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Abstract

Increasing evidence supports the use of physical activity for modifying brain

activity and overall neurological health. Specifically, aerobic exercise appears

to have a positive effect on cognitive function, which some have suggested to

be a result of increasing levels of arousal. However, the role of aerobic exercise

on movement-related cortical activity is less clear. We tested the hypothesis

that (1) an acute bout of exercise modulates excitability within motor areas

and (2) transient effects would be sustained as long as sympathetic drive

remained elevated (indicated by heart rate). In experiment 1, participants per-

formed unimanual self-paced wrist extension movements before and after a

20-min, moderate intensity aerobic exercise intervention on a recumbent cycle

ergometer. After the cessation of exercise, Bereitschaftspotentials (BP), repre-

sentative cortical markers for motor preparation, were recorded immediately

postexercise (Post) and following a return to baseline heart rate (Post[Rest]).

Electroencephalography (EEG) was used to measure the BP time-locked to

onset of muscle activity and separated into three main components: early, late

and reafferent potentials. In experiment 2, two additional time points postex-

ercise were added to the original protocol following the Post[Rest] condition.

Early BP but not late BP was influenced by aerobic exercise, evidenced by an

earlier onset, indicative of a regionally selective effect across BP generators.

Moreover, this effect was sustained for up to an hour following exercise cessa-

tion and this effect was following a return to baseline heart rate. These data

demonstrate that acute aerobic exercise may alter and possibly enhance the

cortical substrates required for the preparation of movement.

Introduction

An increasing amount of evidence supports the use of

physical activity for modifying brain activity (Hillman

et al. 2008). Even single bouts of aerobic exercise have

been shown to improve later sensory cortical processing

across the lifespan (Hillman et al. 2003, 2009). Some

attributed these modulations to changes in arousal

(Kamijo et al. 2004a; Lambourne and Tomporowski

2010). The arousal hypothesis is based on findings that

aerobic exercise facilitates an increase in release of brain

neurotransmitters (Chaouloff 1989) resulting in an

enhanced physiological readiness to respond (Sanders

1983). This is also thought to translate behaviorally to

improvements in the speed of response during a choice

speeded reaction task (McMorris et al. 2011). A speeded

reaction task requires cortical processes including stimu-

lus detection, stimulus evaluation, motor preparation and

execution.

Current literature has primarily focused on characteriz-

ing the influence of aerobic exercise on executive control

processes (Hillman et al. 2003). The event-related

potential (ERP) P300 or P3 has been employed to probe

cortical processes underlying the categorization and

evaluation of a stimulus (Kutas et al. 1977; Polich and

Kok 1995). However, results regarding aerobic exercise on
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the P300 and response times contradict, with some stud-

ies displaying quicker response times and no change in

P300. This discrepancy in the literature is often attributed

to variations in methodology such as exercise protocol

and participant characteristics (Stroth et al. 2009; Chang

et al. 2012). The possibility exists that other cortical con-

tributions such as the motor preparatory and primary

motor areas could be responsible for the variations

between response times and P300 morphology following

aerobic exercise. Although there is an abundance of stud-

ies characterizing the P300 morphology following aerobic

exercise (Hillman et al. 2003; Kamijo et al. 2004b; Audif-

fren et al. 2009; Stroth et al. 2009), there has been little

investigation of the influence of aerobic exercise on

motor-related cortical events. Reports using the contin-

gent negative variation (CNV), an ERP that contains both

cognitive and motor generators (Loveless and Sanford

1974; Vidal et al. 1995; Brunia and van Boxtel 2001) sup-

ports an enhancement of amplitude following an acute

bout of differential intensity aerobic exercise on motor

preparatory cortical regions (Kamijo et al. 2004a).

Since its discovery nearly 50 years ago by Kornhuber

and Deecke (Kornhuber and Deecke 1965), the internally

generated Bereitschaftspotential (BP) has been used as a

marker for assessing many different neurological pro-

cesses including motor preparation and execution. The

BP is a movement-related potential synonymous with the

readiness potential that supersedes motor production by

approximately 1500 ms. The BP is commonly broken

down into two main components, early and late BP.

They are often distinguished by their characteristic

change in slopes (occurring around 500 ms prior to

movement) and named for their sequential distribution

(Vaughan et al. 1968; Shibasaki and Hallett 2006;

Colebatch 2007). The early BP has traditionally been

associated with the activity of the supplementary motor

area (SMA), and represents early motor planning and

selection (Shibasaki and Hallett 2006). The late BP is

associated with activity in both the SMA and the

primary motor cortex and is representative of a shift

from early movement preparation (SMA activity) to

motor production (M1 activity) (Ikeda et al. 1992; Cui

et al. 1999). Finally, the terminal region (~100 ms) of

the late BP is known as the motor potential (MP) and is

generated within the contralateral M1 to the moving

limb. The latency and morphology of these potentials is

heavily weighted on the attributes of the movement

itself, with force, velocity and precision of movement

influencing both BP components differently (Colebatch

2007). The current study investigated the influence of an

acute bout of moderately intense aerobic exercise on the

cortical networks involved in motor preparation and

execution, measured by the BP.

There were two primary objectives of this experiment.

In the first experiment, we investigated whether an acute

bout of moderate intensity aerobic exercise modulates

cortical excitability associated with the preparation of

movement. Aerobic exercise enhances autonomic sympa-

thetic drive which centrally appears as changes in central

nervous system (CNS) arousal (enhanced neurotransmit-

ter release and readiness to respond) and peripherally as

changes in heart rate. Therefore, we hypothesized that

movement-related cortical excitability would be tran-

siently enhanced following aerobic exercise, manifested as

changes to early BP onset and late BP amplitude immedi-

ately after a single session of exercise returning to pre-

exercising levels after heart rate had returned to baseline.

Experiment 1 determined that acute aerobic exercise

altered the morphology of early but not late BP and that

this effect was maximal following the return of heart rate

to baseline. Further investigation in Experiment 2 sought

to characterize the transience of the aerobic exercise effect

on early BP. In addition, peripheral nerve stimulation to

the median nerve was used to elicit the short-latency

somatosensory evoked potential N30 in an effort to deter-

mine the generalizability of this effect within motor pre-

paratory regions (Fig. 1). It was hypothesized that the

aerobic exercise effect on early BP would progressively

decay within 30 min following a return of heart rate to

baseline. Moreover, we hypothesized that acute aerobic

exercise would enhance N30 amplitude and that this

effect would be comparable in both magnitude and tran-

sience to that of the early BP.

Materials and Methods

Participants

A total of 22 healthy volunteers were tested in two experi-

ments: 11 subjects (six males, five females; average age

[�SE] 27.09 years � 4.7) participated in experiment 1

and 11 (six males, five females; average age (�SE)

24.72 � 3.5 years) in experiment 2, with no repeated par-

ticipants. Subjects were required to be eligible for exercise

according to the Physical Activity Readiness Question-

naire (PAR-Q) and able to perform an acute bout of aer-

obic exercise on a recumbent cycle ergometer. In

addition, individuals could not be receiving treatment

(and have no history of being treated) for a major neuro-

logical illness or event such as seizures/concussion. In

experiment 2, participants also completed the Interna-

tional Physical Activities Questionnaire (IPAQ). Experi-

ment 2 participants were characterized by a healthy body

mass index range (Mean BMI: Male [26.0 � 3.6 kg/m2],

Female [23.5 � 2.1 kg/m2]), and IPAQ classification as

highly active (Mean IPAQ score: Male [4325.9], Female
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[4792.9]). Experimental procedures were approved by the

Office of Research Ethics at the University of Waterloo.

All subjects gave their informed consent to participate

and were paid a nominal fee for their participation in the

study.

Exercise

Participants performed a 2 min self-paced warm-up fol-

lowed by a 20-min bout of exercise at 70% of age-pre-

dicted maximum heart rate (i.e., maximum heart

rate = 220 – age) on a recumbent cycle ergometer. The

exercise protocol required the use of the lower limbs, with

hands resting on the handle bars in an effort to remove

confounding or fatiguing factors that have been previ-

ously shown to alter BP morphology (Dirnberger et al.

2004). The duration and intensity of exercise was selected

to be similar to studies that have shown modulations in

other neuroelectric indices (Tomporowski 2003; Hillman

et al. 2009; Kamijo et al. 2009) and met the minimum

criteria by the Canadian Society for Exercise Physiology

in their Canadian Physical Activity Guidelines (Tremblay

et al. 2011).

Participants resting heart rate was measured using a

wristwatch-to-chest monitor (Polar Electro; Kempele, Fin-

land) and taken prior to, during and immediately after

exercise. Heart rate was assessed as a proxy for arousal

after exercise. After completing the second motor task

block (immediately after exercise), subjects were given a

resting period where their heart rate was monitored con-

tinually every 3 min until it had returned to within a pre-

determined three beats relative to pre-exercising values.

Once subjects were deemed to have returned to a resting

state, the Post(Rest) testing block commenced, on average

this occurred 40.9 � 10.5 min (Experiment 2) after exer-

cise cessation (see Fig. 2).

In order to reduce the possibility that self-monitoring

could have on BP manipulation, the exercise intensity

monitoring procedures were slightly altered between

experiments 1 and 2. In experiment 1, the participant

maintained their target heart rate by self-adjusting their

cadence at a constant load. In experiment 2, participants

maintained constant cadence of 60 revolutions per minute

and the workload was adjusted during exercise to main-

tain target heart rate.

Motor task

All motor testing was completed in a sound proof booth

with participants seated in a desk chair with elbow and

forearm of both arms resting on a tabletop. Participants

were then instructed to perform a ballistic wrist extension

with their right hand, under their own pace every 3–6 sec

continuously for 8 min while avoiding counting. To

ensure consistency between movements, participants’

hands grasped a mobile handle that was fixed to the table

Figure 1. Displays the time course of events for experiment 1 and 2 protocols. The five time measures surrounding exercise are represented as

Pre, Post, Post, Post(Rest1), Post(Rest2) and Post(Rest3). Each time measure is broken into BP blocks representing 8 min collection times and

N30 blocks represent 5 min. Exercise time depicted by a dotted line represents 20 min of exercise plus a warm up. The Rest1 condition was on

average 40 min (40.9 � 10.4 min, n = 23). Experiment 2 contains both Rest2 and Rest3 which are both 15 min in duration. The primary

difference between experiments 1 and 2 was the inclusion of N30 (shown in experiment 1 as not applicable [N/A]) and Post Rest2 and Post

Rest3 time measures.

Figure 2. Heart rate data (n = 23) in beats per minute (bpm) at all

time points taken with error bars depicting standard deviation.

Group average heart rates at time of rest (63.5 � 8.13 bpm),

targeted exercise (136.3 � 3.1 bpm), actual exercising

(135.5 � 9.5 bpm), immediately post exercise (108.8 � 20 bpm),

and following Rest1 heart rates (66.1 � 7.4 bpm) are displayed.

Actual exercising heart rate is the grand average of each

individual’s average of 5 measures taken every 4 min during

exercise.
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and allowed for complete range of motion. Following

every brisk movement, subjects were told to return to a

neutral hand position before beginning the next move-

ment.

Transcutaneous electrical nerve stimulation

In addition to the experiment 1 protocol, experiment 2

also involved electrical stimulation of the median nerve at

the right wrist in order to evoke the N30 somatosensory

evoked potential. The nerve electrodes were placed on the

anterior surface of the wrist approximately 2 cm laterally

from the midline and then readjusted until a visible

thumb twitch was detected during initial EEG and EMG

set-up. Threshold voltages were detected manually by

slowly increasing stimulus voltage until a visible motor

twitch was elicited within the thumb. Threshold was

determined as the lowest voltage that produced a muscle

twitch. Testing stimuli consisted of 1.29 the determined

threshold stimulus. The stimulus characteristics consisted

of a 0.5 ms square wave electrical pulse, with a 0.75 sec

inter stimulus interval. Stimulation pulses were delivered

using a stimulator (Grass SD-9, West Warwick, RI) con-

trolled by a custom National Instruments LabVIEWTM

(Austin, TX) program. Following each movement task

testing block, participants were instructed to keep their

hand strapped within the apparatus, resting at the neutral

position for the duration of the stimulation block. Each

median nerve stimulation block lasted 300 sec and con-

sisted of 120 stimulations; providing an adequate amount

of data for artifact-free single trial averaging. In total, five

blocks of median nerve stimulation were conducted fol-

lowing each BP test block. N30 ERP data were produced

by separating epochs of the continuous EEG profile

between �100 ms prior to and 500 ms post stimulation.

EMG and EEG recording procedures

Surface electromyography was recorded from the right

extensor carpi radialis (ECR) muscle using bipolar elec-

trodes placed in close proximity and oriented longitudi-

nally over the muscular belly in both experiments. Before

application of the electrodes the skin was first abraded

using an exfoliating gel and rubbing alcohol. EMG was

continuously collected at an amplification of 10009 and

digitized at sampling rates coinciding to the sample rates

of EEG data.

Scalp EEG was recorded from nine channels (FC3, FCz,

FC4, C3, Cz, C4, CAP, CPz, CP4) as well as electroocu-

lography (EOG) at the frontal orbital (EOGu, EOGl) sites

for measurement of blink artifact. These electrodes were

placed using a cap containing 64 electrode sites in accor-

dance with the international 10–20 system (Quick-Cap,

Neuroscan, Compumedics, Charlotte, NC). The skin

above and below the left eye, and behind the ears was

cleaned with exfoliating gel and rubbing alcohol to place

electrodes for EOG and mastoid references, respectively.

The electrode cap was actively referenced for collection

and then rereferenced to linked mastoid electrodes during

analysis. All electrodes (EOG, EEG and mastoids) were

filled with conductive gel and all channels had imped-

ances of 5 kΩ or less. EEG was amplified 20,0009 and

digitized at a sampling rate of 500 Hz for experiment 1

and 1000 Hz (Synamps2, NeuroScan 4.5, Compumedics)

for experiment 2 before exporting for post-analysis. All

post processing of data was done using either Neuro-

scan© (Compumedics) or LabVIEW (National Instru-

ments Corporation).

Data analysis

Movement-related cortical potentials

EEG epochs were extracted to onset of muscular contrac-

tion as determined visually by a definitive increase in slope

followed by muscular burst in EMG recordings. Epoch

intervals included �2000 ms prior and 500 ms post muscle

onset. Epochs with contamination (i.e., blink or movement

artifact) were identified through visual inspection and

removed. Individual artifact-free epoch data were averaged

(~100 epochs/participant/time point) for each subject and

group averaged within each condition. Individual BP aver-

ages were resolved into four separate components; of pri-

mary interest were the early and late BPs while secondary

measures included motor potential and reafferent poten-

tials (RAP), all of which were recorded from fronto-central

(FCz) and central electrode sites (Cz). Early BP onset

required a low-pass filter of 5 Hz conducted on individual

BP averages. The first 200 ms of the epoch was averaged

and used as a baseline. BP onset was determined as the

point at which the negativity exceeded 2 standard devia-

tions from the baseline criterion. In order to evaluate Late

BP slope, data were band pass filtered between 0.1–30 Hz.

Late BP slope was determined by evaluating the slope of

the EEG tracing for a time window of 500 ms prior to

EMG onset. Using the same filtered data, motor potential

was established by evaluating the peak to peak difference

between the absolute negative peak (time window: �50 to

150 ms) and the amplitude at 150 ms prior. Finally reaffer-

ent potential amplitude was determined to be the peak to

peak difference between the absolute negative peak (time

window: �50 to 150 ms) and the greatest positive ampli-

tude in the 400 ms following the absolute negative peak.

Analysis was conducted using either a custom Neuroscan©
(Compumedics) and LabVIEWTM (National Instruments

Corporation) program.
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Short latency somatosensory evoked potentials

Frontal N30 data were partitioned into epochs and time-

locked to the median nerve stimuli. Epoch intervals con-

sisted of �100 ms prestimulus baseline followed by

500 ms post stimulus onset and were extracted from Cz

and FCz electrode sites. Individual epochs were visually

inspected and those containing blink artifacts were

removed. Artifact-free data were then averaged

(~100 epochs/participant/timepoint) and N30 peak data

analysis was conducted using two different methods. Peak

N30 was defined as the most negative amplitude during a

time window between 25 and 35 ms in relation to a pres-

timulation baseline. N30 amplitude was determined as the

peak–peak difference between the N30 (25–35 ms) and

the preceding positive P20 (18–22 ms) component.

Electromyography

Raw EMG data were separated into epochs from 100 ms

prior to visually detected onset to 500 ms post onset,

band-pass filtered between 20 and 500 Hz (to remove

nonbiological noise), baseline-corrected and full-wave

rectified EMG antialiased data. Two measures of EMG

amplitude were extracted: first the area under the curve

was determined for the first 200 ms and second, a low-

pass filter (6 Hz) was applied to the full-wave rectified

data in an effort to smooth data to extract absolute

EMG peak amplitude. Both of these amplitudes were

obtained from each epoch and then averaged for each

participant for each time condition. In addition, time

between each movement, termed the inter movement

interval, was extracted from the continuous dataset for

each participant, for each time condition, and then aver-

aged.

Statistical analysis

All data were statistically analyzed using one way repeated

measures ANOVA with time relative to exercise as the

factor. Since experiments 1 and 2 only differed by

removal of self-monitoring cycle cadence and 2 additional

time measures in experiment 2, a mixed two-way ANO-

VA was conducted with the first three time measures

(Pre, Post, Post(Rest)) with time and exercise condition

(self-monitoring vs. fixed cadence) as factors. Planned

contrasts to test the hypothesis of the transient nature of

the aerobic exercise modulation on early BP were com-

pleted. Post hoc analyses were performed with the Tukey

correction method to investigate differences between time

points for any of the other specific components. A t-test

was used to compare the difference of actual to target

exercise heart rate between the two experiments.

Results

Experiment 1

Bereitschaftspotential

All subjects (n = 11) presented with a similar BP mor-

phology prior to movement onset. After elimination of

contaminated epochs, approximately 100 epochs per sub-

ject per condition were included in the analysis. The

greatest absolute BP peak was maximal over the vertex

(Cz) for all time points (Cz Mean � standard error: Pre;

�8.59 lV � 3.38, Post; �9.31 lV � 2.15, Post(Rest);

�13.38 lV � 4.63). There was no main effect of exercise

over time on either absolute peak amplitude (P = 0.779)

or peak latency (P = 0.201).

There was a significant effect of time relative to exercise

on the early BP onset latency at the Cz electrode

(F2,10 = 8.658, P = 0.002). However, planned contrasts

revealed significant differences in the early BP onset only

between Pre and Post(Rest) (F1,10 = 17.062, P = 0.002)

and not between Pre and Post conditions (F1,10 = 2.972,

P = 0.115), depicted in Figure 3. Further analyses regard-

ing late BP slope and amplitude of the RAP revealed no

significant main effect of time relative to exercise

(P = 0.666 and 0.178, respectively).

Electromyography

The EMG data revealed no significant differences across

time conditions for the ECR absolute peak amplitude

(P = 0.113), suggesting that ECR activity was similar

Experiment 1

Figure 3. Grand average BP tracings (n = 11, ~100 epochs/subject)

prior to movement onset (t = 0) of Pre, Post, and Post(Rest) time

conditions following aerobic exercise at the Cz electrode. Data are

baseline corrected (�2000 to �1800), band pass filtered (0.1–

30 Hz), and arrows indicate group average early BP onsets (Pre:

�1448 ms, Post: �1563 ms, Post(Rest): �1696 ms).
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across the time conditions. Furthermore, intermovement

intervals were not significantly altered across differing

time conditions (P = 0.770), indicative that participants

were able to maintain similar pace during each testing

block. Finally an analysis of the ballistic nature of move-

ment revealed nonsignificant differences between time

conditions for the area under the curve of the first

200 ms of EMG activity (P = 0.701). Overall these data

suggest that participants did not alter their movement

behavior between trials.

Experiment 2

Bereitschaftspotential

All subjects included in analysis (n = 11) presented with

similar BP morphology occurring prior to EMG onset,

except three individuals who presented with no early BP

while all other BP characteristics including late and reaf-

ferent BP components remained intact. For the purpose

of analysis these three subjects were removed from early

BP onset evaluation but remain in late BP analysis. Fol-

lowing postanalysis blink removal, an average of 120

epochs per subject per time condition contributed to

individual averages. Motor potential was maximal over

central electrode sites (Fig. 4).

A one way repeated measures ANOVA revealed a

main effect of time following aerobic exercise on early

BP (F4,7 = 3.370, P = 0.023), appeared as alterations in

earlier onsets. A priori contrasts confirmed results from

the first experiment in that no changes occurred imme-

diately after exercise cessation (Post) compared to the

pre-condition (F1,7 = 2.899, P = 0.132). However, signifi-

cant differences were observed when heart rate returned

to baseline at Post(Rest1) (F1,7 = 46.597, P = 0.00001).

Post hoc Tukey test revealed this effect was sustained

for up to an additional 15 min in Post(Rest2)

(P = 0.0152) with the effect not reaching significance at

the Post(Rest3) (P = 0.1318) time condition.

In further analysis of experiment 2 data, there were no

significant differences over time (Pre to Post(Rest3) in BP

slope (P = 0.290), motor potential amplitude (P = 0.884)

or latency (P = 0.351) at the Cz electrode site. However,

there was a significant main effect of time on RAP ampli-

tude (F4,9 = 2.722, P = 0.045) but not on latency

(P = 0.615). Tukey’s test revealed no significant differ-

ences (P > 0.05) on motor evoked sensory information

between RAP amplitude sustained over all post exercise

time measures compared to Pre.

A mixed two-way ANOVA, with time and exercise con-

dition as factors, confirmed no significant differences

between experiment 1 and 2 exercising protocols

(P = 0.442). In addition exercise heart rates between both

experiments were analyzed as an absolute difference in

subject target exercise and exercise actual heart rate with

no significant differences between exercise 1

(7.29 � 2.19 bpm) and exercise 2 (6.28 � 1.41 bpm)

(t21 = 0.332, P = 0.74). The nondifference in exercising

heart rate between experiments is indicative that the dif-

ferent exercise protocols yielded a similar exercise dose.

When early BP data between experiment 1 and 2 were

combined for time points up to Post(Rest1), a main effect

of exercise over time occurred. Differences occurred both

immediately after exercise (Post condition) (F1,19 = 5.245,

P = 0.034) and at the Post(Rest1) condition

(F1,19 = 45.214, P = 0.0001) (Fig. 5).

Further combined analysis affirmed experiment 1

results with no observed main effect of time on late BP

slope (P = 0.676), motor potential amplitude (P = 0.738),

or RAP amplitude (P = 0.430) at the Cz electrode site.
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Short latency somatosensory evoked potentials

All participants (n = 11) had a positive P20 and nega-

tive N30 peaking over fronto-central (FCz, and Cz) elec-

trode sites. A one way repeated measures ANOVA

revealed no main effect of time in absolute peak N30

amplitude at Cz (P = 0.252) or FCz (P = 0.359) elec-

trode sites. Further peak to peak analysis between N30

and P20 presented no main effect of time on N30

amplitude at FCz (P = 0.293) or Cz (P = 0.092) follow-

ing aerobic exercise.

Electromyography

There were no significant differences between conditions

for the ECR absolute peak amplitude (P = 0.112; Mean:

Pre = 0.303 mV � 0.03, Post = 0.236 mV � 0.03, Post

(Rest1) = 0.231 mV � 0.02, Post(Rest2) = 0.243 � 0.03,

Post(Rest3) = 0.235 � 0.03). Furthermore, intermove-

ment intervals were not significantly altered across differing

time conditions (P = 0.123; Mean: Pre = 4.15 sec � 0.35,

Post = 3.85 sec � 0.36, Post(Rest) = 4.31 sec � 0.29,

Post(Rest2) = 4.10 sec � 0.28, Post(Rest3) = 3.93 sec �
0.28). Finally, there were no significant differences between

time conditions for the area under the curve of the first

200 ms of EMG activity (P = 0.091; Mean: Pre = 35.89 �
3.02, Post = 26.25 � 2.71, Post(Rest) = 25.39 � 3.00,

Post(Rest2) = 26.01 � 4.43, Post(Rest3) = 26.0794 � 5.12).

These data suggest, like experiment 1, that EMG and move-

ment characteristics were similar across different times rela-

tive to exercise.

Discussion

To our knowledge, the current study is the first to show

that a 20 min bout of aerobic exercise at a moderate

intensity (70% age-predicted maximum heart rate) on a

recumbent cycle ergometer alters early motor cortical pro-

cessing. In support of our initial hypothesis, an acute

bout of aerobic exercise was sufficient to elicit a change

in cortical activity during a motor task immediately after

aerobic exercise that remained elevated for roughly an

hour following exercise cessation.

Our results are in line with previous findings evaluating

acute aerobic exercise and other EEG recordings such as

the CNV (Kamijo et al. 2004a), frontal asymmetry (Pet-

ruzzello and Tate 1997) and P300 (Hillman et al. 2003;

Kamijo et al. 2004b, 2009; O’Leary et al. 2011), which

found changes in ERP immediately following aerobic

exercise. However, our investigations regarding the tem-

poral nature of this effect on EEG recordings are less

common. To our knowledge only one other investigation

by Joyce et al. (2009) revealed beneficial effects of an

acute bout of moderate aerobic exercise on response exe-

cution and inhibition sustained for up to 52 min after

exercise cessation. The temporality of our results was

more closely related with this study in that the EEG

changes lasted at least an hour following exercise

cessation.

The neural mechanisms driving the cortical changes

postexercise are still unclear. Recent meta-analytical mod-

els have attempted to provide a foundation for neural

mechanisms behind the influence aerobic exercise has on

cognitive markers (McMorris and Hale 2012). An emerg-

ing model known as the Reticular Activating Hypofrontal-

ity (RAH) model, developed by Dietrich and Audiffren

(Dietrich and Audiffren 2011) aims to explain the

combination and synergistic role aerobic exercise has on

enhancing arousal and decreasing conflicting cognitive

pathways. Aerobic exercise by nature increases the cogni-

tive load on the CNS requiring a reallocation of resources

for implicit information processing. Due to this, higher

order functions of the prefrontal cortex disengage not

only as a result of resource limitation but in an effort to
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Figure 5. (A) Early BP onset (n = 20) represented as time (ms) prior to EMG initiation. Significant differences as depicted by *between Pre

versus Post (P < 0.05) and Pre versus Post(Rest) (P < 0.01). (B) Late BP slope (n = 22) in lV/ms revealed no significant differences across time
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minimize the conflict they may have on implicit process-

ing. However, one major limitation to this model is that

it is designed to explain the effects during or immediately

following aerobic exercise and not sometime after exercise

cessation. The current study utilized heart rate as a surro-

gate for CNS arousal. Resting heart rate fluctuations have

been shown to be related to changes in functional con-

nectivity within cortical and subcortical structures that

have previously been shown to mediate arousal (Chang

et al. 2014). Generally speaking, exercise enhances the

sympathetic nervous system output (sympathetic drive) in

an effort to maintain the demands of the exercise (Chris-

tensen and Galbo 1983). This alteration in sympathetic

drive manifests peripherally as changes in HR and cen-

trally as changes in CNS arousal (Porges 2003). Further

support suggests that aerobic exercise has a direct influ-

ence on the reticular activating process by direct connec-

tions between brainstem areas that control heart rate and

respiration (Fowles 1980; Porges 2003). In the current

study, we used increasing heart rate as a measure of

increased sympathetic drive in an effort to indirectly mea-

sure central arousal following aerobic exercise and found

that cortical changes lasted long after heart rate returned

to baseline. Therefore, it is possible that arousal may be

contributing to the immediate modulations in early BP

morphology but cannot be considered the sole contribu-

tor to this effect as it is inadequate to explain the tempo-

ral nature of these adaptations.

A more reasonable substitute to explain current BP

adaptations (selective to early BP) may be that particular

cortical networks respond more favorably to exercise. Pre-

vious work has shown that both early and late BP compo-

nents are differentially sensitive to pharmacological

manipulation, where acute administration of dopaminer-

gic medication enhances early BP morphology with no

change to late BP (Dick et al. 1987). Further research

involving healthy animal models lends additional support

for this hypothesis; showing increases in dopamine and

neurotransmitter synthesis and release within basal gan-

glia networks during an acute bout of exercise (Kinder-

mann et al. 1982; Chaouloff 1989; Meeusen and De

Meirleir 1995), reaching maximal concentration 40–
60 min into recovery (Hattori et al. 1994). Taken

together these studies may suggest that exercise, as is the

case with pharmacological manipulation, selectively alters

the neurotransmission within the basal ganglia – SMA

network manifesting as enhanced cortical excitability

depicted in morphological changes in early BP.

Bereitschaftspotential

Results from both experiment 1 and 2 suggest that early

and not late component BP is influenced by a moderately

intense acute bout of aerobic exercise. Upon inspection of

the combined means the exercise-induced influence on

early BP appears to be a graded response, rising immedi-

ately after exercise, peaking when heart rate returns to

baseline, and slowly degrading. Interestingly, the effect of

the exercise appears to be selective in altering only the

early component, with no significant modulations devel-

oping in late BP slope, motor potential or RAP. In con-

trast, previous reports have shown that early BP can be

selectively modulated when level of intention, preparatory

state, force and selection of movement, and when learning

paradigms are employed (Shibasaki and Hallett 2006). As

the current task did not involve a learning paradigm or

changes in movement characteristics, a more reasonable

explanation for these changes may be that exercise alters

the participant’s preparatory state or intent to move. One

method previously employed to test preparatory state has

been to use a split attention task, where participants are

to perform a cognitive task following each movement

(VaezMousavi and Barry 1993). VaezMousavi and Barry’s

(1993) findings supported a possible role for attentional

resources during early BP development. As previous stud-

ies using exercise have been shown to enhance P300 and

CNV amplitude (scalp recorded potentials reflective of

attentional resources), it seems logical that a similar

mechanism could explain the current findings. To the

contrary our study is the first to show a main effect of

time on RAP amplitude following aerobic exercise, even

though this effect only occurred in experiment 2. How-

ever, Tukey’s post hoc analysis revealed no significant dif-

ferences between pre and any post time measure. Since

RAP is thought to represent reafferent limb information

following movement production (B€otzel et al. 1997),

these findings may provide evidence for possible modula-

tion within primary somatosensory cortices. The current

data are insufficient to clearly decipher the role aerobic

exercise has on S1 and therefore any attempt to draw

conclusions from these data would be merely speculative.

That being said the current study warrants further investi-

gation of the role aerobic exercise may have on modulat-

ing the somatosensory system.

Short latency SEP

In addition to the BP in study 2, the short latency

somatosensory evoked potential, the N30 was analyzed.

Based on results from experiment 1 that early but not late

BP was altered, it was hypothesized that another scalp

recorded potential with similar cortical generators would

provide further insights. The cortical generator of the

N30 component still remains subject to debate, although

the SMA likely contributes to it (Barba et al. 2005; Legon

et al. 2013). What is agreed upon is that the N30 is
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clearly influenced by motor behavior (Legon et al. 2010),

and is influenced in some pathological states similar to

that of the BP (Gironell et al. 2002). Based on the

assumption that the N30 and BP share similar generators,

we would expect to see a modulation of N30 amplitude

similar to that of the BP. Contrary to the original hypoth-

esis; the current data suggest that an acute session of aer-

obic exercise may influence incoming movement afferent

information differently than outgoing motor information.

Although the modulations to N30 did not reach signifi-

cance, further investigations should examine the possible

effect of aerobic exercise on somatosensory evoked

potentials.

Strengths & limitations

It is well accepted within the literature that BP measures

are sensitive to changes in movement profiles (See review

Shibasaki and Hallett 2006). In the current study subjects

were requested to produce a ballistic wrist extension of

similar magnitude and direction. Our profiling of EMG

amplitude, pace, and ballistic nature in all subjects

reported no significant differences over time through the

entirety of the testing blocks. This supports that changes

seen to early BP are not related to alterations in move-

ment characteristics between the separated measurements.

In addition to the fundamental process underlying the

movement, characteristics of the sample population must

be considered. Emerging evidence supports the role for

participant fitness in altering basal levels of neuroelectric

indices (Kamijo et al. 2010). Based on the data gained

from the IPAQ scores, it was determined that our partici-

pants were classified as highly active (with the exception

of two participants) which in turn could relate to their

individual fitness. Although the influence fitness has on

BP morphology was not of primary hypothesis in this

study, these data may suggest a future research direction.

Finally, due to the limitations that the BP is detected

using scalp recordings, it is possible that the BP was not

sensitive enough to determine subtle changes in motor

execution areas such as M1. However, some reports using

transcranial magnetic stimulation, a more sensitive mar-

ker of motor corticospinal output, have suggested modu-

lations within M1 following acute aerobic exercise

(Yamaguchi et al. 2012; Singh et al. 2014; Smith et al.

2014).

Future considerations

With regard to premovement BP morphology, previous

reports in PD show the early BP to be greatly attenuated

or nonexistent while the later BP component remains

unchanged or is larger than normal (Dick et al. 1989).

However, to date, no known study exists using aerobic

exercise, PD, and the BP. Recent support has shown that,

in combination with regular PD medication (Bergen et al.

2002) and when medication is removed (M€uller and

Muhlack 2010), aerobic exercise not only improves

cardiovascular function but also alleviates common

symptoms of akinesia and bradykinesia when compared

to age- and behavior-matched controls. One interesting

venue for exploration is whether aerobic exercise is able

to recapture early BP in PD patients.

Conclusion

An acute bout of moderately intense aerobic exercise was

associated with selective changes to early motor-related

cortical output. These effects lasted over an hour after the

cessation of exercise. This study provides further support

that aerobic exercise influences not only the cognitive but

the motor preparatory components of movement. These

results although conducted in healthy controls, may

provide a further avenue of exploration in patient

populations such as those suffering from PD.

Conflict of Interest

None declared.

References

Audiffren, M., P. D. Tomporowski, and J. Zagrodnik. 2009.

Acute aerobic exercise and information processing:

modulation of executive control in a Random Number

Generation task. Acta Psychol. (Amst) 132:85–

95.

Barba, C., M. Valeriani, G. Colicchio, and F. Maugui�ere. 2005.

Short and middle-latency Median Nerve (MN) SEPs

recorded by depth electrodes in human pre-SMA and

SMA-proper. Clin. Neurophysiol. 116:2664–2674.

Bergen, J. L., T. Toole, R. G. Elliott, B. Wallace, K. Robinson,

and C. G. Maitland. 2002. Aerobic exercise intervention

improves aerobic capacity and movement initiation in

Parkinson’s disease patients. NeuroRehabilitation 17:161–168.

B€otzel, K., C. Ecker, and S. Schulze. 1997. Topography and

dipole analysis of reafferent electrical brain activity following

the Bereitschaftspotential. Exp. Brain Res. 114:352–361.

Brunia, C. H., and G. J. van Boxtel. 2001. Wait and see. Int. J.

Psychophysiol. 43:59–75.

Chang, Y. K., J. D. Labban, J. I. Gapin, and J. L. Etnier. 2012.

The effects of acute exercise on cognitive performance: a

meta-analysis. Brain Res. 1453:87–101.

Chang, C., C. D. Metzger, G. H. Glover, J. H. Duyn, and H.

Heinze. 2014. Association between heart rate variability and

fluctuations in resting-state functional connectivity.

Neuroimage 68:93–104.

ª 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2014 | Vol. 2 | Iss. 10 | e12178
Page 9

J. S. Thacker et al. Acute Aerobic Exercise



Chaouloff, F.. 1989. Physical exercise and brain monoamines: a

review. Acta Physiol. Scand. 137:1–13.

Christensen, N. J., and H. Galbo. 1983. Sympathetic nervous

activity during exercise. Annu. Rev. Physiol. 45:139–153.

Colebatch, J. G. 2007. Bereitschaftspotential and

movement-related potentials: origin, significance, and

application in disorders of human movement. Mov. Disord.

22:601–610.

Cui, R. Q., D. Huter, W. Lang, and L. Deecke. 1999.

Neuroimage of voluntary movement: topography of the

Bereitschaftspotential, a 64-channel DC current source

density study. Neuroimage 9:124–134.

Dick, J. P. R., R. Cantello, O. Buruma, M. Gioux, R. Benecke,

B. L. Day, et al. 1987. The Bereitschaftspotential, L-DOPA

and Parkinson’s disease. Electroencephalogr. Clin.

Neurophysiol. 66:263–274.

Dick, J., J. C. Rothwell, B. L. Day, R. Cantello, O. Buruma,

M. Gioux, et al. 1989. The Bereitschaftspotential is

abnormal in Parkinson’s disease. Brain 112:233–244.

Dietrich, A., and M. Audiffren. 2011. The reticular-activating

hypofrontality (RAH) model of acute exercise. Neurosci.

Biobehav. Rev. 35:1305–1325.

Dirnberger, G., C. Duregger, E. Trettler, G. Lindinger, and W.

Lang. 2004. Fatigue in a simple repetitive motor task: a

combined electrophysiological and neuropsychological study.

Brain Res. 1028:26–30.

Fowles, D. C. 1980. The three arousal model: implications of

Gray’s two-factor learning theory for heart rate,

electrodermal activity, and psychopathy. Psychophysiology

17:87–104.

Gironell, A., A. Rodriguez-Fornells, J. Kulisevsky, B. Pascual,

M. Barbanoj, and P. Otermin. 2002. Motor circuitry

re-organization after pallidotomy in Parkinson disease. J.

Clin. Neurophysiol. 19:553–561.

Hattori, S., M. Naoi, and H. Nishino. 1994. Striatal dopamine

turnover during treadmill running in the rat: relation to the

speed of running. Brain Res. Bull. 35:41–49.

Hillman, C. H., E. M. Snook, and G. J. Jerome. 2003. Acute

cardiovascular exercise and executive control function. Int.

J. Psychophysiol. 48:307–314.

Hillman, C. H., K. I. Erickson, and A. F. Kramer. 2008. Be

smart, exercise your heart: exercise effects on brain and

cognition. Nat. Rev. Neurosci. 9:58–65.

Hillman, C. H., S. M. Buck, J. R. Themanson, M. B. Pontifex,

and D. M. Castelli. 2009. Aerobic fitness and cognitive

development: event-related brain potential and task

performance indices of executive control in preadolescent

children. Dev. Psychol. 45:114–129.

Ikeda, A., H. O. Luders, R. C. Burgess, and H. Shibasaki.

1992. Movement-related potentials recorded from

supplementary motor area and primary motor area. Brain

115:1017–1043.

Joyce, J., J. Graydon, T. McMorris, and K. Davranche. 2009.

The time course effect of moderate intensity exercise on

response execution and response inhibition. Brain Cogn.

71:14–19.

Kamijo, K., Y. Nishihira, A. Hatta, T. Kaneda, T. Kida,

T. Higashiura, et al. 2004a. Changes in arousal level by

differential exercise intensity. Clin. Neurophysiol. 115:

2693–2698.

Kamijo, K., Y. Nishihira, A. Hatta, T. Kaneda, T. Wasaka,

T. Kida, et al. 2004b. Differential influences of exercise

intensity on information processing in the central nervous

system. Eur. J. Appl. Physiol. 92:305–311.

Kamijo, K., Y. Hayashi, T. Sakai, T. Yahiro, K. Tanaka, and

Y. Nishihira. 2009. Acute effects of aerobic exercise on

cognitive function in older adults. J. Gerontol. B Psychol.

Sci. Soc. Sci. 64:356–363.

Kamijo, K., K. C. O’Leary, M. B. Pontifex, J. R. Themanson,

and C. H. Hillman. 2010. The relation of aerobic fitness to

neuroelectric indices of cognitive and motor task

preparation. Psychophysiology 47:814–821.

Kindermann, W., A. Schnabel, W. M. Schmitt, G. Biro, J.

Cassens, and F. Weber. 1982. Catecholamines, growth

hromone, cortisol, insulin and sex hormones in anaerobic

and aerobic exercise. Eur. J. Appl. Physiol. Occup. Physiol.

49:389–399.

Kornhuber, V. H. H., and L. Deecke. 1965.

Hirnpotentialanderungen bei Willkurbewegungen und

passiven Bewegungen des Menschen: Bereitschaftspotential

und reafferente Potentiale. Pflugers Arch. 284:1–17.

Kutas, M., G. Mccarthy, E. Donchin, S. Url, and M. G. Klein.

1977. Augmenting mental chronometry : the P300 as a

measure of stimulus evaluation time. Science 197:

792–795.

Lambourne, K., and P. Tomporowski. 2010. The effect of

exercise-induced arousal on cognitive task performance: a

meta-regression analysis. Brain Res. 1341:12–24.

Legon, W., J. K. Dionne, S. K. Meehan, and W. R. Staines.

2010. Non-dominant hand movement facilitates the frontal

N30 somatosensory evoked potential. BMC Neurosci.

11:112.

Legon, W., J. K. Dionne, and W. R. Staines. 2013. Continuous

theta burst stimulation of the supplementary motor area:

effect upon perception and somatosensory and motor

evoked potentials. Brain Stimul. 6:877–883.

Loveless, N., and A. Sanford. 1974. Slow potential correlates of

preparatory set. Biol. Psychol. 1:303–314.

McMorris, T., and B. J. Hale. 2012. Differential effects of

differing intensities of acute exercise on speed and accuracy

of cognition: a meta-analytical investigation. Brain Cogn.

80:338–351.

McMorris, T., J. Sproule, A. Turner, and B. J. Hale. 2011.

Acute, intermediate intensity exercise, and speed and

accuracy in working memory tasks: a meta-analytical

comparison of effects. Physiol. Behav. 102:421–428.

Meeusen, R., and K. De Meirleir. 1995. Exercise and brain

neurotransmission. Sports Med. 20:160–188.

2014 | Vol. 2 | Iss. 10 | e12178
Page 10

ª 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Acute Aerobic Exercise J. S. Thacker et al.



M€uller, T., and S. Muhlack. 2010. Effect of exercise on

reactivity and motor behaviour in patients with Parkinson’s

disease. J. Neurol. Neurosurg. Psychiatry 81:747–753.

O’Leary, K. C., M. B. Pontifex, M. R. Scudder, M. L. Brown,

and C. H. Hillman. 2011. The effects of single bouts of

aerobic exercise, exergaming, and videogame play on

cognitive control. Clin. Neurophysiol. 122:1518–1525.

Petruzzello, S. J., and A. K. Tate. 1997. Brain activation, affect,

and aerobic exercise: an examination of both

state-independent and state-dependent relationships.

Psychophysiology 34:527–533.

Polich, J., and A. Kok. 1995. Cognitive and biological

determinants of P300: an integrative review. Biol. Psychol.

41:103–146.

Porges, S. W. 2003. The Polyvagal Theory: phylogenetic

contributions to social behavior. Physiol. Behav. 79:503–513.

Sanders, A. F. 1983. Towards a model of stress and human

performance. Acta Psychol. (Amst) 53:61–97.

Shibasaki, H., and M. Hallett. 2006. What is the

Bereitschaftspotential? Clin. Neurophysiol. 117:2341–2356.

Singh, A. M., R. E. Duncan, J. L. Neva, and W. R. Staines.

2014. Aerobic exercise modulates intracortical inhibition

and facilitation in a nonexercised upper limb muscle. BMC

Sports Sci. Med. Rehabil. 6:23.

Smith, A. E., M. R. Goldsworthy, T. Garside, F. M. Wood, and

M. C. Ridding. 2014. The influence of a single bout of aerobic

exercise on short-interval intracortical excitability. Exp. Brain

Res. 232:1875–1882.

Stroth, S., S. Kubesch, K. Dieterle, M. Ruchsow, R. Heim,

and M. Kiefer. 2009. Physical fitness, but not acute

exercise modulates event-related potential indices for

executive control in healthy adolescents. Brain Res.

1269:114–124.

Tomporowski, P. D. 2003. Effects of acute bouts of exercise on

cognition. Acta Psychol. (Amst). 112:297–324.

Tremblay, M. S., D. E. R. Warburton, I. Janssen, D. H.

Paterson, A. E. Latimer, R. E. Rhodes, et al. 2011. New

Canadian physical activity guidelines. Appl. Physiol. Nutr.

Metab. 36:36–46; 47–58.

VaezMousavi, S. M., and R. J. Barry. 1993. Positive and

negative shifts of the readiness potential: preparatory effects.

Int. J. Psychophysiol. 15:105–113.

Vaughan, H. J., L. Costa, and W. Ritter. 1968. Topography of

the human motor potential. Electroencephalogr. Clin.

Neurophysiol. 25:1–10.

Vidal, F., M. Bonnet, and F. Macar. 1995. Programming the

duration of a motor sequence: role of the primary and

supplementary motor areas in man. Exp. Brain Res.

106:339–350.

Yamaguchi, T., T. Fujiwara, W. Liu, and M. Liu. 2012. Effects

of pedaling exercise on the intracortical inhibition of

cortical leg area. Exp. Brain Res. 218:401–406.

ª 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2014 | Vol. 2 | Iss. 10 | e12178
Page 11

J. S. Thacker et al. Acute Aerobic Exercise


