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Abstract: Moderate intensity cardiovascular exercise appears to provide a low-cost “intervention” on
neurocognitive processes such as attentional control, yet the effects vary depending, for example,
on cognitive task, time of testing, or exercise intensity. However, while a number of studies show
that brief bouts of acute exercise can modulate behavioral indices of cognitive control, relatively
few studies have attempted to identify the brain activity associated with these changes immediately
following exercise. Here, we tested 11 young adults in a crossover design with a Flanker task at rest
and immediately (within 2-3 min) following 20 min of acute exercise at 60% of the individual VO,max.
In order to prevent delayed exercise effects that might confound or dilute immediate effects, a short
version of the Flanker task (8 min) was chosen and an EEG was recorded simultaneously. The N2 and
P3 ERP components were analyzed in addition to accuracy and response time. The N2 reflects conflict
resolution, and the P3 has been linked to stimulus evaluation processes. No effect of exercise was
found for behavioral data but P3 peak latencies were shorter following exercise as compared to rest.
The N2 amplitude data suggest that exercise seems to prevent a decline in resources of attentional
control over time. These data indicate that acute exercise, at a moderate intensity level, speeds up
neural processing of attentional control by modulating stimulus evaluation processes immediately
following exercise and that exercise helps maintain a steady level of neurocognitive resources.
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1. Introduction

Although there is evidence for positive effects of acute exercise on cognition (for reviews cf. [1-5]),
there is no general consensus likely due to heterogeneity in study designs (cf. [6]). A meta-analysis by
Lambourne and Tomporowski [7] indicates that cognitive performance following exercise improves
on average. A possible explanation for the benefit on performance is that acute exercise activates
attentional control resources [8-11]. The finding that brief, moderate-intensity exercise can improve
performance in subsequent cognitive tests has important implications. For example, a study involving
adolescents in a school setting revealed increases in attentional capacities following a 10-minute bout
of physical, coordinative exercise, thereby supporting the argument that physical activity could help to
improve scholastic performance and cognitive functioning [12-14]. This is in line with results from a
meta-analysis [15], which suggests a beneficial effect of acute, moderate-level physical interventions on
cognition including attentional control in younger adults. Even though several event-related potential
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(ERP) studies have looked at effects of an acute bout of exercise on cognition, the time window in
which the effects have been evaluated vary considerably. Most studies conduct experimental cognitive
tasks with some delay (e.g., 48 min [16], 40 min [11], 20 min [17,18], 15 min [19], 16 min [14]). Only few
studies start ERP recordings immediately after exercising (within 5 min) but use different cognitive
tasks [8,20-22] and report inconsistent results. See Pontifex and colleagues ([23] supplementary table)
for a recent review that shows the paucity of ERP studies on the immediate effects (0-5 min after
exercise cessation) of acute exercise on the inhibitory system. Thus, the aim of the current study was to
further our understanding of these immediate effects of moderate-intensity exercise on attentional
control as measured by a Flanker paradigm and associated neural mechanisms. ERPs were recorded to
better understand the underlying (neural) processes of the relationship between acute exercise and
cognitive functioning.

The Flanker task [24] taps into attentional control as it requires the ability to focus attention
on a predefined target while inhibiting the distracting influence of irrelevant stimuli [25,26].
The neurocognitive processes involved in the Flanker task are often derived by means of ERPs
such as the N2 and the P3. The N2, which is a negative deflection occurring about 170-250 ms
after stimulus onset, is said to predict successful resolution of conflicts caused by the interference of
distracting stimuli; the larger the amount of attentional resources devoted to conflict resolution between
target and distracting stimulus, the larger the amplitude [27]. The N2 is maximal at frontal locations
and likely to originate from the anterior cingulate cortex. The P3 is a positive deflection starting
about 300 ms after stimulus onset with neural generators located in frontal and temporo-parietal
regions [28]. While the P3 amplitude is an index of allocation of available resources, P3 latency is
considered to reflect the timing of mental processes [29]. P3 amplitude has been shown to decline
with task difficulty, including incongruent flanker trials (e.g., [29-32]). According to Daffner and
colleagues [33], a reduction in P3 amplitude with increasing task difficulty is related to fewer available
resources. During conflict trials of the Flanker task, P3 latencies are usually delayed, which is indicative
of a prolongation of stimulus evaluation processes [34-36].

Results regarding the effect of exercise on the N2 are few and mixed. Using a Flanker task,
Themanson and Hillman [11] did not find effects of acute exercise on the N2 after exercising whereas
Pontifex and Hillman [37], also using a Flanker task, reported a reduction in N2 amplitude while
exercising (cf. [38] for children). Using a Stroop task following moderate exercise, Chang and
colleagues [19] also reported no effects on the N2. Given the diversity of results, the effect of exercise
on the N2 as a marker of attentional control requires further investigation.

Effects of acute exercise on P3 amplitudes and latencies have been described more frequently.
Acute bouts of exercise led to increased P3 amplitudes and shorter peak latencies alongside behavioral
benefits in cognitive attention tasks such as oddball or Flanker tasks (e.g., [8,16,38—40]). Using a Flanker
task, Hillman and colleagues [16] recorded ERPs after participants had returned to their baseline heart
rate (HR) (on average 48 min) after a high-intensity acute exercise intervention (30 min at sub-maximal
intensity, i.e., 83% of HRmax). The intervention led to reduced P3 latencies and increased P3 amplitudes
subsequent to exercising indicating an increase in attentional resources capacity (e.g., [9]). Also, other
studies looking into the effect of acute bouts of moderate-intensity exercise on attentional control
reported similar results [17-19,41,42], however using different cognitive tasks (Flanker, Go/No-Go,
Attention-Network-Task, Stroop) and investigating different time windows post exercise; for example,
20 min after [17,18], or 10 min after but a task duration of 25 min [41]. Further support for an enhancing
effect of an acute bout of exercise on attentional resources is added by studies looking at different tasks
such as a Go/No-Go task [22,43] or different brain measures such as event-related desynchronization of
the EEG alpha frequency band [44].

Although a substantial amount of research has investigated acute effects of exercise, the majority
commenced experimental testing after delayed time intervals, and the question as to the immediate
effects of exercise on attentional processes and its neural underpinnings is still not thoroughly
researched. Only a limited number of studies commenced experimental EEG recording immediately
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after (i.e., within 5 min) exercise but employing different cognitive tasks [8,20-22,43]. Accordingly,
the results vary for these studies with some showing behavioral effects of exercise [8,21] but others
not [20,22,43]. Similarly, Kamijo and colleagues [8,21,43] report larger P3 amplitudes and shorter P3
latencies following exercise [8,21]; Pontifex et al. [20] observe no effect on amplitude but a slowing
of P3 latencies when comparing before to after exercising as well as when comparing before to after
sitting. When comparing post-sitting vs. post-exercising, a decrease in P3 amplitude is reported for
post-sitting but no change in P3 amplitude during post-exercise relative to pre-exercise or pre-sitting
baseline is reported. None of them report on the N2. This brief overview showcases the lack of
consistency in effects and motivates further research regarding the immediate effects. To contribute
to our understanding of these immediate effects of an individual acute bout of exercise, the current
study developed an approach that allowed ERP measurements 2-3 min after cessation of the exercise
intervention and the completion of the cognitive task within 10-11 min after exercising, thereby
capturing a narrow time window of the very initial neurocognitive effects post-exercise. There is
evidence that, for example, cortisol levels peak about 20-30 min after cessation of an acute bout of
moderate-intensity cardiovascular exercise of 15 min (e.g., [45]). In the current study, by restricting
experimental testing to a brief time window immediately following exercise (completion within
11 min), the focus is placed on immediate physiological changes and the impact of slower or delayed
physiological effects on the obtained results could be reduced.

Also, testing immediately after exercising allows the investigation of neurophysiological effects
directly related to exercise without the artefacts or additional effects related to measuring while
exercising. Measuring cognition while exercising can be considered a dual-task in which one task might
take precedence over the other, which makes it more challenging to filter out the exercise-related effects.
We believe that understanding acute effects, including those starting immediately after exercising,
contribute to better understanding how long-term effects linked to physical fitness effects on cognition
are possibly the result of incremental benefits derived from each acute bout of exercise. Therefore,
to understand and possibly explain the long-term effects of physical fitness effects, it is pertinent to
investigate the effects at the more “micro”-level of individual bouts of acute exercise, again including
those immediately after exercising. One possible explanation for immediate effects that could translate
into long-term changes and benefits is an increase in blood flow, which over time yields structural
changes such as an increase in vascularization. Other long-term structural changes linked to chronic
physical activity, such as the growth in synaptic connections, are likely also driven by repeated
short-term changes in neurotransmitter systems (e.g., dopamine) [6].

We hypothesized exercise to have beneficial effects on attentional control. We anticipated shorter
response times following moderate-intensity exercise due to the mobilization of attentional control
resources [8,10,11,21]. By means of recording ERPs, we further explored potential mechanisms
underlying the expected behavioral benefits. We projected that the increase in attentional resources
available to meet task demands after exercise would lead to increased P3 ERP amplitudes. Further, we
hypothesized shorter P3 latencies as a reflection of faster stimulus evaluation processes [8,16,39,40,43,46].
Given the mixed results regarding the effect of acute exercise on N2 amplitude and latencies and
especially due to the paucity of reported immediate effects of acute exercise, no specific hypotheses
could be formulated.

2. Materials and Methods

2.1. Participants

A total of 11 participants (7 women) were recruited and included in the study (mean age 25.64 years;
SD = 3.78; range 21-33). Although the sample size is low, the chosen sample size was based on
available literature that is comparable with respect to experimental design, sample characteristics, and
methodology. There are two studies that closely resemble the current one in that ERPs were recorded
during a Flanker task immediately after an acute bout of moderate cardiovascular exercise with a
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sample size of N = 12 [8] and a n = 12 subsample comprised of young adults (see supplementary
material in [23]). Both studies report significant effects related to post-exercise.

The participants in the current study reported to be healthy and had a normal body mass index
(mean BMI = 22.80; SD = 2.28). All subjects had normal or corrected-to-normal vision and had no
history of psychiatric or neurological disorders. Participants took part voluntarily and provided
written consent. The study was approved by the ethical board of the German Psychological Association
(31.08.2012, TM 082012).

2.2. Stimuli and Experimental Design (Flanker Task)

Stimuli were presented on a 17-inch iiyama Vision Master 452 CRT monitor set to a resolution
of 1024 x 768 pixels. Participants were seated comfortably at a viewing distance of 90 cm from the
screen. Stimuli consisted of colored discs (red, green, blue) that took up a visual angle of 0.63° x 0.63°
each and were presented on a black background [47]. In the experimental trials, all five discs appeared
simultaneously and took up a visual angle of 2.52° x 2.52°. One disc was in the center of the screen,
which was flanked by 4 additional discs (one left, one right, one below, and one above; cf. [47]).
The space between the central disc and each of the surrounding discs was 0.32°. In between trials,
a white fixation cross was presented (0.63° x 0.63°) in the center on the screen. The central disc
constituted the target stimulus and was either green or red. The surrounding Flanker discs were either
of the same color as the target (i.e., congruent condition (C); all five discs red or green), or of the
opposite color, meaning that their color was associated with the opposite response button than the
color of the target disc (i.e., incongruent condition (IC); red target and green Flanker or vice versa).
This condition induced a response conflict. Stimulus-response mappings were counterbalanced across
participants. The third condition was the neutral condition (N) in which the Flanker stimuli were blue
and were not associated with a particular response. Thus, the N condition was neutral with respect to
the absence of a response conflict as opposed to the IC condition. The neutral condition served as a
filler condition and was not of interest in this study and not further considered in the analyses. For a
discussion of perceptual conflict (N vs. C), we refer to Winneke and colleagues [47]. The Flanker task
was designed to tap into attentional control and the ability to filter out distracting information. In order
to avoid potential confounds associated with prepotent response activation and inhibition, which is
the case in experimental designs in which the Flanker stimuli appear prior to the central target, the
Flanker stimuli and central target in this study appeared at the same time.

The Flanker task consisted of three blocks with 100 trials each. Each trial type (C, IC, N) was
equiprobable, and the trial sequence was randomized within each block. Ten second breaks separated
the blocks. Each trial consisted of the following series of events (see Figure 1): A central white fixation
cross (300 ms), a blank (black) screen (200 ms), stimulus (200 ms), and another blank screen (M = 950 ms;
range 800 to 1100 ms). The software Presentation (Neurobehavioral Systems, Albany, Ca, USA) was
used for stimulus presentation and behavioral recordings (response time (RT) and accuracy). The RT
window was 100 to 1300 ms after stimulus onset. The total duration of the Flanker task was 8.2 min.

2.3. Cardiorespiratory Fitness Assessment

Cardiorespiratory fitness data, as indicated by VO;max (maximal oxygen consumption),
were collected to identify the individual exercise load for the experimental exercise condition.
VO,max was measured using a computerized indirect calorimetry system (ZAN600, nSpire Health,
Oberthulba, Germany) with averages for VO, (oxygen uptake) and respiratory exchange ratio (RER)
assessed breath by breath. Participants cycled on an Ergoselect 100 stationary bicycle (ergoline
GmbH; Bitz, Germany) at a constant speed and increasing resistance of 15-20 watt/min depending on
individual fitness level with electrocardiography activity monitored by a 10-lead fully digital stress
system (Kiss, GE Medical Systems) as reported elsewhere [48]. Additionally, participants were fitted
with a Polar®heart rate monitor (Polar WearLink+ 31; Polar Electro, Lake Success, NY) to measure
heart rate (HR) just before commencement and after completion of the Flanker task. Relative maximum
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oxygen consumption was expressed in ml/kg/min and was based upon maximal effort as evidenced by
an RER > 1.1 [49]. The data from the spiroergometry session (incl. ventilatory, hemodynamic, and
metabolic parameters) were analyzed to define the ventilatory anaerobic threshold (VAT) (e.g., [48-51]).
The VAT (sometimes also called aerobic gas exchange threshold ((AerTGE), cf. [52]) was determined by
the V-slope method (e.g., [50,52]). In healthy (untrained) individuals, VAT occurs at a VO, value in the
range of 40%-60% of VO,max (cf. [49,53]). In the current sample, the VAT occurred on average at a
VO, value corresponding to 40.90% (SD = 7.41%) of VO,max.

incongruent

AO ms
40 ms
ASO ms

AO ms

AO ms

AO ms

Figure 1. Schematic depiction of the Flanker task used in this study showing an example of a congruent

congruent

and an incongruent trial.
2.4. Exercise Intervention

Participants were fitted with a Polar® heart rate monitor (Polar WearLink+ 31; Polar Electro,
Lake Success, NY) to measure HR during the exercise intervention and just before commencement
and after completion of the Flanker task. Moderate intensity was defined in accordance with a
recent meta-analysis on the effect of moderate-intensity exercise on working memory, which used the
classification criterion of the heart rate corresponding to 50%-75% of the individual’s VO;max ([15];
see also [1]). Furthermore, the largest benefit for complex cognitive tasks (e.g., tasks that demand
attentional control) has been associated with moderate-intensity exercise between 40%-80% VO,max
of a duration of 20 min [2,3]. In this study, the participants” heart rate was used as intensity index
during the exercise intervention. The target heart rate during the exercise intervention corresponded
on average to 63.58% (SD = 6.40%) of the HR at VO,max. The resistance at the start of the exercise
intervention was set to the watt value corresponding to the individual watt value (m = 83.72 watt;
SD = 22.83) linked to the target heart rate. This watt value corresponded to 39.84% (SD = 7.78%) of the
watt level at VO,max. The exercise intervention lasted for 20 min. During the exercise intervention, the
critical value of interest was the target HR as index of intensity, which was monitored constantly. If the
actual HR deviated from the target HR, the watt value was adjusted until the actual HR was close to the
target HR. This adjustment was necessary in four participants: In two cases, the initial watt value had
to be increased by 10 watts, in another by 5 watts, and for a fourth participant the watt value had to be
lowered by 20 watts. On average, the HR during the exercise intervention differed by only 1.65 beats
per minute (BPM; SD = 7.29) from the target HR (see Table 1). In percent, the deviation of the target
HR was only 1.66% (SD = 6.63%). Participants reported only light levels of exhaustion confirming that
the level of exercise corresponded to moderate intensity both objectively and subjectively. The amount
of sweating was, at most, minimal. After the exercise intervention was finished, participants kept on
the HR monitor. Their HR at the start of the Flanker task was, on average, 11.21% higher (SD = 11.72%)
than their HR at rest (see Table 1). The HR at the end of the Flanker task following exercise was, on
average, 3.70 BPM over the resting HR (SD = 7.36 BPM), which amounts to 6.19% (SD = 9.80%).
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Table 1. Average heart rate values (beats per minute (BPM)) at rest, during the intervention (minutes 2
to 20), after 20 min of exercising, at the start and end of the Flanker task, as well as the target heart rate.

BPM  Target AtRest  Avg. during Exercise =~ After 20 min. Exercise = Flanker Start  Flanker End

Avg. 113.00 74.73 114.65 119.55 82.36 78.43
SD 13.21 12.92 12.98 14.25 11.50 9.13
Min 96.00 60.00 92.40 95.00 68.00 68.00
Max 140.00 100.00 139.20 149.00 100.00 97.00

2.5. EEG Data Acquisition and Analyses

A continuous electroencephalogram (EEG) was recorded with 32 AG/AgCl Biosemi ActiveTwo
electrodes mounted in an elastic nylon cap (Biosemi, Amsterdam) and arranged according to
the international 10/20 system [54]. Vertical and horizontal eye movements were monitored by
electro-oculograms (EOG) with electrodes positioned both above and below the left eye and beside the
outer canthi of each eye. The EEG signal was recorded at a sampling rate of 2048 Hz in a 0.16 Hz to
100 Hz bandwidth. Subsequent data processing steps were performed using Brain Vision Analyzer 2
software (Brain Products GmbH, Gilching, Germany). All EEG data were down-sampled offline to
512 Hz and re-referenced offline to linked mastoids. The continuous EEG was divided into 700 ms
epochs with time point 0 as the stimulus onset and a 100 ms prestimulus baseline interval, which was
used to baseline correct EEG waveforms. The EEG was filtered offline for frequencies between 0.1
and 40 Hz and by use of a 50 Hz notch filter. Trials with EOG activity were corrected using the Brain
Vision Analyzer built-in Gratton and Coles ocular correction function. Trials containing EEG activity
exceeding +75 uV were rejected. Only trials with correct responses in the Flanker task were included
in ERP analyses (on average 69.64 (SD = 17.85; min = 41) congruent trials and 67.14 (SD = 15.93;
min = 41) incongruent trials). Four measures were extracted from the ERP waveforms, namely, the
peak amplitude (measured in uV) and the peak latency (measured in ms) of the N2 and the P3. On the
basis of the grand average, the N2 was defined as the most negative peak between 190 and 320 ms
after stimulus onset at electrode site Fz and the P3 was defined as the most positive peak between 260
and 470 ms after stimulus onset at electrode site Pz. A semiautomatic peak detection function of the
Brain Vision Analyzer 2 software was applied to averaged waveforms of each individual, followed by
manual check and adjustment if necessary.

2.6. Testing Procedure

Participants were invited to three sessions. They were asked to get sufficient sleep the night before
and come in well rested, to refrain from consuming alcohol and drugs the night before, as well as
to limit their caffeine intake to one cup of tea/coffee in the morning. Importantly, they were asked
not to exercise prior to coming to the lab. In their first session, all participants completed a consent
form before participants” height and weight were measured. Afterwards, the cardiorespiratory fitness
assessment was conducted. The other two sessions entailed the exercise intervention at moderate
intensity followed by the Flanker task (Exercise-condition) or the Flanker task at rest without any
exercise during the session (Rest-condition). The sequence of the two test sessions was counterbalanced
to control for potential test-retest effects. Half of the participants did the Rest-condition in the
second testing session and the Exercise-condition in the third session (n = 5). The remaining six
participants performed the Exercise-condition in the second session and in the third testing session
the Rest-condition. After arriving in the laboratory, participants were asked to sit for a few min to
ensure that HR returned to resting pulse and to get acquainted with the testing environment. Then,
the EEG setup procedure was described, and participants were fitted with an EEG cap and EOG
electrodes and were seated comfortably in a sound-attenuated room where the EEG testing took place.
After the cap was prepared, the experiment was explained, and any open questions were answered.
Therefore, before the task commenced, participants were resting in a seated position long enough to
exclude any exercise-related arousal before coming to the lab, which could confound the results of the
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rest-condition. After the preparation phase and after the task was explained, 20 practice trials of the
Flanker task were administered to ensure participants understood the task. In the Rest-condition, the
Flanker task started after the practice trials were completed. In the Exercise-condition, participants
were fitted with a Polar® heart rate monitor, and after completion of the Flanker practice trials, they
were asked to mount a stationary bicycle and start the exercise intervention at moderate intensity.
Importantly, participants remained fully equipped with the EEG cap and EOG electrodes during the
exercise to ensure that the Flanker task post-exercise could commence immediately after the 20-minute
exercise intervention. The average time between termination of the exercise intervention and the start
of the post-exercise Flanker task was 2.56 min (SD = 0.40 range: 2.00-3.10 min). To ensure good EEG
data quality, the impedance values were checked before the Flanker task started. After Flanker task
completion, the EEG cap and EOG electrodes were removed.

2.7. Statistics

2 X 2 repeated measures ANOVAs (2 (congruence: Congruent vs. incongruent) X 2 (test time:
Rest vs. after exercise) separately for the dependent variables response time in ms (RT) and accuracy
defined as percent correct responses were performed. ERP data (N2 peak amplitude (1V) and peak
latency (ms); P3 peak amplitude (1V) and peak latency (ms)) were analyzed separately usinga2 X2 x 6
ANOVA with the factors congruence, test time, and electrode site, separately for N2 and P3. All
repeated-measures ANOVAs were adjusted with the Greenhouse-Geisser non-sphericity correction [55]
for effects with more than one degree of freedom (df) in the numerator. According to convention,
uncorrected degrees of freedom, mean square error (MSE), partial eta-square (n?), and adjusted p
values are reported. Significant main effects and interactions were followed by Bonferroni corrected
analyses of simple effects and, unless stated otherwise, the differences reported are significant at
o = 0.05 or below.

3. Results

3.1. Behavioral Data

The behavioral results are depicted in Figure 2 and statistical results are summarized in Table 2.
Analysis of response times revealed a main effect of congruence due to faster responses in the congruent
compared to incongruent trials (Figure 2a). No main effect of test time or an interaction effect was found
for response time data. Similarly, analyses of response accuracy showed a main effect of congruence
with more accurate responses in the congruent than in the incongruent condition (Figure 2b). Neither a
main effect of test time nor an interaction effect was detected for accuracy data.
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Figure 2. Mean response times (a) and response accuracy (b) to congruent and incongruent trials at
rest (black) and following acute exercise at moderate intensity (grey). Error bars depict standard error
values. The DotPlot visualizes the individual data (light grey) for the congruent and incongruent
condition as well as the change from rest to after-exercise (dashed lines).
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Table 2. Statistics on the analyses of response times and response accuracy.

Response time F(df) MSE partial n2 P
Condition F(1,10) = 52.42 274.84 0.840 <0.001 *
Time F(1,10) = 0.03 520.72 0.003 0.862
Condition x Time F(1,10) = 0.003 217.06 0.000 0.960
Response accuracy F(df) MSE partial n? p
Condition F(1,10) = 16.76 11.09 0.626 0.002 *
Time F(1,10) =172 4.81 0.147 0.219
Condition X Time F(1,10) = 0.42 6.49 0.041 0.530

*p < 0.05.

3.2. ERP Data: N2

Visual inspection of the waveforms as well as topographical plots (Figure 3) indicate that N2 is
most prominent at frontal sites. N2 was largest at Fz confirmed by descriptive analysis using SPSS
based on extracted peak data for incongruent and congruent conditions both at rest and after exercise.
Separate 2 X 2 X 6 repeated measures ANOVAs with factors congruence (congruent and incongruent),
test time (at rest and after acute exercise) and electrode site (Cz, FC1, FC2, F3, F4, Fz) were conducted
for N2 latency and amplitude. The ERP waveforms are depicted in Figure 3 and N2 peak values of Fz
are shown in Table 3 and Figure 4 visualizes group mean and individual mean N2 peak amplitudes
and latencies across electrode sites Cz, FC1, FC2, F3, F4, and Fz. Statistical results are summarized in

Table 4.
4 -
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Figure 3. Grand average event-related potential (ERP) waveform (N = 11) averaged across fronto-central
electrode sites (F3, Fz, F4, FC1, FC2, Cz) depicting the neural responses (in particular the N2) to
congruent (solid) and incongruent (dashed) trials at rest (black) and immediately after an acute bout of
moderate-intensity exercise (grey). Topographical distributions at the time of N2 peak are shown for
the incongruent condition at rest (dashed, black frame) and after exercise (dashed, grey frame).
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Table 3. Mean (SD) N2 peak latencies and amplitude for congruent and incongruent conditions at rest
and after exercise at electrode site Fz.

Rest After Exercise
N2
Latency in ms Amplitude in pVvV Latency in ms Amplitude in pV
Congruent 238.81 (28.56) ~1.07 (3.75) 231.00 (27.57) ~1.40 (2.58)
Incongruent 243.79 (30.76) —-2.36 (3.03) 245.03 (30.39) —2.55 (2.66)
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Figure 4. Mean N2 peak amplitude (a) and peak latency (b) averaged across participants (N = 11)
and across fronto-central electrode sites (F3, Fz, F4, FC1, FC2, Cz) to congruent and incongruent trials
at rest (black) and following acute exercise at moderate intensity (grey). Error bars depict standard
error values. The DotPlot visualizes the individual data (light grey) for the congruent and incongruent
condition as well as the change from rest to after-exercise (dashed lines).

The analysis of N2 latency values revealed a main effect of electrode site due to earlier N2 latencies
at frontal sites F3, F4, and Fz compared to more central sites FC1, FC2, and Cz.

The ANOVA of N2 amplitude showed a main effect of congruence due to larger (i.e., more
negative) N2 peak amplitude values in the incongruent condition (M = —2.10; SD = 2.08) than in
the congruent condition (M = —1.09; SD = 2.45). This effect was superseded by a congruence X site
interaction due to more pronounced incongruency effects at frontal sites F3, F4, and Fz relative to
central sites. No statistically significant main effect of test time or an interaction effect involving the
factor test time was found for N2 amplitude data.

To further explore the temporal aspect of the effect of exercise on the N2, the dataset was split
in half to compare the effects of the first and the second half. The N2 data were reanalyzed using
a 2 X 2 x 2 repeated measures ANOVA with the factors test time (rest vs. exercise), congruence
(congruent vs. incongruent), and half (first vs. second half). To reduce the complexity of the ANOVA,
we eliminated the factor electrode site and we used the data from the average of the fronto-central
electrode sites (Cz, FC1, FC2, F3, F4, Fz). With respect to latency, no significant effects were detected.
For N2 amplitude, the main effect of congruence (i.e., larger N2 amplitude for incongruent trials)
was confirmed (F(1,10) = 8.91, MSE = 3.38, partial n? = 0471, p = 0.014). Furthermore, a significant
test time X half interaction was found (F(1,10) = 5.67, MSE = 1.13, partial n? = 0.362, p = 0.039).
This interaction is due to larger N2 amplitude values in the second half of the data after exercising
than in the second half at rest. As can be seen in Figure 5, the amplitude difference in the second half
between rest and exercise is due to a reduction in N2 amplitude after rest, whereas N2 amplitude is
maintained or even slightly increases in the second half of trials after exercising.
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Table 4. Statistics on the analyses of amplitude and latency of the N2 and P3.

N2 Amplitude F(DF) MSE Partial H? p
Condition F(1,10) =7.25 9.41 0.420 0.023 *
Time F(1,10) = 0.25 30.71 0.024 0.628
Electrode F(5,50) =1.14 21.75 0.102 0.328
Cond X Time F(1,10) = 0.24 7.46 0.024 0.634
Cond X Elec F(5,50) = 3.33 1.00 0.25 0.011*
Time X Elec F(5,50) = 0.50 242 0.047 0.604
Cond x Time X Elec F(5,50) = 0.93 0.68 0.085 0.422
N2 Latency
Condition F(1,10) = 0.85 3733.30 0.078 0.379
Time F(1,10) = 0.02 1372.17 0.002 0.884
Electrode F(5,50) = 3.26 328.41 0.246 0.044 *
Cond X Time F(1,10) = 4.89 1179.93 0.328 0.051
Cond X Elec F(5,50) =1.25 265.30 0.11 0.310
Time X Elec F(5,50) = 0.36 398.45 0.035 0.765
Cond x Time X Elec F(5,50) = 1.42 193.25 0.125 0.259
P3 Amplitude
Condition F(1,10) = 25.98 11.59 0.722 <0.001 *
Time F(1,10) = 0.002 21.21 0.000 0.968
Electrode F(5,50) = 0.99 17.98 0.090 0.384
Cond x Time F(1,10) = 0.37 3.75 0.036 0.554
Cond X Elec F(5,50) = 0.91 2.06 0.084 0.427
Time X Elec F(5,50) = 0.40 3.86 0.038 0.635
Cond x Time X Elec F(5,50) = 1.75 0.82 0.149 0.185
P3 Latency
Condition F(1,10) = 6.34 2481.69 0.388 0.030 *
Time F(1,10) = 5.99 1670.05 0.375 0.034 *
Electrode F(5,50) = 4.46 4965.29 0.309 0.049 *
Cond x Time F(1,10) =0.09 1864.47 0.009 0.774
Cond X Elec F(5,50) = 0.72 210.94 0.067 0.561
Time X Elec F(5,50) = 0.93 718.05 0.085 0.416
Cond x Time X Elec F(5,50) = 0.48 653.62 0.046 0.646
*p < 0.05.
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Figure 5. Mean N2 peak amplitude at rest (black) and after exercise (grey) trials in the first and second
half of the dataset to visualize the test time X half interaction. Note: Negativity is plotted upward.
Error bars depict standard error values.
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3.3. ERP Data: P3

Visual inspection of the waveforms as well as topographical plots (Figure 6) indicates that P3
is most prominent at parietal sites. P3 is largest at Pz confirmed by descriptive analysis using SPSS
based on extracted peak data for incongruent and congruent conditions both at rest and after exercise.
Separate 2 X 2 X 6 repeated measures ANOVAs with factors congruence (congruent and incongruent),
test time (at rest and after acute exercise), and electrode site (Cz, CP1, CP2, P3, P4, Pz) were conducted
for latency data and amplitude for the P3 component. The ERP waveforms are depicted in Figure 6, P3
peak values of Pz are shown in Table 5, and Figure 7 visualizes group mean and individual mean P3
peak amplitudes and latencies across electrode sites Cz, CP1, CP2, P3, P4, and Pz. Statistical results are
summarized in Table 4.
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Figure 6. Grand average ERP waveform (N = 11) averaged across parieto-central electrode sites (P3,
Pz, P4, CP1, CP2, Cz) depicting the neural responses (in particular the P3) to congruent (solid) and
incongruent (dashed) trials at rest (black) and immediately after an acute bout of moderate-intensity
exercise (grey). Topographical distributions at the time of P3 peak are shown for the congruent condition
at rest (solid, black frame) and after exercise (solid, grey frame).

Table 5. Mean (SD) P3 peak latencies and amplitude for congruent and incongruent conditions at rest
and after exercise at electrode site Pz.

Rest After Exercise
P3.
Latency in ms Amplitude in uV Latency in ms Amplitude in uV
Congruent 346.59 (20.49) 10.11 (4.36) 336.47 (16.87) 9.76 (4.06)
Incongruent 364.17 (32.41) 7.91 (3.54) 350.32 (18.96) 7.49 (2.62)

The analysis of P3 latency values showed a main effect of test time driven by significantly earlier
P3 peak latencies after exercise (M = 350.31 ms; SD = 14.92) than at rest (M = 362.62 ms; SD = 20.73) as
well as a main effect of congruence due to earlier P3 peak latencies in the easier congruent condition
(M = 348.74; SD = 15.38) than in the more difficult incongruent condition (M = 364.18; SD = 21.99).
A main effect of electrode site is due to earlier P3 latencies at parietal sites P3, P4, and Pz (M = 346.74;
SD = 18.10) compared to more central CP1, CP2, and Cz (M = 366.18; SD = 26.35). No statistically
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significant interaction effects became apparent. Note that due to non-linearity of peak scoring measures,
statistical effects are not necessarily reflected in the depiction of grand average waveforms [56].
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Figure 7. Mean P3 peak amplitude (a) and peak latency (b) averaged across participants (N = 11) and
across parieto-central electrode sites (P3, Pz, P4, CP1, CP2, Cz) to congruent and incongruent trials
at rest (black) and following acute exercise at moderate intensity (grey). Error bars depict standard
error values. The DotPlot visualizes the individual data (light grey) for the congruent and incongruent
condition as well as the change from rest to after-exercise (dashed lines).

The analysis of P3 amplitude values showed a main effect of congruence due to larger P3 peak
amplitude values in the congruent condition (M = 9.27; SD = 4.03) than in the incongruent condition
(M = 7.13; SD = 2.90). No statistically significant main effect of test time or an interaction effect
was found.

The split half analysis of P3 latency confirmed the above-reported main effect of congruence
(F(1,10) = 10.45, MSE = 338.28, partial n?> = 0.511, p = 0.009) due to larger P3 amplitudes for congruent
than incongruent stimuli as well as the main effect of test time (F(1,10) = 7.63, MSE = 596.15, partial
n? = 0.433, p = 0.02) with earlier P3 peak latencies after exercise than at rest.

For P3 amplitude, the main effect of congruence was confirmed (F(1,10) = 21.50, MSE = 1.88, partial
n2 = 0.683, p = 0.001) but superseded by a congruence x half interaction (F(1,10) = 5.85, MSE = 0.93,
partial n? = 0.370, p = 0.036) due to smaller P3 amplitudes to incongruent trials in the second half as
compared to the first half (see Figure 8).
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Figure 8. Mean P3 peak amplitude for congruent (black) and incongruent (grey) trials in the first and
second half of the dataset to visualize the congruence x half interaction. Error bars depict standard

error values.
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4. Discussion

In this study, we investigated the immediate effects of an acute bout of exercise of moderate
intensity on attentional control as assessed by a Flanker task. Of interest were both behavioral as
well as neurophysiological indices. The P3 peak occurred earlier after exercise as compared to rest,
indicating faster neural processing. No other significant neurophysiological or behavioral effects of
acute exercise were found.

As expected, response time and accuracy data revealed the distracting effect of the incongruent
Flanker stimuli [24]. This can be seen in a higher error rate and slower response times in the incongruent
as compared to the congruent condition. Similarly, the N2 data showed the expected interference
effect reflected in more negative N2 amplitude values in incongruent than congruent trials. Data
regarding the P3 are also in line with the expected effects of distracting Flanker stimuli (e.g., [16]).
For incongruent trials, the P3 peak was delayed and decreased in amplitude relative to the congruent
condition. This shows that the manipulation of the Flanker task with respect to inducing processing
costs (both behavioral and neural) as a result of the inhibition of the interfering influence of distracting
stimuli was successful.

However, neither behavioral nor N2 ERP data revealed statistically significant effects of exercise
when analyzing the data for the entire duration of the flanker task. In the literature, results regarding the
effect of exercise on the N2 are mixed [11,19,37], whereas for behavioral data, some studies report faster
response times following exercise (e.g., [8,18]). A possible explanation for the absence of behavioral
and N2 effects is that the task was not challenging enough and that in order to reveal effects, possibly
more difficult tasks have to be used [20]. This might also apply to the results of the P3 amplitude.
Contrary to the hypothesis, the data do not reveal an increase in P3 amplitude following exercise.
Such an increase would reflect an increase in resources to inhibit neuronal activity unrelated to task
demands and facilitate attentional processing [20]. Pontifex and colleagues [20], using an oddball
task that requires ignoring frequent stimuli or distractors and selectively responding and attending
to a less frequent target stimulus, also did not find an increase in the P3 component following a
20-minute bout of moderate exercise relative to a pre-exercise or a pre-sitting baseline. As stated
earlier, a marked difference in P3 amplitude between post-sitting vs. post-exercising was reported,
driven by a significant decrease in P3 amplitude for post-sitting measurements indicating that exercise
helps maintain attentional resources. Their study resembles the current one with respect to sample
characteristics, namely high-functioning university students, as well as time of testing post-exercise.
Pontifex and colleagues [20] started the experimental session 4.5 min following the exercise bout.
Post-exercise testing in the current study commenced even earlier (2-3 min) and the entire task was
completed in 8 min. In addition to Pontifex et al. [20] and the current study, only a limited number of
studies commenced experimental EEG recording immediately after (i.e., within 5 min) exercise but
employ a variety of cognitive tasks [8,21,22,43]. The majority of studies on acute effects of exercise
on cognition and ERPs conduct experimental cognitive tasks with some delay (e.g., 48 min [16],
20 min [17,18], 15 min [19], 16 min [14]). The discrepancy in reported effects of exercise on P3 amplitude
suggests that time of testing is critical and the immediate (i.e., test completion within 10 min of exercise
cessation) effects might be less robust than those at delayed post-exercise measurement points. Related
to this, another critical aspect to consider is the possibility that a task, depending on duration, stretches
over multiple post-exercise periods and, hence, performance over these intervals might be averaged
and differences diluted (see [7]). To check for time interval effects, we conducted a post-hoc split half
analysis on behavioral data and compared performance of the first and second half of the flanker
task (i.e., 0—4 min and 4-8 min) both at rest and after exercise. However, no statistically significant
effect of interval was apparent, suggesting that with respect to behavioral parameters, the chosen task
duration was brief enough to likely capture the immediate effects of the first post-exercise period.
A split half analysis of P3 amplitude did not reveal a differential effect of exercise during the first or
second half of the flanker task. However, the split half analysis of the N2 amplitude data revealed an
interesting half X test time interaction. Whereas N2 amplitude decreased during the second half of the
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Flanker trials after rest (i.e., became less negative), N2 amplitude after exercising remained constant
or even increased (i.e., became more negative) during the second half. This suggests that exercise
contributes to maintenance of neurocognitive resources to possibly counter a loss in concentration
or attentional processing already within the first 5 min after exercising. This pattern is similar to the
above-mentioned findings regarding P3 amplitude by Pontifex et al. (2015) who report a decrease in
P3 amplitude after sitting but maintenance of P3 amplitude after exercising.

Regarding P3 ERP latency, the reported data support our hypothesis of faster neural processing
following acute exercise of moderate intensity. This is in line with previous research that also reports
earlier P3 peaks after an acute bout of exercise (e.g., [8,16,39,40,46]). Shorter P3 peak latencies can
be interpreted as an indication of faster stimulus evaluation processes [34-36]. This interpretation is
supported by the finding of a delayed P3 peak in incongruent as compared to congruent trials (Table 5).
We also conducted a post-hoc split half analysis of P3 latency, which revealed that faster P3 latencies
were independent of the factor half. This is interesting with respect to N2 amplitude analysis, which
revealed an effect of half. Whereas the P3 component is modulated immediately after exercise and
throughout the entire Flanker task, the effects of exercise on the N2 component start to emerge with a
slight delay (i.e., as of the second half). In other words, time of assessment is important as it allows
constructing a timeline of effects and processes linked to post-exercise effects.

One question arises as to the finding of latency shifts in the P3 but not for response times. It is
known that a physical response to a stimulus such as a button press involves at least two processes,
stimulus evaluation and response selection and execution. The latency of the P3 reflects the timing
of the stimulus evaluation process. Previous research has shown that the timing of the stimulus
evaluation process is independent of the timing of response selection particularly under speeded
responses conditions [57]. Although, stimulus evaluation precedes response selection, it is not unlikely
that in tasks where participants try to respond fast, a response is initiated before stimulus evaluation
is completed [57]. In other words, the processes do not always have to follow sequentially but can
partly overlap. This is a possible explanation for the lack of behavioral response time effects due to
exercise, despite the fact that P3 latency showed a significant time shift indicative of faster processing.
Hillman and colleagues [16] reported a significant P3 latency shift following exercise relative to rest
but no behavioral effects. Studies using the Stroop task [19,38] report faster response times after acute
exercise but do not find P3 peak latency shifts. Taken together, the results indicate that P3 latency, as
an index of stimulus evaluation processes, is not always tightly coupled with behavioral response
times. As mentioned above, it is also possible that the task was too easy and that in order to highlight
a behavioral benefit, a more cognitively demanding task might be necessary [20].

Given that testing commenced within 3 min of exercising, findings regarding effects on cognition
while exercising seem relevant to be briefly discussed. Despite the temporal proximity and therefore
the potential of comparable effects of exercise on underlying processes, the nature of the tasks bears
important differences. A cognitive task while exercising (treadmill or ergometer) naturally has
dual-task characteristics whereas performing a cognitive task after exercising does not. A study using
a flanker task during moderate exercise reports an exercise-related P3 amplitude increase but only
fronto-laterally [37]. Given the topography, this likely corresponds to the P3a subcomponent [28]
and not to the parietal P3b component related to stimulus evaluation processes and commonly
reported in studies on acute exercise effects. Furthermore, larger N2 amplitudes were also reported
at fronto-lateral sites. Although the split half analysis of the N2 data of the current study did not
reveal larger N2 amplitudes after exercising, the results seem to stipulate that exercise can counter a
reduction of attentional resources devoted to conflict resolution as seen in the rest condition. Regarding
latencies, the authors report a slowing of both N2 and P3 during exercise. P3 latency slowing is also
shown by a long-duration exercise study by Grego and colleagues [58]. Based on hormonal changes
(epinephrine and cortisol) measured in parallel, the authors interpret the effects while exercising in
terms of increased arousal, as P3 latencies peak earlier after exercise compared to P3s while exercising.
However, other studies recording the P3 while exercising report earlier P3 latencies (e.g., [59]). As for
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studies commencing after an acute bout of exercise, these studies differ in terms of chosen task, duration
of exercise, and with respect to the intensity of exercise. Accordingly, results vary, but it appears that
results from studies conducting neurocognitive tasks during exercise should be separated from studies
immediately following exercise as they seem to fall in different (post-) exercise intervals with respect to
effect on performance possibly due to differences in arousal [7], shared neural resources as in dual task
effects [3], or different levels of exercise-induced neural noise [15]. Although the current study does
not disentangle the effects of exercise on cognition while exercising as compared to immediately after,
it supports the notion that processes of stimulus evaluation are faster immediately after an acute bout
of exercise.

The underlying mechanisms concerning the beneficial effects of exercise on cognition are not
clearly understood. One prominent theory proposes that exercise leads to increases in arousal, which
activates attentional and memory resources yielding benefits for executive functioning (e.g., [5,15,60]).
With respect to the role of exercise as an enhancing agent for cognition, research has shown that
exercise increases availability of catecholamines in the central nervous system of rats [61], in particular
dopamine (DA) [62]. In humans, elevated DA plasma levels have been associated with acute physical
exercise [63,64]. Furthermore, DA is central to executive processing in the brain [65,66]. The results
from this study strengthen interpretations from previous research regarding underlying mechanisms
of exercise effects on neurocognitive functioning. Electrophysiological responses are the result of
electrochemical actions of neurotransmitter systems (e.g., DA), while participants perform cognitive
tasks. The P3 component related to stimulus evaluation processes are most likely generated by cortical
cells in temporo-parietal areas and involves the dopaminergic neurotransmitter system [67]. It has been
shown that the striatal DA system influences P3 amplitude and latency [68]. Therefore, acute exercise
might modify the activity of the DA system and thereby enhance neurophysiological processes. In the
course of repeated exercise, each bout of exercise facilitates long-term potentiation processes. These, in
turn, can manifest themselves in neurostructural changes as well as cognitive benefits associated with
chronic exercise [6,46]. Although, the results of the present study could be integrated in a framework
involving dopamine as a central component to explain the effect of acute exercise on cognition and
electrophysiology, they do not reflect direct evidence and further research is needed to tease apart the
direct associations.

Limitations

Apart from the above-mentioned experimental design aspects regarding the focus on early
post-exercise effects and not extending to late effects as well, the limitation of small sample size should
be taken into account as explanation for discrepant findings compared to other studies. Even though
the chosen sample size is comparable to other studies using very similar experimental approaches and
report significant effects (e.g., [8,21,69]), the sample size is low and therefore might not detect more
subtle effects. Likewise, one issue with small sample sizes in general is the detection of true effects,
and more studies also involving different populations are necessary to confirm the reported effects.
A very current review provides a nice overview of experimental issues, including sample size, which
should be taken into consideration when designing a study investigating the effects of acute exercise on
cognition [23]. Another limitation is that no heart rate recordings were obtained for the rest condition.
Baseline HR at rest was only obtained before the exercise condition (see Table 1). Although unlikely,
as HR in young adults under similar conditions is stable, the possibility of systematic differences in
HR between the rest measurement and after exercise measurement cannot be completely ruled out.
Even though attentional control is an important cognitive skill linked to executive functioning, other
cognitive abilities such as (working) memory, decision making, or perceptual skills are of importance
as well but were not investigated in this study. Therefore, more research is necessary to understand the
immediate effects of exercise on other cognitive skills to obtain a more comprehensive picture also with
respect to the various underlying neurophysiological processes and how and when they are modulated
by exercise. Also, this study focused on the effects of exercise on cognition and contrasted this to
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recordings at rest rather than at pre- vs. post-exercise comparisons. Regarding the rest condition, it
should be noted that it did not entail a standardized activity such as watching a movie. The focus was
placed on ensuring that the rest condition entailed a sufficiently long time period without any physical
exercise to control for any exercise-related arousal in order to contrast the effect of acute exercise to
a non-exercise control condition. Finally, the behavioral results indicate that performance was very
high. As mentioned above, the chosen task was possibly too easy for the sample of this study to reveal
behavioral effects of exercise. Future studies should account for that and administer tasks that are
challenging enough for the study sample to allow for behavioral effects to transpire.

Like previous research, this study shows individual differences in the responses to acute exercise
and its impact on cognition. Different factors might contribute to individual differences. Although all
participants were moderately fit, their base fitness levels still varied. Even though the exercise levels
were individually adjusted based on the VO2max levels, it is possible that fitness level plays a role
even when differences are not extreme as in sedentary vs. high-fitness individuals. Although not
investigated in this study, the sports participants are engaged in could play a role when using a task of
attentional control and the ability to inhibit distracting information. Some sports such as team ball
sports might hone attentional control skills to a larger extent than running or swimming. Therefore,
more research is needed to better understand the impact of these factors on attentional control and
exercise. Needless to say, physical activity is recommended for anyone, but naturally there are certain
groups in the population that might extra benefits. These include adults who show age-related
cognitive decline and individuals with cognitive impairments due to psychiatric or psychological
disorders or traumatic brain damage. Particularly safety critical professions such as air traffic control
or jobs in control centers place a high demand on attentional control. Future applied research projects
could address the question whether brief bouts of acute exercise can improve attentional control in
real-world applications. In this context, future studies are necessary to investigate more closely how
long the beneficial effects of acute bouts of exercise persist. That information is relevant, for example,
in order to effectively setup schedules at school or at work and include, as far as possible, active breaks.

5. Conclusions

The results of the current study add to existing research to further validate and confirm findings
on the enhancing effects of acute exercise on neurocognitive processes. Furthermore, the results of
the EEG data contribute to our knowledge and understanding of the potential underlying neural
mechanisms involved in exercise-related benefits to cognitive functioning immediately following
exercise (within 5 min). Given that some neurobiological processes respond faster than others, it is
possible that some processes are modulated after a slight delay (e.g., hormonal changes) compared to
processes that respond faster (e.g., blood flow). Only by measuring very early it is possible to also
detect immediate effects. The split half analysis of the short flanker task administered in this study
indicates that the time point of measuring post exercise can make a difference. Whereas the effect of
exercise on the P3 component (P3 latency) was apparent throughout the entire duration of the flanker
task, an effect of exercise on the N2 component (N2 amplitude) became apparent only in the second
half of the flanker task. In other words, the underlying processes of the N2 and the P3 seem to be
affected differently by exercise.

To understand cognitive benefits associated with physical fitness as a result of long-term regular
chronic exercise, we believe it is essential to also elucidate the immediate, short-term effects of physical
activity. This is to say, each individual acute bout of exercise, if repeated on a regular basis as in chronic
exercise, should, over time, manifest itself in more permanent changes yielding long-term cognitive
benefits both at the behavioral as well as at a neuro-structural level (e.g., [6]).

This study confirms that it is possible to evaluate the immediate impact (2-3 min after exercising)
of a moderate acute bout of exercise on attentional control, which is a cognitive skill that is relevant to
many everyday cognitive demands. This could be of particular importance for companies that are
interested in promoting physical activity at the workplace. One implementation could encourage
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individuals to (partly) walk or bike to the workplace and/or to include a brief but brisk walk during
lunch break. However, it is still an open research question for future studies for how long the
exercise-related effects on cognitive functions last.

Author Contributions: Conceptualization, A HW., C.V.-R,, L.H. and B.G.; methodology, A HW., C.V.-R,, LH.
and B.G.; software, A -H-W. and L.H.; validation, AHW., C.V.-R,, LH. and B.G.; formal analysis, A HW.,
B.G. and C.V.-R,; investigation, A.HW. and L.H.; resources, B.G. and C.V.-R,; data curation, A HW. and L.H.;
writing—original draft preparation, A H.W. and C.V.-R,; writing—review and editing, A.AH.W., C.V.-R,, L.H. and
B.G. visualization, A.H.W.,; supervision, A HW., C.V.-R. and B.G; project administration, A H.W., C.V.-R. and
B.G.; funding acquisition, C.V.-R.

Funding: The publication costs of this article were funded by the German Research Foundation/DFG-392676956
and the Technische Universitdt Chemnitz in the funding programme Open Access Publishing.

Acknowledgments: The authors would like to thank Laurel Raffington for support during data collection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Audiffren, M. Exercise and cognitive function. In Acute Exercise and Psychological Functions:
A Cognitive-Energetic Approach; McMorris, T., Tomporowski, P., Audiffren, M., McMorris, T., Tomporowski, P.,
Audiffren, M., Eds.; Wiley-Blackwell: Hoboken, NJ, USA, 2009; pp. 3-39.

2. Brisswalter, J.; Collardeau, M.; Rene, A. Effects of acute physical exercise characteristics on cognitive
performance. Sports Med. 2002, 32, 555-566. [CrossRef] [PubMed]

3. Chang, YK, Labban, ].D.; Gapin, J.I.; Etnier, ].L. The effects of acute exercise on cognitive performance:
A meta-analysis. Brain Res. 2012, 1453, 87-101. [CrossRef] [PubMed]

4. Roig, M.; Nordbrandt, S.; Geertsen, S.S.; Nielsen, ]J.B. The effects of cardiovascular exercise on human
memory: A review with meta-analysis. Neurosci. Biobehav. Rev. 2013, 37, 1645-1666. [CrossRef] [PubMed]

5. Tomporowski, P.D. Effects of acute bouts of exercise on cognition. Acta Psychol. 2003, 112, 297-324. [CrossRef]

6.  Voelcker-Rehage, C.; Niemann, C.; Hiibner, L.; Godde, B.; Winneke, A.H. Benefits of Physical Activity and
Fitness for Lifelong Cognitive and Motor Development—Brain and Behavior, Sport and Exercise Psychology Research;
Elsevier: Amsterdam, The Netherlands, 2016; pp. 43-73.

7. Lambourne, K.; Tomporowski, P. The effect of exercise-induced arousal on cognitive task performance:
A meta-regression analysis. Brain Res. 2010, 1341, 12-24. [CrossRef] [PubMed]

8.  Kamijo, K,; Nishihira, Y.; Higashiura, T.; Kuroiwa, K. The interactive effect of exercise intensity and task
difficulty on human cognitive processing. Int. ]. Psychophysiol. 2007, 65, 114-121. [CrossRef]

9.  Kamijo, K. Enhancing cognitive functioning and brain plasticity. In Effects of Acute Exercise on Event-Related
Brain Potentials; Chodzko-Zajko, W., Kramer, A.F, Poon, L.W., Chodzko-Zajko, W., Kramer, A.F,
Poon, L.W,, Eds.; Human Kinetics: Champaign, IL, USA, 2009; pp. 111-132.

10. McMorris, T.; Davranche, K.; Jones, G.; Hall, B.; Corbett, J.; Minter, C. Acute incremental exercise, performance
of a central executive task, and sympathoadrenal system and hypothalamic-pituitary-adrenal axis activity.
Int. ]. Psychophysiol. 2009, 73, 334-340. [CrossRef]

11. Themanson, J.R; Hillman, C.H. Cardiorespiratory fitness and acute aerobic exercise effects on neuroelectric
and behavioral measures of action monitoring. Neuroscience 2006, 141, 757-767. [CrossRef]

12.  Budde, H.; Voelcker-Rehage, C.; Pietrabyk-Kendziorra, S.; Ribeiro, P.; Tidow, G. Acute coordinative exercise
improves attentional performance in adolescents. Neurosci. Lett. 2008, 441, 219-223. [CrossRef]

13. Budde, H.; Pietrassyk-Kendziorra, S.; Bohm, S.; Voelcker-Rehage, C. Hormonal responses to physical and
cognitive stress in a school setting. Neurosci. Lett. 2010, 474, 131-134. [CrossRef]

14. Pontifex, M.B.; Saliba, B.J.; Raine, L.B.; Picchietti, D.L.; Hillman, C.H. Exercise improves behavioral,
neurocognitive, and scholastic performance in children with attention-deficit/hyperactivity disorder. J. Pediatr.
2013, 162, 543-551. [CrossRef] [PubMed]

15. McMorris, T,; Sproule, J.; Turner, A.; Hale, B.J. Acute, intermediate intensity exercise, and speed and accuracy
in working memory tasks: A meta-analytical comparison of effects. Physiol. Behav. 2011, 102, 421-428.
[CrossRef] [PubMed]

16. Hillman, C.H.; Snook, E.M.; Jerome, G.J. Acute cardiovascular exercise and executive control function.
Int. J. Psychophysiol. 2003, 48, 307-314. [CrossRef]


http://dx.doi.org/10.2165/00007256-200232090-00002
http://www.ncbi.nlm.nih.gov/pubmed/12096929
http://dx.doi.org/10.1016/j.brainres.2012.02.068
http://www.ncbi.nlm.nih.gov/pubmed/22480735
http://dx.doi.org/10.1016/j.neubiorev.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23806438
http://dx.doi.org/10.1016/S0001-6918(02)00134-8
http://dx.doi.org/10.1016/j.brainres.2010.03.091
http://www.ncbi.nlm.nih.gov/pubmed/20381468
http://dx.doi.org/10.1016/j.ijpsycho.2007.04.001
http://dx.doi.org/10.1016/j.ijpsycho.2009.05.004
http://dx.doi.org/10.1016/j.neuroscience.2006.04.004
http://dx.doi.org/10.1016/j.neulet.2008.06.024
http://dx.doi.org/10.1016/j.neulet.2010.03.015
http://dx.doi.org/10.1016/j.jpeds.2012.08.036
http://www.ncbi.nlm.nih.gov/pubmed/23084704
http://dx.doi.org/10.1016/j.physbeh.2010.12.007
http://www.ncbi.nlm.nih.gov/pubmed/21163278
http://dx.doi.org/10.1016/S0167-8760(03)00080-1

J. Clin. Med. 2019, 8, 1348 18 of 20

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Scudder, M.R.; Drollette, E.S.; Pontifex, M.B.; Hillman, C.H. Neuroelectric indices of goal maintenance
following a single bout of physical activity. Biol. Psychol. 2012, 89, 528-531. [CrossRef] [PubMed]

Kao, S.C.; Westfall, D.R.; Soneson, J.; Gurd, B.; Hillman, C.H. Comparison of the acute effects of high-intensity
interval training and continuous aerobic walking on inhibitory control. Psychophysiology 2017, 54, 1335-1345.
[CrossRef] [PubMed]

Chang, YK, Alderman, B.L; Chu, C.H.; Wang, C.C,; Song, TE; Chen, ET. Acute exercise has a
general facilitative effect on cognitive function: A combined ERP temporal dynamics and BDNF study.
Psychophysiology 2017, 54, 289-300. [CrossRef] [PubMed]

Pontifex, M.B.; Parks, A.C.; Henning, D.A.; Kamijo, K. Single bouts of exercise selectively sustain attentional
processes. Psychophysiology 2015, 52, 618-625. [CrossRef]

Kamijo, K.; Hayashi, Y.; Sakai, T.; Yahiro, T.; Tanaka, K.; Nishihira, Y. Acute effects of aerobic exercise on
cognitive function in older adults. J. Gerontol. B Psychol. Sci. Soc. Sci. 2009, 64, 356-363. [CrossRef]
Akatsuka, K.; Yamashiro, K.; Nakazawa, S.; Mitsuzono, R.; Maruyama, A. Acute aerobic exercise influences
the inhibitory process in the go/no-go task in humans. Neurosci. Lett. 2015, 600, 80-84. [CrossRef]

Pontifex, M.B.; McGowan, A.L.; Chandler, M.C.; Gwizdala, K.L.; Parks, A.C.; Fenn, K.; Kamijo, K. A primer
on investigating the after effects of acute bouts of physical activity on cognition. Psychol. Sport Exerc.
2019, 40, 1-22. [CrossRef]

Eriksen, B.A.; Eriksen, C.W. Effects of noise letters upon the identification of a target letter in a nonsearch
task. Percept. Psychophys. 1974, 16, 143-149. [CrossRef]

Miyake, A.; Friedman, N.P; Emerson, M.].; Witzki, A.H.; Howerter, A. The unity and diversity of executive
functions and their contributions to complex ‘frontal lobe” tasks: A latent variable analysis. Cognit. Psychol.
2000, 41, 49-100. [CrossRef] [PubMed]

Unsworth, N.; Spillers, G.J. Working memory capacity: Attention control, secondary memory, or both?
A direct test of the dual-component model. ]. Mem. Lang. 2010, 62, 392-406. [CrossRef]

Yeung, N.; Botvinick, M.M.; Cohen, ].D. The Neural Basis of Error Detection: Conflict Monitoring and the
Error-Related Negativity. Psychol. Rev. 2004, 111, 931-959. [CrossRef] [PubMed]

Polich, J.; Lardon, M.T. P300 and long-term physical exercise. Electroencephalogr. Clin. Neurophysiol.
1997, 103, 493-498. [CrossRef]

Kok, A. On the utility of P3 amplitude as a measure of processing capacity. Psychophysiology 2001, 38, 557-577.
[CrossRef] [PubMed]

Frtusova, J.B.; Winneke, A.H.; Phillips, N.A. ERP evidence that auditory-visual speech facilitates working
memory in younger and older adults. Psychol. Aging 2013, 28, 481-494. [CrossRef] [PubMed]

Segalowitz, S.J.; Wintink, A.J.; Cudmore, L.J. P3 topographical change with task familiarization and task
complexity. Cogn. Brain Res. 2001, 12, 451-457. [CrossRef]

Wild-Wall, N.; Falkenstein, M.; Gajewski, P.D. Age-related differences in working memory performance in a
2-back task. Front. Psychol. 2011, 2, 186. [CrossRef]

Daffner, K.R.; Chong, H.; Sun, X.; Tarbi, E.C.; Riis, ].L.; McGinnis, S.M.; Holcomb, P.J. Mechanisms underlying
age- and performance-related differences in working memory. J. Cogn. Neurosci. 2011, 23, 1298-1314.
[CrossRef]

Coles, M.G.; Gratton, G.; Bashore, T.R.; Eriksen, C.W.; Donchin, E. A psychophysiological investigation
of the continuous flow model of human information processing. J. Exp. Psychol. Hum. Percept. Perform.
1985, 11, 529-553. [CrossRef] [PubMed]

Donchin, E.; Coles, M.G. Is the P300 component a manifestation of context updating? Behav. Brain Sci.
1988, 11, 357-374. [CrossRef]

Ridderinkhof, K.R.; van der Molen, M.W. A psychophysiological analysis of developmental differences in
the ability to resist interference. Child Dev. 1995, 66, 1040-1056. [CrossRef]

Pontifex, M.B.; Hillman, C.H. Neuroelectric and behavioral indices of interference control during acute
cycling. Clin. Neurophysiol. 2007, 118, 570-580. [CrossRef] [PubMed]

Drollette, E.S.; Scudder, M.R.; Raine, L.B.; Moore, R.D.; Saliba, B.].; Pontifex, M.B.; Hillman, C.H. Acute
exercise facilitates brain function and cognition in children who need it most: An ERP study of individual
differences in inhibitory control capacity. Dev. Cogn. Neurosci. 2014, 7, 53—64. [CrossRef] [PubMed]
Magnie, M.N.; Bermon, S.; Martin, F.; Madany-Lounis, M.; Suisse, G.; Muhammad, W.; Dolisi, C. P300, N400,
aerobic fitness, and maximal aerobic exercise. Psychophysiology 2000, 37, 369-377. [CrossRef]


http://dx.doi.org/10.1016/j.biopsycho.2011.12.009
http://www.ncbi.nlm.nih.gov/pubmed/22200656
http://dx.doi.org/10.1111/psyp.12889
http://www.ncbi.nlm.nih.gov/pubmed/28480961
http://dx.doi.org/10.1111/psyp.12784
http://www.ncbi.nlm.nih.gov/pubmed/27861961
http://dx.doi.org/10.1111/psyp.12395
http://dx.doi.org/10.1093/geronb/gbp030
http://dx.doi.org/10.1016/j.neulet.2015.06.004
http://dx.doi.org/10.1016/j.psychsport.2018.08.015
http://dx.doi.org/10.3758/BF03203267
http://dx.doi.org/10.1006/cogp.1999.0734
http://www.ncbi.nlm.nih.gov/pubmed/10945922
http://dx.doi.org/10.1016/j.jml.2010.02.001
http://dx.doi.org/10.1037/0033-295X.111.4.931
http://www.ncbi.nlm.nih.gov/pubmed/15482068
http://dx.doi.org/10.1016/S0013-4694(97)96033-8
http://dx.doi.org/10.1017/S0048577201990559
http://www.ncbi.nlm.nih.gov/pubmed/11352145
http://dx.doi.org/10.1037/a0031243
http://www.ncbi.nlm.nih.gov/pubmed/23421321
http://dx.doi.org/10.1016/S0926-6410(01)00082-9
http://dx.doi.org/10.3389/fpsyg.2011.00186
http://dx.doi.org/10.1162/jocn.2010.21540
http://dx.doi.org/10.1037/0096-1523.11.5.529
http://www.ncbi.nlm.nih.gov/pubmed/2932529
http://dx.doi.org/10.1017/S0140525X00058027
http://dx.doi.org/10.2307/1131797
http://dx.doi.org/10.1016/j.clinph.2006.09.029
http://www.ncbi.nlm.nih.gov/pubmed/17095295
http://dx.doi.org/10.1016/j.dcn.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24309300
http://dx.doi.org/10.1111/1469-8986.3730369

J. Clin. Med. 2019, 8, 1348 19 of 20

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Nakamura, Y.; Nishimoto, K.; Akamatu, M.; Takahashi, M.; Maruyama, A. The effect of jogging on P300
event related potentials. Electromyogr. Clin. Neurophysiol. 1999, 39, 71-74.

Chang, Y.K,; Pesce, C.; Chiang, Y.T.; Kuo, C.Y.; Fong, D.Y. Antecedent acute cycling exercise affects attention
control: An ERP study using attention network test. Front. Hum. Neurosci. 2015, 9, 156. [CrossRef]

Chu, C.H.; Kramer, A.F,; Song, T.F.; Wu, C.H.; Hung, TM.; Chang, Y.K. Acute Exercise and Neurocognitive
Development in Preadolescents and Young Adults: An ERP Study. Neural Plast. 2017, 2017, 2631909.
[CrossRef]

Kamijo, K.; Nishihira, Y.; Hatta, A.; Kaneda, T.; Wasaka, T.; Kida, T.; Kuroiwa, K. Differential influences
of exercise intensity on information processing in the central nervous system. Eur. ]. Appl. Physiol.
2004, 92, 305-311. [CrossRef]

Chang, Y.K.; Chu, C.H.; Wang, C.C.; Song, T.F.; Wei, G.X. Effect of acute exercise and cardiovascular fitness
on cognitive function: An event-related cortical desynchronization study. Psychophysiology 2015, 52, 342-351.
[CrossRef] [PubMed]

Kirschbaum, C.; Hellhammer, D.H. Salivary cortisol in psychoneuroendocrine research: Recent developments
and applications. Psychoneuroendocrinology 1994, 19, 313-333. [CrossRef]

Hillman, C.H.; Erickson, K.I.; Kramer, A.F. Be smart, exercise your heart: Exercise effects on brain and
cognition. Nat. Rev. Neurosci. 2008, 9, 58-65. [CrossRef] [PubMed]

Winneke, A.H.; Godde, B.; Reuter, E.; Vieluf, S.; Voelcker-Rehage, C. The association between physical activity
and attentional control in younger and older middle-aged adults: An ERP study. GeroPsych |. Gerontopsychol.
Geriatr. Psychiatry 2012, 25, 207-221. [CrossRef]

Voelcker-Rehage, C.; Godde, B.; Staudinger, U.M. Physical and motor fitness are both related to cognition in
old age. Eur. ]. Neurosci. 2010, 31, 167-176. [CrossRef] [PubMed]

Mezzani, A.; Agostoni, P.; Cohen-Solal, A.; Corra, U.; Jegier, A.; Kouidi, E.; Mazic, S.; Meurin, P.; Piepoli, M.;
Simon, A. Standards for the use of cardiopulmonary exercise testing for the functional evaluation of cardiac
patients: A report from the Exercise Physiology Section of the European Association for Cardiovascular
Prevention and Rehabilitation. Eur. ]. Cardiovasc. Prev. Rehabil. 2009, 16, 249-267. [CrossRef] [PubMed]
Beaver, W.L.; Wasserman, K.; Whipp, B.]. A new method for detecting anaerobic threshold by gas exchange.
J. Appl. Physiol. 1986, 60, 2020-2027. [CrossRef]

Voelcker-Rehage, C.; Godde, B.; Staudinger, U.M. Cardiovascular and coordination training differentially
improve cognitive performance and neural processing in older adults. Front. Hum. Neurosci. 2011, 5, 26.
[CrossRef]

Meyer, T.; Lucia, A.; Earnest, C.P; Kindermann, W. A conceptual framework for performance diagnosis and
training prescription from submaximal gas exchange parameters—Theory and application. Int. . Sports Med.
2005, 26, S38-548. [CrossRef]

Prioux, J.; Ramonatxo, M.; Hayot, M.; Mucci, P,; Prefaut, C. Effect of ageing on the ventilatory response and
lactate kinetics during incremental exercise in man. Eur. J. Appl. Physiol. 2000, 81, 100-107. [CrossRef]
Jasper, H.H. The ten-twenty electrode system of the international federation of electroencephalography and
clinical neurophysiology. Electroencephalogr. Clin. Neurophysiol. 1958, 183, 321-375.

Greenhouse, S.W.; Geisser, S. On methods in the analysis of profile data. Psychometrika 1959, 24, 95-112.
[CrossRef]

Luck, S.J. An Introduction to the Event-Related Potential Technique (Cognitive Neuroscience); MIT Press:
Cambridge, MA, USA, 2005.

Kutas, M.; McCarthy, G.; Donchin, E. Augmenting mental chronometry: The P300 as a measure of stimulus
evaluation time. Science 1977, 197, 792-795. [CrossRef] [PubMed]

Grego, F,; Vallier, ] M.; Collardeau, M.; Bermon, S.; Ferrari, P; Candito, M.; Bayer, P.; Magnie, M.N.;
Brisswalter, ]. Effects of long duration exercise on cognitive function, blood glucose, and counterregulatory
hormones in male cyclists. Neurosci. Lett. 2004, 364, 76-80. [CrossRef] [PubMed]

Yagi, Y.; Coburn, K.L.; Estes, K.M.; Arruda, J.E. Effects of aerobic erxercise and gender on visual and auditory
P300, reaction time, and accuracy. Eur. |. Appl. Physiol. 1999, 80, 402-408. [CrossRef] [PubMed]

Dietrich, A.; Audiffren, M. The reticular-activating hypofrontality (RAH) model of acute exercise.
Neurosci. Biobehav. Rev. 2011, 35, 1305-1325. [CrossRef] [PubMed]

Pagliari, R.; Peyrin, L. Norepinephrine release in the rat frontal cortex under treadmill exercise: A study with
microdialysis. J. Appl. Physiol. 1995, 78, 2121-2130. [CrossRef]


http://dx.doi.org/10.3389/fnhum.2015.00156
http://dx.doi.org/10.1155/2017/2631909
http://dx.doi.org/10.1007/s00421-004-1097-2
http://dx.doi.org/10.1111/psyp.12364
http://www.ncbi.nlm.nih.gov/pubmed/25308605
http://dx.doi.org/10.1016/0306-4530(94)90013-2
http://dx.doi.org/10.1038/nrn2298
http://www.ncbi.nlm.nih.gov/pubmed/18094706
http://dx.doi.org/10.1024/1662-9647/a000072
http://dx.doi.org/10.1111/j.1460-9568.2009.07014.x
http://www.ncbi.nlm.nih.gov/pubmed/20092563
http://dx.doi.org/10.1097/HJR.0b013e32832914c8
http://www.ncbi.nlm.nih.gov/pubmed/19440156
http://dx.doi.org/10.1152/jappl.1986.60.6.2020
http://dx.doi.org/10.3389/fnhum.2011.00026
http://dx.doi.org/10.1055/s-2004-830514
http://dx.doi.org/10.1007/PL00013780
http://dx.doi.org/10.1007/BF02289823
http://dx.doi.org/10.1126/science.887923
http://www.ncbi.nlm.nih.gov/pubmed/887923
http://dx.doi.org/10.1016/j.neulet.2004.03.085
http://www.ncbi.nlm.nih.gov/pubmed/15196681
http://dx.doi.org/10.1007/s004210050611
http://www.ncbi.nlm.nih.gov/pubmed/10502073
http://dx.doi.org/10.1016/j.neubiorev.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21315758
http://dx.doi.org/10.1152/jappl.1995.78.6.2121

J. Clin. Med. 2019, 8, 1348 20 of 20

62.

63.

64.

65.

66.

67.

68.

69.

Meeusen, R.; Smolders, 1.; Sarre, S.; de Meirleir, K.; Keizer, H.; Serneels, M.; Ebinger, G.; Michotte, Y.
Endurance training effects on neurotransmitter release in rat striatum: An in vivo microdialysis study.
Acta Physiol. Scand. 1997, 159, 335-341. [CrossRef]

McMorris, T.; Collard, K.; Corbett, J.; Dicks, M.; Swain, J.P. A test of the catecholamines hypothesis for an
acute exercise cognition interaction. Pharmacol. Biochem. Behav. 2008, 89, 106-115. [CrossRef]

Winter, B.; Breitenstein, C.; Mooren, EC.; Voelker, K.; Fobker, M.; Lechtermann, A.; Krueger, K.; Fromme, A.;
Korsukewitz, C.; Floel, A.; et al. High impact running improves learning. Neurobiol. Learn. Mem.
2007, 87,597-609. [CrossRef]

Backman, L.; Ginovart, N.; Dixon, R.A.; Wahlin, T.B.R.; Wahlin, A.; Halldin, C.; Farde, L. Age-related
cognitive deficits mediated by changes in the striatal dopamine system. Am. J. Psychiatry 2000, 157, 635-637.
[CrossRef]

Rieckmann, A.; Karlsson, S.; Karlsson, P.; Brehmer, Y.; Fischer, H.; Farde, L.; Nyberg, L.; Backman, L.
Dopamine D1 receptor associations within and between Dopaminergic pathways in younger and elderly
adults: Links to cognitive performance. Cereb. Cortex 2011, 21, 2023-2032. [CrossRef]

Basso, J.C.; Suzuki, W.A. The Effects of Acute Exercise on Mood, Cognition, Neurophysiology, and
Neurochemical Pathways: A Review. Brain Plast. 2017, 2, 127-152. [CrossRef] [PubMed]

Pogarell, O.; Padberg, F.; Karch, S.; Segmiller, F.; Juckel, G.; Mulert, C.; Hegerl, U.; Tatsch, K.; Koch, W.
Dopaminergic mechanisms of target detection—P300 event related potential and striatal dopamine.
Psychiatry Res. Neuroimaging 2011, 194, 212-218. [CrossRef] [PubMed]

Finkenzeller, T.; Doppelmayr, M.; Wiirth, S.; Amesberger, G. Impact of maximal physical exertion
on interference control and electrocortical activity in well-trained persons. Eur. ]. Appl. Physiol.
2018, 118, 2509-2521. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1046/j.1365-201X.1997.00118.x
http://dx.doi.org/10.1016/j.pbb.2007.11.007
http://dx.doi.org/10.1016/j.nlm.2006.11.003
http://dx.doi.org/10.1176/ajp.157.4.635
http://dx.doi.org/10.1093/cercor/bhq266
http://dx.doi.org/10.3233/BPL-160040
http://www.ncbi.nlm.nih.gov/pubmed/29765853
http://dx.doi.org/10.1016/j.pscychresns.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/22104371
http://dx.doi.org/10.1007/s00421-018-3977-x
http://www.ncbi.nlm.nih.gov/pubmed/30167959
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Stimuli and Experimental Design (Flanker Task) 
	Cardiorespiratory Fitness Assessment 
	Exercise Intervention 
	EEG Data Acquisition and Analyses 
	Testing Procedure 
	Statistics 

	Results 
	Behavioral Data 
	ERP Data: N2 
	ERP Data: P3 

	Discussion 
	Conclusions 
	References

