condition than in the resting condition. Some studies
included brief assessments of artifacts between the conditions, including RMS data noise
(Scanlon et al., 2017, 2019). They show that the cycling condition induces more data noise
and may require a greater number of trials to achieve the same statistical power than the
non-cycling condition.

All studies were categorized as “somewhat concerning” with regard to this form of bias.

According to the Cochrane tool, bias in outcome measurement concerns the possible
influence of knowledge of the intervention received. However, this problem does not arise
in the studies in this review. All studies were classified as “low risk of bias” on this point.

Randomization in the studies could not be concealed, since it is not possible to conceal
the fact of cycling or not. Most of the studies in this review had a crossover randomization
design, with the exception of Killane, Browett ¢» Reilly (2013), in which no randomization
was reported, and Grego et al. (2004), where randomization was impossible due to the
experimental design. All but two studies were classified as “low risk of bias”. Killane,
Browett & Reilly (2013) and Grego et al. (2004) were classified as “high risk”.
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Table 5 Assessment of risk of bias according to the Cochrane risk of bias tool 2.

References Randomisation Missing Measurement of  Deviations from Selection of the Total of risk
outcome data the outcome intended intervention reported results of bias
Yagi et al. (1999) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate
Grego et al. (2004) High risk of Some concerns Low risk of bias Low risk of bias Low risk of bias High
bias

Pontifex & Hillman Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate
(2007)

Killane, Browett ¢ Reilly  High risk of Some concerns Low risk of bias Low risk of bias Low risk of bias High
(2013) bias

Schmidt-Kassow et al. Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate
(2013)

Vogt et al. (2015) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Bullock, Cecotti & Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate
Giesbrecht (2015)

Torbeyns et al. (2016) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Olson et al. (2016) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Zink et al. (2016) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Conradi et al. (2016) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Scanlon et al. (2017) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Kuziek et al. (2018) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Scanlon et al. (2019) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Schmidt-Kassow, Thone ¢ Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate
Kaiser (2019)

Scanlon et al. (2020) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Akaiwa et al. (2022) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Dodwell et al. (2021) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Robles et al. (2022) Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Olson, Cleveland & Low risk of bias Some concerns Low risk of bias Low risk of bias Low risk of bias Moderate

Materia (2023)

No concerns were noted regarding deviations from the planned intervention because
the intervention was the same for all subjects in each study. In Dodwell et al. (2021),
subjects who did not provide the required physical effort were excluded from the analysis.
All studies were classified as “low risk” with regard to this form of bias.

The next bias mentioned in the Cochrane tool is the selection bias of the reported
results. Some articles in this review reported no results regarding P3 wave latency (Olson
et al., 2016; Conradi et al., 2016; Scanlon et al., 2017; Kuziek et al., 2018; Scanlon et al., 2019;
Schmidt-Kassow, Thone & Kaiser, 2019; Scanlon et al., 2020; Robles et al., 2022). However,
it was implied (implicitly or explicitly) in their aims or methods sections that they would
not analyze the difference in ERP latency. In fact, we did not observe any potential problem
with the selection of results. All studies were therefore classified as “low risk” with regard to
this form of bias.
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Table 6 Main study results for any ERP, and behavioral results (response time and error rate).

References ERP amplitude ERP latency Behavioral results
Yagi et al. (1999) P3 | (in visual and in auditory oddballs) P3 | (in visual and in Response time |
auditory oddballs) Error rate |

Grego et al. (2004)

Pontifex ¢ Hillman
(2007)

Killane, Browett ¢
Reilly (2013)

Schmidt-Kassow
et al. (2013)

Vogt et al. (2015)

Bullock, Cecotti e
Giesbrecht (2015)

Torbeyns et al. (2016)

Olson et al. (2016)

Zink et al. (2016)

Conradi et al. (2016)
Scanlon et al. (2017)
Kuziek et al. (2018)

Scanlon et al. (2019)

Schmidt-Kassow,
Thone & Kaiser
(2019)

Scanlon et al. (2020)

Akaiwa et al. (2022)

P3 1 (between h 1 and h 2 of cycling)
P31

N1 1

P21

N2 1

P3 &

P31

P3 &
N2 &
P3a and P3b <

P1 1 (in lower intensity compared to no cycling)

P3 &
N2 <
P31

N2 1

P3 | (in free biking condition compared to fixed biking and

compared to no cycling)
N1 <

P3 | (in passive synchronisation compared to no cycling)

P3 <
P3 <
P3|
N1 1

P2 | (in outside environment compared to sitted inside

condition)

P3 1 (in synchronized condition)

P3 &
NI 1

P2 < (noisy environment compared to calm environment

in outside biking)
P3|

P3 1 (in h 2 of cycling)
P37

N2 1
P3 &

P3 &

P3 &

P3a Latency |

P1 | (in lower intensity
compared to no cycling)

P3 &

NA

P3 &

NA
NA
NA

NA

NA

P3 &

NA

Response time <>

Error rate 1
NA

NA

Response time <>
Error rate <

Response time | (in higher intensity
compared to no cycling)

Error rate <
Response time |
Error rate <

Response time | (in higher intensity
compared to no cycling)

Response time <> (in lower intensity
compared to no cycling)
error rate 7

Error rate 1

NA
NA
NA
NA

NA

Response time «>

Error rate <

Error rate |
(in slow cycling compared to no
cycling)

(Continued)
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Table 6 (continued)

References ERP amplitude ERP latency Behavioral results
Dodwell et al. (2021) Posterior contralateral negativity (PCN) 1 (in no cycling PCN < Response time | (in higher intensity
and vigorous exercise compared to moderate exercise) compared to no cycling)

Robles et al. (2022)

Olson, Cleveland &
Materia (2023)

P3 Amplitude <
N1 Amplitude 1

P2 Amplitude |
P3|

Error rate <

NA Response time | (in heavy traffic
condition compared to other
conditions)

Error rate <
P3 & Response time <>

Error rate <

Notes:

1 = increase compared to non-cycling condition.
| = decrease compared to non-cycling condition.
< = no significant difference between cycling and non-cycling conditions.
NA: not available in the study article.
In italics and brackets: specifications re the conditions in which the results were observed.

Ultimately, using the Cochrane tool, only two studies (Killane, Browett ¢ Reilly, 2013)
were selected. Killane, Browett ¢ Reilly (2013) and Grego et al. (2004) were classified as
being at high risk of bias, while the others were classified as raising concern. Killane,
Browett ¢ Reilly (2013) is a conference article and raises the most concerns regarding the
quality of the study. There were only seven subjects, with no information on the average
age, or the laterality of the subjects, and the behavioral results, exact intensity value and
cadence were given. In Grego et al. (2004), there were only male athletes and no
randomization was applied.

Study results

Results were reported for various types of ERPs (P3, P2, etc.) or involved comparisons (e.g.,
between cycling and non-cycling, or another condition with cycling). Table 6 presents all
the studies’ results about ERPs and behaviours (response time and accuracy).

Results based on a cycling compared to a resting condition

The results presented in this sub-section address the effect of cycling on ERPs and ERP
characteristics, compared to the “resting” condition, i.e., a condition in which the ERP
paradigm was performed without cycling. Dodwell et al. (2021) is the only study that did
not observe the P3 wave, but the authors reported a greater amplitude of the posterior PCN
ERP in the presence of a distractor.

Results regarding the P3 wave:

Amplitude:

Four studies reported a greater amplitude of the P3 wave (Schmidt-Kassow et al., 2013;
Olson et al., 2016; Schmidt-Kassow, Thone ¢ Kaiser, 2019) in the cycling condition
compared to the resting condition.

Six studies reported the contrary, namely a lower amplitude of the P3 wave (Zink et al.,
2016; Conradi et al., 2016; Scanlon et al., 2019; Olson, Cleveland ¢ Materia, 2023; Akaiwa
et al., 2022; Yagi et al., 1999). Specifically, for Zink et al. (2016) and Scanlon et al. (2019),
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this change was observed in a free cycling condition outdoors, on a bicycle. In Conradi
et al. (2016) this result was obtained bearing in mind that in one cycling condition, the
auditory stimuli were automatically synchronized to the subjects’ spontaneous pedaling
cadence.

In six studies (Killane, Browett ¢ Reilly, 2013; Vogt et al., 2015; Bullock, Cecotti ¢
Giesbrecht, 2015; Torbeyns et al., 2016; Scanlon et al., 2017; Kuziek et al., 2018), there was
no significant difference in the amplitude of P3.

P3 latency time:

Two studies reported reduced latency in the cycling condition compared to the resting
condition (Yagi et al., 1999; Bullock, Cecotti ¢ Giesbrecht, 2015). In Bullock, Cecotti ¢
Giesbrecht (2015), the P3 wave was observed as a function of the P3a and P3b components,
with P3a corresponding to the P3 wave for distractors (right-facing faces) and P3b
corresponding to the P3 wave for targets (left-facing faces). A lower latency of P3a was
observed.

One study reported longer latency (Pontifex ¢ Hillman, 2007)

Five studies report no significant difference in latency (Killane, Browett ¢» Reilly, 2013;
Schmidt-Kassow et al., 2013; Zink et al., 2016; Olson, Cleveland ¢ Materia, 2023; Akaiwa
et al., 2022).

Other ERPs:

Some studies observed P1, N1, P2 or N2 waves, which are earlier than P3 and more
closely linked to sensory processing. In Bullock, Cecotti & Giesbrecht (2015), a greater
amplitude of the P1 wave was reported. In Zink et al. (2016), no change was reported for
N1, while a larger amplitude was observed in Scanlon et al. (2019), and a smaller amplitude
in Pontifex ¢ Hillman (2007). In Olson et al. (2016), a greater amplitude of the N2 wave
was reported (for both intensities compared to rest). Pontifex ¢» Hillman (2007) found a
lower amplitude. In Vogt et al. (2015) and Torbeyns et al. (2016), there was no change in
N2. In Scanlon et al. (2019) and Pontifex ¢» Hillman (2007), a greater amplitude of P2 was
reported.

The three studies (Scanlon et al., 2017, 2019; Kuziek et al., 2018) that evaluated the
MMN (mismatch negativity) response found no significant effect of exercise.

Response time

Five studies reported a reduction in response time (Yagi et al., 1999; Bullock, Cecotti ¢
Giesbrecht, 2015; Olson et al., 2016; Dodwell et al., 2021; Robles et al., 2022) of which two
(Olson et al., 2016; Bullock, Cecotti & Giesbrecht, 2015) compared only the higher intensity
condition to the resting condition.

Six studies (Pontifex & Hillman, 2007; Vogt et al., 2015; Olson et al., 2016; Scanlon et al.,
20205 Olson, Cleveland & Materia, 2023; Bullock, Cecotti ¢ Giesbrecht, 2015) reported no
significant differences of which two (Olson et al., 2016; Bullock, Cecotti ¢ Giesbrecht, 2015)
compared only the lower intensity condition to the resting condition.

Five studies reported an increase in the error rate with low cycling intensity (Yagi et al.,
1999; Pontifex & Hillman, 2007; Olson et al., 2016; Zink et al., 2016; Akaiwa et al., 2022).
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In particular, in Akaiwa et al. (2022), a loss of accuracy was observed for the slow pedaling
cadence condition.

Six studies reported no significant difference (Vogt et al., 2015; Bullock, Cecotti ¢
Giesbrecht, 2015; Torbeyns et al., 2016; Akaiwa et al., 2022; Dodwell et al., 2021; Olson,
Cleveland ¢ Materia, 2023).

Comparison between two intensity levels

Three studies tested the effect of several levels of cycling intensity, comparing not only
cycling conditions with a resting condition, as mentioned above, but also two cycling
conditions of different intensities (Bullock, Cecotti ¢» Giesbrecht, 2015; Olson et al., 2016;
Dodwell et al., 2021).

In the two studies that observed the P3 wave (Bullock, Cecotti ¢ Giesbrecht, 2015; Olson,
Cleveland & Materia, 2023), no differences in amplitude or latency were reported between
the two intensity levels. On the other hand, Bullock, Cecotti ¢ Giesbrecht (2015) reported
higher latency of the N1 wave in the high intensity exercise condition compared to the low
intensity condition, and a tendency towards a lower amplitude. There was also no
difference for the N2 wave in Olson et al. (2016). In Dodwell et al. (2021), the presence of a
distractor reduced the amplitude of the posterior PCN wave at high or resting intensity,
but not at low intensity.

With regard to response times, a significant decrease from low to high intensity was
observed for Bullock, Cecotti ¢ Giesbrecht (2015), Olson et al. (2016) and only a trend for
Dodwell et al. (2021). There was no significant difference in the error rate between the two
intensities across the three studies.

Results for characteristics other than exercise intensity
We present below the results of comparisons other than vs the resting condition.

The effect of duration was tested in Grego et al. (2004) and Olson et al. (2016) by
performing a series of oddball paradigms at several timepoints during moderately intense
cycling (60% and 66% VO,max respectively). In addition, the effect of different cycling
frequencies was tested (Akaiwa et al., 2022). Finally, the studies by Scanlon et al. (2020),
Robles et al. (2022) tested the effect of a more or less noisy environment on
attention-related ERPs during cycling.

Effect of duration

The study by Grego et al. (2004) compared P3 ERPs before and after exercise as well as
during exercise at different intervals (at 3, 36, 72, 108 and 144 min), but did not compare
ERPs during cycling with a resting condition. The aim was to study the effects on athletes
during a 3-h exercise session. An increase in P3 amplitude was observed between the first
and third hour (measurements at 72 and 108 min). In addition, an increase in P3 latency
was observed during the third hour (measurements at 108 and 144 min). The study by
Olson et al. (2016) also tested a potential effect of exercise duration by performing series of
ERPs at 5, 15 and 25 min of exercise. A decrease in the amplitude of the P3 wave was
observed on each series.
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Effect of cadence

In Akaiwa et al. (2022), results were presented for various cadences (optimal, 30% faster
and 30% slower). On the Pz electrode, the amplitude of the P3 wave was lower in the
slower and faster cycling conditions compared with the optimal cadence.

Effect of synchronizing the bicycle with periodic sounds

The studies by Schmidt-Kassow et al. (2013), Schmidt-Kassow, Thone ¢ Kaiser (2019)
reported that synchronizing the cadence with the sound rhythms of the oddball task (at
60 Hz) resulted in a greater amplitude of the P3 than in the non-cycling condition.

In Conradi et al. (2016), sounds were synchronized with the subject’s rhythm (passive
synchronization, not active as in the other two studies) and this was linked to a lower
amplitude of the P3 compared with the non-cycling condition.

The effect of a noisy or agitated environment during cycling

In the studies by Scanlon et al. (2020) and Robles et al. (2022), which compared several
cycling conditions, in more or less calm environments and without a static condition, no
difference in the amplitude of P3 was found. Conversely, they found an increase in the N1
wave when moving from a quiet environment (outdoors with little traffic) to a noisier one
(close to road traffic). Modulation of the P2 wave was only observed in Robles et al. (2022)
with a decrease in amplitude between low and intermediate traffic conditions.

DISCUSSION

Feasibility: it is possible to measure ERP while cycling

All the studies in this review show that it is possible to reliably measure ERPs during
exercise. The diversity of exercise conditions in this review shows that it is possible to study
ERPs under conditions that might reasonably be expected to be difficult, such as 3 h of
moderately vigorous exercise (66% VO,max) (Grego et al., 2004). The studies by Scanlon
and Robles found that noise levels in the external environment had an effect on ERPs N1
and P2 during cycling. The lower amplitude of N1 in a noisier environment and the higher
amplitude of P2 up to a noise threshold (not precisely determined) makes it possible to
confirm hypotheses about the sensory processing functions of these ERPs and to show that
it is possible to measure these changes reliably during outdoor cycling.

Half of the studies used portable EEGs with different electrode systems or types (active,
wet, gel). It is also possible to use a portable EEG with a 64-electrode configuration, as in
the study by Vogt et al. (2015). The use of many electrodes is not necessary to measure and
analyze the P3 wave or other ERPs, but it could enable the use of source localization
methods. Although specific sensors have often been used to detect ocular artifacts, EEG
electrodes close to the eyes would enable ocular artifacts to be detected and managed well.
Vogt et al. (2015) used the PO9 EEG electrode to detect lateral eye movements.

As far as the methods to combat artifacts are concerned, some studies used algorithms
such as ICA, but their use is generally limited to basic EEG processing methods (frequency
filtering, amplitude rejection threshold). Moreover, studies of more intense exercise
conditions do not appear to have used more advanced methods. According to a recent
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review (Sadiya, Alhanai ¢ Ghassemi, 2021), hybrid methods combining several methods
such as ICA and deep learning have recently been created and could contribute to progress
in this field.

Results analysis

The two studies that used a Flanker task reported an increase in P3 wave amplitude
(Pontifex ¢ Hillman, 2007; Olson et al., 2016). However, more specifically, this result was
the same for the lower (40% VO,max) and higher (60% VO,max) intensity conditions in
Olson et al. (2016). Perhaps the Flanker and oddball tasks are linked to a different effect of
exercise on the P3 wave. However, a different effect of the Flanker task compared with the
oddball task does not appear in the results of the review by Gusatovic et al. (2022). Indeed,
in the review by Gusatovic et al. (2022), 7 out of 16 studies (44%) using the Flanker task
reported an increase in amplitude compared with 5/10 studies using an oddball task
(auditory or visual). There was no clear trend towards increased P3 amplitude in studies
using the Flanker task.

The low amplitude of the P3 wave and the lack of a significant difference between
exercise and rest may be linked to low-intensity exercise. Indeed, low exercise intensities
may not be sufficient to induce neurophysiological adaptation. Exercise has to be
sufficiently intense to have an effect on the P3 wave, as suggested by the theories of Dietrich
(2006), Dietrich ¢ Audiffren (2011) and Hebb (1955) discussed below.

The reduction in response time and the increase in error rate seem to be linked to higher
intensity. Response time never increases (in terms of significant difference) with exercise,
but is sometimes reduced. Error rates are never lower during exercise, but sometimes
higher than at rest. These results show that aerobic exercise can lead to a reduction in
response time and an increase in error rate in an attentional task such as the oddball or
Flanker tasks.

Hypotheses or theories to explain results

All studies except (Vogt et al., 2015) used an attentional task. Among them, twelve used an
auditory oddball task and only three used a visual oddball (see Table 2 for the total number
using each paradigm). Attention is a limited resource that is important during cycling
activity, particularly to manage external risks (e.g., obstacles, road conditions). Observing
the effect of exercise on the P3 wave could enhance our understanding of the effects of
exercise on attention. All studies except (Dodwell et al., 2021) investigated the amplitude of
the P3 wave. This ERP wave is involved in the attentional and cognitive processing of
stimuli, and its amplitude is sensitive to the unexpected nature or relevance of stimuli.
Some studies reported a decrease in the amplitude of the P3 wave during exercise
compared with rest, while others reported an increase in P3 amplitude.

When a decrease in amplitude was observed, one hypothesis was the sharing of
attentional resources in the brain, in order to perform several tasks simultaneously. This
hypothesis has been proposed in studies such as Yagi et al. (1999), Scanlon et al. (2019),
Akaiwa et al., (2022). The hypofrontality transfer hypothesis (transient hypofrontality) of
Dietrich (2006) goes in this direction. It is based on the idea that attention requires

Renoud-Grappin et al. (2024), PeerdJ, DOI 10.7717/peerj.17448 24/33


http://dx.doi.org/10.7717/peerj.17448
https://peerj.com/

Peer/

metabolic resources whose availability is limited, and thus, motor and attentional processes
operating in parallel are in competition. According to this theory, sufficiently strenuous
exercise leads to a concentration of metabolic resources towards motor or exercise-relevant
regions, to the detriment of regions less useful for exercise, such as the prefrontal regions.
This could be the case for the parietal region for which the P3 wave was analyzed most
frequently. According to this theory, executive control processes would benefit from
simultaneous aerobic exercise up to a certain intensity or duration.

An increase in the amplitude of P3 in the exercise condition compared to the resting
condition was observed in Pontifex ¢ Hillman (2007) and Olson et al. (2016). In both
studies, the accuracy of subjects’ responses to the Flanker task was poorer in the exercise
condition than in the resting condition. According to Pontifex ¢» Hillman (2007), the
concomitance of aerobic bicycle exercise and the attentional Flanker task results in
increased recruitment of neural resources or decreased inhibition. Similarly, it was
suggested in Olson et al. (2016) that there is a strengthening of attentional resources.
However, this contradicts Dietrich’s hypothesis. Furthermore, according to Pontifex ¢
Hillman (2007), the loss of response accuracy is linked to a loss of efficiency of
neuroelectrical resources, which does not seem to fit well with the idea of “increased
recruitment of neural resources”.

In Dodwell et al. (2021), other hypotheses were put forward. In the condition with a
distractor in the attentional task, a greater amplitude of the ERP PCN was observed in the
“moderate” cycling condition (40-50% HR reserve) compared with the resting condition,
and a tendency towards a lower amplitude in the “intense” cycling condition (60-70% HR
reserve) compared with the moderate condition. The hypothesis was that the facilitation of
attentional or cognitive abilities follows an inverted U-shaped curve (Hebb, 1955), with
optimal facilitation for low or moderate intensity exercise, and no facilitation for intense or
non-existent exercise. However, these results were not replicated in the other two studies
involving two conditions of different intensity and a rest condition (Bullock, Cecotti,
Cecotti, Cecotti and Cecotti). Bullock, Cecotti ¢» Giesbrecht (2015), Olson et al. (2016). This
hypothesis therefore remains to be verified by further studies.

The ERPs P1, N1, P2 and N2 appear earlier than P3, and involve lower-level sensory
processing. Considering the studies that compared results between exercise and resting,
these ERPs were not treated systematically. For the lowest amplitude of N1 observed, the
authors of Pontifex ¢ Hillman (2007) suggested a deterioration in visual attention, while
the increased amplitude of P2 suggested an increase in attentional selectivity, and the low
amplitude of N2 suggested an attentional conflict.

However, these hypotheses are weak because they relate to results that have not been
reproduced by other studies. Further studies are needed to assess the validity of each of
these hypotheses or theories.

Discussion of methods and limits of evidence

The studies in this review did not use same criteria to define exercise intensity. The validity
of the definition of intensity in these studies could therefore be called into question.

In Bullock, Cecotti & Giesbrecht (2015), basing the determination of “high intensity” on the
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assessment of perceived effort (using the Borg scale) is unreliable, especially for subjects
who are not used to assessing their effort. In fact, the “high intensity” value varied from
70 W (which almost corresponds to a warm-up intensity) to 120 W, depending on the
subjects. In Torbeyns et al. (2016), the intensity was low and determined by an exercise test,
but it is unclear whether this was a conventional exercise test, and the reliability is
unknown. In addition, in several studies, target intensities were calculated only
theoretically. As a result, it was not possible to classify the studies as low, moderate or
vigorous intensity to assess the effect of intensity. Since exercise intensity and cadence were
not always rigorously defined, there could be potential for bias due to different exercise
conditions between subjects. According to Maclntosh et al. (2021), the distinction between
low and moderate-to-vigorous intensity should be determined by measuring a blood
lactate threshold or ventilatory threshold. These physiological parameters are well linked
to homeostatic change which, in theory, makes it possible to distinguish between
low-intensity exercise and moderate- or vigorous-intensity exercise. Descriptions from
American and Canadian institutions also suggest heart rate percentage values and other
values that are associated with moderate or vigorous intensity levels.

Testing several intensities under the same conditions would be a reliable way of
assessing the effect of intensity. However, only three studies did so (Bullock, Cecotti ¢
Giesbrecht, 2015; Olson et al., 2016; Dodwell et al., 2021) and each had its own method of
measurement and analysis, as well as different intensity criteria, thus making it difficult to
compare their results. In addition, studies in which the exercise takes place in an outdoor
environment (park, road) are exposed to environmental variability, such as weather
parameters and traffic conditions (Zink et al., 2016; Scanlon et al. 2019, 2020; Robles et al.,
2022).

Exercise duration also varied across studies. In most cases, the exact duration of cycling
was not mentioned. It consisted in performing several blocks of numerous short trials of
the attentional task, sometimes with pauses between blocks. In some studies, the exercise
condition lasted 20 min or more (Bullock, Cecotti ¢» Giesbrecht, 2015; Olson et al., 2016;
Olson, Cleveland ¢» Materia, 2023; Dodwell et al., 2021), but this was probably not the case
for most studies. However, the significance is not necessarily the same if ERP was
measured at the start of cycling exercise, or at the end, or during exercise with recovery
breaks.

Furthermore, the methods used to clean EEG data and quantify ERPs, such as
amplitude, can affect the study results. For example, the amplitude of the P3 wave could be
quantified as a peak value relative to baseline, or as the difference between the amplitude of
rare tones in the auditory oddball and the amplitude of frequent tones comparing cycling
and resting conditions as in Olson, Cleveland ¢ Materia (2023). However, we could not be
sure of the exact method used to quantify ERPs in all studies. For example, in the methods
section of Torbeyns et al. (2016), it is stated that “The latency and amplitude of each ERP
component were quantified using the mean amplitude and corresponding latency [...]”,
but exactly what this means is unclear. This type of difference between studies may have
less effect thanks to within-group models, but may nevertheless influence results based on
the comparison between a cycling condition and a resting condition.
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The study populations were predominantly mixed, and mostly aged between 20 and 25.
However, the EEG signal can be influenced by a person’s age (Remijn et al., 2014), which
could have repercussions on measurement results. For example, one study found that older
participants show a lower MMN amplitude than younger participants (Gaeta et al., 1998).
Therefore, the results of the studies in this review cannot be generalized to all ages.

Finally, the laterality or handedness of the subjects was not systematically reported.
Only seven studies out of 20 indicated that they had included right-handed subjects only.
However, ERP components can be affected by handedness (Remijn et al., 2014), such as in
motor preparation (Schmitz et al., 2019). It has also been shown that handedness can have
an impact on the ERP components from a visual oddball task (Eskikurt, Yiicesir ¢ [soglu-
Alkac, 2013). For that reason, it may be problematic to mix right-handed, left-handed or
ambidextrous subjects in the same study.

Limits of this study

One difficulty in the search process for articles to include is that we cannot know whether
ERPs were measured during cycling with titles such as “Effect of cycling on ERPs” because
it may be related to EEG measurements after acute exercise only. We did not find a search
equation that made it possible to select ERP measurements performed only during cycling
without resulting in some of the included studies being overlooked.

This review included some studies that did not have a resting condition to compare
ERPs with a cycling condition. This complicates the comparison and organization of
results due to heterogeneity.

The Cochrane Risk of Bias Assessment Tool 2 was used to assess the risk of bias in the
included studies. The categories in this tool concern bias within studies. They differ from
the problem of methodological heterogeneity between studies. The tool comprises five
categories of possible bias. It was found that some categories do not correspond well to the
type of studies in this review, notably “deviations from planned intervention”, “outcome
measurement” and randomization bias. It seems that this tool is best suited to blinded
studies of the efficacy of new treatments. It is possible that this tool was not applied
appropriately, but there may be other instruments that are more suited to the type of
studies included in this review. However, the “missing data” category found that the
studies included did not consistently report a problem of imbalance in the amount of data
analyzed between the exercise and resting conditions. We hypothesize that, due to
movement, EEG data are more likely to be marred by artifacts in the cycling condition than
in the resting condition. This could have an impact on the quantity and quality of data
between the two conditions and bias the results. Overall, the Cochrane tool enabled us to
conclude that there was a moderate risk for all studies due to the “missing data on results”
category.

This review did not include studies that measured ERP during aerobic exercise other
than cycling, such as rowing, walking or running on a treadmill. Including studies of other
forms of exercise would broaden the range of results at the cost of greater heterogeneity in
exercise conditions. The review by Schmidt-Kassow ¢ Kaiser (2023) included the latter two
types of exercise, but with a different objective from that of the present review.
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Finally, this review did not provide detailed information on how to measure ERPs
during cycling or how to deal effectively with artifacts.

Perspectives

A recent study (Schmidt-Kassow ¢ Kaiser, 2023) addressed the subject of behavioral and
EEG measures during cycling, walking or running, with studies assessing various cognitive
processes such as attention, inhibition, memory, vigilance and cognitive flexibility. They
reported that behavioral studies assessed more conditions of intensity, duration and
cognitive paradigms than EEG studies. However, most EEG studies (which are partly
common to this review) assessed attentional abilities via an oddball task. According to the
authors, in EEG studies, researchers were more concerned with demonstrating the
reliability of ERP results in a motion condition. We speculate that this might be one reason
why they used mainly an oddball task. We mentioned in the feasibility part of this
discussion that ERPs can be measured in different cycling conditions. This fact gives
confidence in the assessment of other aspects of cognition (other than attention) during
aerobic exercise. This would make it possible to compare behavioral and EEG studies and
assess the effect of aerobic exercise on various cognitive processes during exercise.

The studies in this review used ERP measurement during cycling for a variety of
objectives. Notably, the studies by Scanlon et al. (2019, 2020), Robles et al. (2022) reported
an impact of urban cycling on attention via ERPs. Their research may be linked to
knowledge of the potential risks of this type of situation, since attention is a key ability in
managing risks on the road.

ERPs during cycling may also be of interest in sports research, since (Grego et al., 2004)
found changes in ERP amplitudes during a 3-h long race for cyclists. ERPs during cycling
can also be linked to concentration during sports performance, and (Schmidt-Kassow et al.,
2013; Conradi et al., 2016; Schmidt-Kassow, Thone ¢ Kaiser, 2019) found that actively
synchronizing one’s cycling cadence with a metronome had an impact on ERPs.

Some studies attempted to assess the impact of different exercise intensities on ERPs
(Olson et al., 2016; Bullock, Cecotti ¢ Giesbrecht, 2015; Dodwell et al., 2021), but further
studies are needed to understand how intensity may impact components of ERPs such as
amplitude and latency.

We could also imagine measuring ERP during cycling with objectives for overall health.
Indeed, the ERP amplitude could be used as a marker of concentration or motivation, and
could be applied in cardiac rehabilitation to assess motivation during a rehabilitation
session.

Common definitions of intensity should be used to make it easier to compare results
between studies. It might also be preferable to define exercise intensity using the same
method. By taking a percentage of a theoretical heart rate reserve, as in Dodwell et al.
(2021), only the resting heart rate of the participants is required, and this is less demanding
than doing an exercise test for each individual. The theoretical heart rate reserve method is
easy and would be sufficient if studies also referred to official ratios to decide on intensity
levels, as presented in Table 1 of Maclntosh et al. (2021).
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In addition, all exercise conditions should also be detailed in the articles. It is important
to specify the cadence used during cycling sessions because it can influence intensity (even
if the effect is small). Indeed, as shown in Akaiwa et al. (2022), different cadences can lead
to different behavioral and ERP results. The time at which measurements are taken is also
important, since results do not have the same significance if recorded at the beginning or
end of an exercise session, even if it is of light intensity.

In order to be able to extrapolate the results to the general population, researchers
should include a wider range of ages, or carry out specific studies on older populations,
such as cardiac rehabilitation patients, who could benefit from such research in the future,
with the development of new technologies. It is also important to systematically mention
the characteristics of the study population (number, age, gender and laterality), as these
may have an impact on the results and be useful for future meta-analysis.

The paucity of studies on vigorous intensity and the variability of methods lead to
considerable uncertainty as to the effect of intensity on attentional ERPs, including the
most widely studied parameter, namely P3 amplitude. The P3 latency and other ERPs are
reported less frequently. Additional studies are needed to include two cycling conditions of
different intensity in order to better assess the immediate effect of cycling exercise on ERPs
and attentional abilities.

CONCLUSIONS

Technological advances over the last few decades have made it possible to perform EEG
studies under motion conditions that were previously not possible due to signal artifacts.
Our first aim was to examine feasibility. All the studies in this review showed that it was
possible to measure ERPs during cycling. Our analysis of the risk of biases with the
Cochrane tool 2 revealed that studies do not always report an imbalance in signal quality
between the cycling and non-cycling conditions, which makes it difficult to assess whether
there are more artifacts during exercise. The ERP most commonly investigated in this
review was the P3 wave, which is involved in attentional and cognitive processes. The
diversity of objectives and study results shows that there is a wide range of possible
applications, such as for competitive sports or road safety. Our second aim was to assess
the impact of cycling on ERPs during exercise, and the impact of intensity. This review
shows that studies vary widely in their methods and their results. Consequently, it was
impossible to draw any firm conclusions about the actual effect of cycling and intensity.
Certain methodological aspects could be improved to overcome this difficulty. A precise
description of all exercise conditions, including cadence, intensity and duration of exercise,
would facilitate comparison of study results. In the same way, the method of calculating
exercise intensity should be systematically based on reference criteria. Furthermore,
systematic analysis of the latency and amplitude of several types of ERPs would provide a
better understanding of the effect of cycling on these parameters. Finally, it would be
interesting to use tasks other than attentional tasks, in order to study a wider range of
potential effects of cycling exercise on ERPs. These improvements will make it possible to
discuss theories of the effect of aerobic exercise on neurophysiological functions during

aerobic exercise.

Renoud-Grappin et al. (2024), PeerdJ, DOI 10.7717/peerj.17448 29/33


http://dx.doi.org/10.7717/peerj.17448
https://peerj.com/

Peer/

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

The Conseil Régional de Bourgogne-Franche-Comté funded the doctoral grant of Rémi
Renoud-Grappin. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
The Conseil Régional de Bourgogne-Franche-Comté.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

* Rémi Renoud-Grappin conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, and approved the final
draft.

« Lionel Pazart conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

« Julie Giustiniani conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

» Damien Gabriel conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
This is a systematic review/meta-analysis.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.17448#supplemental-information.

REFERENCES

Akaiwa M, Iwata K, Saito H, Shibata E, Sasaki T, Sugawara K. 2022. The effect of pedaling at
different cadence on attentional resources. Frontiers in Human Neuroscience 16:819232
DOI 10.3389/fnhum.2022.819232.

Bear MF, Connors BW, Paradiso MA. 2016. Potentiel d’action. In: Pradel E, ed. Neurosciences a la
découverte du cerveau. 4¢ éditions. Paris: John Libbey Eurotext, 78-105.

Berger H. 1931. Uber das Elektrenkephalogramm des Menschen. Archiv fiir Psychiatrie und
Nervenkrankheiten 94(1):16-60 DOI 10.1007/BF01835097.

Bullock T, Cecotti H, Giesbrecht B. 2015. Multiple stages of information processing are

modulated during acute bouts of exercise. Neuroscience 307(August):138-150
DOI 10.1016/j.neuroscience.2015.08.046.

Renoud-Grappin et al. (2024), PeerJ, DOI 10.7717/peer|.17448 30/33


http://dx.doi.org/10.7717/peerj.17448#supplemental-information
http://dx.doi.org/10.7717/peerj.17448#supplemental-information
http://dx.doi.org/10.3389/fnhum.2022.819232
http://dx.doi.org/10.1007/BF01835097
http://dx.doi.org/10.1016/j.neuroscience.2015.08.046
http://dx.doi.org/10.7717/peerj.17448
https://peerj.com/

Peer/

Chabin T, Gabriel D, Chansophonkul T, Michelant L, Joucla C, Haffen E, Moulin T, Comte A,
Pazart L. 2020. Cortical patterns of pleasurable musical chills revealed by high-density EEG.
Frontiers in Neuroscience 14:1114 DOI 10.3389/fnins.2020.565815.

Chapman RM, Bragdon HR. 1964. Evoked responses to numerical and non-numerical visual
stimuli while problem solving. Nature 203(4950):1155-1157 DOI 10.1038/2031155a0.

Conradi N, Abel C, Frisch S, Kell CA, Kaiser J, Schmidt-Kassow M. 2016. Actively but not
passively synchronized motor activity amplifies predictive timing. NeuroImage
139(October):211-217 DOI 10.1016/j.neuroimage.2016.06.033.

Dietrich A. 2006. Transient hypofrontality as a mechanism for the psychological effects of exercise.
Psychiatry Research 145(1):79-83 DOI 10.1016/j.psychres.2005.07.033.

Dietrich A, Audiffren M. 2011. The reticular-activating hypofrontality (RAH) model of acute
exercise. Neuroscience and Biobehavioral Reviews 35(6):1305-1325
DOI 10.1016/j.neubiorev.2011.02.001.

Dodwell G, Liesefeld HR, Conci M, Miiller HJ, Tollner T. 2021. EEG evidence for enhanced
attentional performance during moderate-intensity exercise. Psychophysiology 58(12):e13923
DOI 10.1111/psyp.13923.

Eskikurt G, Yiicesir I, isoglu-Alkac U. 2013. The effect of handedness on visual P300 responses
and visual scanning pathways. Activitas Nervosa Superior 55(1):38-50
DOI 10.1007/BF03379595.

Gaeta H, Friedman D, Ritter W, Cheng J. 1998. An event-related potential study of age-related
changes in sensitivity to stimulus deviance. Neurobiology of Aging 19(5):447-459
DOI 10.1016/S0197-4580(98)00087-6.

Grego F, Vallier J-M, Collardeau M, Bermon S, Ferrari P, Candito M, Bayer P, Magnié M-N,
Brisswalter J. 2004. Effects of long duration exercise on cognitive function, blood glucose, and
counterregulatory hormones in male cyclists. Neuroscience Letters 364(2):76-80
DOI 10.1016/j.neulet.2004.03.085.

Gusatovic J, Gramkow MH, Hasselbalch SG, Frederiksen KS. 2022. Effects of aerobic exercise on
event-related potentials related to cognitive performance: a systematic review. Peer] 10:e13604
DOI 10.7717/peerj.13604.

Hebb DO. 1955. Drives and the C. N. S. (conceptual nervous system). Psychological Review
62(4):243-254 DOI 10.1037/h0041823.

Helfrich RF, Knight RT. 2019. Chapter 36-cognitive neurophysiology: event-related potentials.
In: Levin KH, Chauvel P, eds. Handbook of Clinical Neurology. Vol. 160. Clinical
Neurophysiology: Basis and Technical Aspects. Amsterdam: Elsevier, 543-558
DOI 10.1016/B978-0-444-64032-1.00036-9.

Killane I, Browett G, Reilly RB. 2013. Measurement of attention during movement: acquisition of
ambulatory EEG and cognitive performance from healthy young adults. In: 2013 35th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC).
Piscataway: IEEE, 6397-6400.

Kristeva-Feige R, Grimm C, Huppertz H-J, Otte M, Schreiber A, Jiger D, Feige B, Biichert M,
Hennig J, Mergner T, Liicking CH. 1997. Reproducibility and validity of electric source
localisation with high-resolution electroencephalography. Electroencephalography and Clinical
Neurophysiology 103(6):652-660 DOI 10.1016/S0013-4694(97)00085-0.

Kuziek JWP, Redman EX, Splinter GD, Mathewson KE. 2018. Increasing the mobility of EEG
data collection using a latte panda computer. Journal of Neuroscience Methods
308(October):34-47 DOI 10.1016/j.jneumeth.2018.07.013.

Renoud-Grappin et al. (2024), PeerdJ, DOI 10.7717/peerj.17448 31/33


http://dx.doi.org/10.3389/fnins.2020.565815
http://dx.doi.org/10.1038/2031155a0
http://dx.doi.org/10.1016/j.neuroimage.2016.06.033
http://dx.doi.org/10.1016/j.psychres.2005.07.033
http://dx.doi.org/10.1016/j.neubiorev.2011.02.001
http://dx.doi.org/10.1111/psyp.13923
http://dx.doi.org/10.1007/BF03379595
http://dx.doi.org/10.1016/S0197-4580(98)00087-6
http://dx.doi.org/10.1016/j.neulet.2004.03.085
http://dx.doi.org/10.7717/peerj.13604
http://dx.doi.org/10.1037/h0041823
http://dx.doi.org/10.1016/B978-0-444-64032-1.00036-9
http://dx.doi.org/10.1016/S0013-4694(97)00085-0
http://dx.doi.org/10.1016/j.jneumeth.2018.07.013
http://dx.doi.org/10.7717/peerj.17448
https://peerj.com/

Peer/

Maclntosh BR, Murias JM, Keir DA, Weir JM. 2021. What is moderate to vigorous exercise
intensity? Frontiers in Physiology 12(September):682233 DOI 10.3389/fphys.2021.682233.

Olson RL, Chang Y-K, Brush CJ, Kwok AN, Gordon VX, Alderman BL. 2016.
Neurophysiological and behavioral correlates of cognitive control during low and moderate
intensity exercise. NeuroImage 131(May):171-180 DOI 10.1016/j.neuroimage.2015.10.011.

Olson RL, Cleveland DJ, Materia M. 2023. Effects of low-intensity aerobic exercise on
neurophysiological and behavioral correlates of cognitive function. Behavioral Sciences
13(5):401 DOI 10.3390/bs13050401.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, Shamseer L,
Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw JM, Hrébjartsson Aorn,
Lalu MM, Li T, Loder EW, Mayo-Wilson E, McDonald S, McGuinness LA, Stewart LA,
Thomas J, Tricco AC, Welch VA, Whiting P, Moher D. 2020. Penny whiting, david mobher,
statement: an updated guideline for reporting systematic reviews. BMJ 372:n71
DOI 10.1136/bmj.n71.

Polish J, Kok A. 1995. Cognitive and biological determinants of P300: an integrative review—
sciencedirect. Biological Psychology 41(2):103-146.

Pontifex MB, Hillman CH. 2007. Neuroelectric and behavioral indices of interference control
during acute cycling. Clinical Neurophysiology 118(3):570-580
DOI 10.1016/j.clinph.2006.09.029.

Remijn GB, Hasuo E, Fujihira H, Morimoto S. 2014. An introduction to the measurement of
auditory event-related potentials (ERPs). Acoustical Science and Technology 35(5):229-242
DOI 10.1250/ast.35.229.

Robles D, Kuziek JWP, Lai J, Mazumder R, Scanlon JEM, Mathewson KE. 2022. Surrounding
traffic matters: increases in traffic volume are related to changes in EEG rhythms in urban
cyclists. bioRxiv preprint DOI 10.1101/2022.05.27.493782.

Sadiya S, Alhanai T, Ghassemi MM. 2021. Artifact detection and correction in EEG data: a review.
In: 2021 10th International IEEE/EMBS Conference on Neural Engineering (NER). Piscataway:
IEEE, 495-498.

Scanlon JEM, Redman EX, Kuziek JWP, Mathewson KE. 2020. A ride in the park: cycling in
different outdoor environments modulates the auditory evoked potentials. International Journal
of Psychophysiology 151(May):59-69 DOI 10.1016/j.ijpsycho.2020.02.016.

Scanlon JEM, Sieben AJ, Holyk KR, Mathewson KE. 2017. Your brain on bikes: P3, MMN/N2b,
and baseline noise while pedaling a stationary bike. Psychophysiology 54(6):927-937
DOI 10.1111/psyp.12850.

Scanlon JEM, Townsend KA, Cormier DL, Kuziek JWP, Mathewson KE. 2019. Taking off the
training wheels: measuring auditory P3 during outdoor cycling using an active wet EEG system.
Brain Research 1716(August):50-61 DOI 10.1016/j.brainres.2017.12.010.

Schmidt-Kassow M, Heinemann LV, Abel C, Kaiser J. 2013. Auditory-motor synchronization
facilitates attention allocation. NeuroImage 82:101-106 DOI 10.1016/j.neuroimage.2013.05.111.

Schmidt-Kassow M, Kaiser J. 2023. The brain in motion-cognitive effects of simultaneous motor
activity. Frontiers in Integrative Neuroscience 17:1127310 DOI 10.3389/fnint.2023.1127310.

Schmidt-Kassow M, Thone K, Kaiser J. 2019. Auditory-motor coupling affects phonetic encoding.
Brain Research 1716(August):39-49 DOI 10.1016/j.brainres.2017.11.022.

Schmitz J, Packheiser J, Birnkraut T, Hinz N-A, Friedrich P, Giintiirkiin O, Ocklenburg S.
2019. The neurophysiological correlates of handedness: insights from the lateralized readiness
potential. Behavioural Brain Research 364(May):114-122 DOI 10.1016/j.bbr.2019.02.021.

Renoud-Grappin et al. (2024), PeerdJ, DOI 10.7717/peerj.17448 32/33


http://dx.doi.org/10.3389/fphys.2021.682233
http://dx.doi.org/10.1016/j.neuroimage.2015.10.011
http://dx.doi.org/10.3390/bs13050401
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1016/j.clinph.2006.09.029
http://dx.doi.org/10.1250/ast.35.229
http://dx.doi.org/10.1101/2022.05.27.493782
http://dx.doi.org/10.1016/j.ijpsycho.2020.02.016
http://dx.doi.org/10.1111/psyp.12850
http://dx.doi.org/10.1016/j.brainres.2017.12.010
http://dx.doi.org/10.1016/j.neuroimage.2013.05.111
http://dx.doi.org/10.3389/fnint.2023.1127310
http://dx.doi.org/10.1016/j.brainres.2017.11.022
http://dx.doi.org/10.1016/j.bbr.2019.02.021
http://dx.doi.org/10.7717/peerj.17448
https://peerj.com/

Peer/

Sterne JAC, Savovi¢ J, Page MJ, Elbers RG, Blencowe NS, Boutron I, Cates CJ, Cheng H-Y,
Corbett MS, Eldridge SM, Emberson JR, Hernan MA, Hopewell S, Hrobjartsson Aorn,
Junqueira DR, Jiini P, Kirkham JJ, Lasserson T, Li T, McAleenan A, Reeves BC, Shepperd S,
Shrier I, Stewart LA, Tilling K, White IR, Whiting PF, Higgins JPT. 2019. RoB 2: a revised
tool for assessing risk of bias in randomised trials. BMJ 366:14898 DOI 10.1136/bmj.14898.

Sutton S, Braren M, Zubin J, John ER. 1965. Evoked-potential correlates of stimulus uncertainty.
Science 150(3700):1187-1188 DOI 10.1126/science.150.3700.1187.

Thompson T, Steffert T, Ros T, Leach J, Gruzelier J. 2008. EEG applications for sport and
performance. Methods, Neuroimaging in the Sports Sciences 45(4):279-288
DOI 10.1016/j.ymeth.2008.07.006.

Torbeyns T, de Geus B, Bailey S, De Pauw K, Decroix L, Van Cutsem J, Meeusen R, Allen P.
2016. Cycling on a bike desk positively influences cognitive performance. PLOS ONE
11(11):e0165510 DOI 10.1371/journal.pone.0165510.

Vogt T, Herpers R, Askew CD, Scherfgen D, Striider HK, Schneider S. 2015. Effects of exercise in
immersive virtual environments on cortical neural oscillations and mental state. Neural
Plasticity 2015(August):e523250 DOI 10.1155/2015/523250.

Woodman GF. 2010. A brief introduction to the use of event-related potentials in studies of
perception and attention. Attention, Perception, ¢ Psychophysics 72(8):2031-2046
DOI 10.3758/BF03196680.

Yagi Y, Coburn KL, Estes KM, Arruda JE. 1999. Effects of aerobic exercise and gender on visual
and auditory p300, reaction time, and accuracy. European Journal of Applied Physiology and
Occupational Physiology 80(5):402-408 DOI 10.1007/s004210050611.

Zink R, Hunyadi B, Huffel SV, Vos MD. 2016. Mobile EEG on the bike: disentangling attentional
and physical contributions to auditory attention tasks. Journal of Neural Engineering
13(4):046017 DOI 10.1088/1741-2560/13/4/046017.

Renoud-Grappin et al. (2024), PeerdJ, DOI 10.7717/peerj.17448 33/33


http://dx.doi.org/10.1136/bmj.l4898
http://dx.doi.org/10.1126/science.150.3700.1187
http://dx.doi.org/10.1016/j.ymeth.2008.07.006
http://dx.doi.org/10.1371/journal.pone.0165510
http://dx.doi.org/10.1155/2015/523250
http://dx.doi.org/10.3758/BF03196680
http://dx.doi.org/10.1007/s004210050611
http://dx.doi.org/10.1088/1741-2560/13/4/046017
http://dx.doi.org/10.7717/peerj.17448
https://peerj.com/

	State of the art and future directions for measuring event-related potentials during cycling exercise: a systematic review
	Introduction
	Materials and Methods
	Results
	Assessment of risk of bias in studies using the cochrane risk of bias assessment tool 2
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


