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Acute bouts of exercise have been shown to improve fine motor control performance and to facilitate motor memory consolidation
processes in young adults. Exercise effects might be reflected in EEG task-related power (TRPow) decreases in the beta band
(13–30Hz) as an indicator of active motor processing. This study aimed to investigate those effects in healthy older adults.
Thirty-eight participants (65–74 years of age) were assigned to an experimental (EG, acute exercise) or a control group
(CG, rest). Fine motor control was assessed using a precision grip force modulation (FM) task. FM performance and EEG were
measured at (1) baseline (immediately before acute exercise/rest), (2) during practice sessions immediately after, (3) 30 minutes,
and (4) 24 hours (FM only) after exercise/rest. A marginal significant effect indicated that EG revealed more improvement in
fine motor performance immediately after exercise than CG after resting. EG showed enhanced consolidation of short-term and
long-term motor memory, whereas CG revealed only a tendency for short-term motor memory consolidation. Stronger TRPow
decreases were revealed immediately after exercise in the contralateral frontal brain area as compared to the control condition.
This finding indicates that acute exercise might enhance cortical activation and thus, improves fine motor control by enabling
healthy older adults to better utilize existing frontal brain capacities during fine motor control tasks after exercise. Furthermore,
acute exercise can act as a possible intervention to enhance motor memory consolidation in older adults.

1. Introduction

Fine motor control performance declines with increasing age
[1], affecting activities of daily and professional life [2].
Although older adults are able to learn new and relearnmotor
skills [3], the consolidation ofmotormemory is diminished in
older adulthood [4–7]. Acute bouts of cardiovascular exercise
facilitate neuroplasticity in the primary motor cortex (M1)
and enhance corticospinal excitability [8]. These effects are
not specific to lower extremity motor areas and muscles
engaged during exercise but also apparent in motor areas
responsible for upper limbs, indicating that exercise has a gen-
eralized effect onM1 [9, 10]. Accordingly, several studies have
investigated the effect of acute exercise on upper extremity
visuomotor performance as well as acute exercise as a possible
intervention to trigger motor consolidation processes in
healthy young adults [11–18].However, previous studies were

inconsistent with respect to the time points of measurement,
definition of motor performance/learning, and respective
results, and were conducted only with young adults.

1.1. Effects of Acute Exercise on Motor Behavior. In the
present study, we distinguished between (fine) motor perfor-
mance, indicating a temporary status of motor behavior;
initial motor learning, representing the very early phase of
motor skill acquisition, and motor memory, characterized as
a stable improvement of motor performance relative to base-
line after a certain delay after practice [12, 19].

The influence of a bout of acute exercise onmotor perfor-
mance is usually assessed by performing a motor task imme-
diately after an exercise session. Findings in studies with
young adults are inconsistent: some indicate better fine
motor control performance immediately after moderate
intensity exercise than after rest [11], whereas others do not
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report such effects after moderate [15, 16] or high-intensity
exercise [14].

The effect of acute exercise on initial motor learning can
be measured by practicing the motor task immediately after
exercise. Two studies report enhanced learning after mod-
erate intensity exercise in young adults [11, 16], but others
did not find altered motor learning behavior after moderate
[15, 20] or high-intensity exercise [14, 18] in upper limb tasks.

Consolidation ofmotor memory refers to the transforma-
tion from a fragile to a stable memory trace evolving during
online and offline processes after motor practice [21–23].
Memory consolidation processes can be distinguished with
respect to different time scales, such as short-term, i.e.,
seconds to hours, and long-term memory, i.e., hours to
months [24]. Accordingly, motor learning and acute exercise
literature have assessed short-term motor memory up to one
hour after practice/exercise and long-term motor memory 24
hours or seven days after practice/exercise [12, 25]. In healthy
young adults, short-term motor memory in upper limb
motor tasks seemed unaffected by acute exercise (one hour
after exercise: [12, 14]). In contrast, participants revealed
improved upper limb performance compared to resting con-
trol groups 24 hours and seven days [12, 14, 17, 18] after a
bout of high-intensity exercise as well as 24 hours and seven
days after low-intensity exercise [18]. This indicates that
exercise triggers long-term motor consolidation processes,
probably mediated by enhanced levels of norepinephrine,
nerve growth factors, or metabolic signaling [14].

However, the influence of a bout of acute exercise on
motor performance, initial motor learning, or motor memory
in upper extremity fine motor tasks has not yet been studied
in healthy older adults [26]. Several studies have revealed that
acute exercise benefits cognitive performance in older adults
immediately after moderate cardiovascular exercise [27–29],
which was explained by higher arousal, improved informa-
tion processing, and attention [28, 30]. As older adults
require enhanced cognitive resources during motor perfor-
mance and initial motor learning [31–33], and as motor con-
solidation processes are diminished in older adults [4–7],
acute exercise might be an appropriate intervention to facili-
tate motor performance, initial motor learning, and motor
memory consolidation in this age group.

1.2. Effects of Acute Exercise on Electrophysiological Data.
Bilateral pre- and postcentral sensorimotor brain areas are
involved in fine motor control performance [34–37], initial
learning processes [38, 39], and consolidation of motor
memory [23]. Task-related power (TRPow) decreases in the
beta frequency band (13–30Hz) over sensorimotor areas as
obtained with electroencephalography (EEG) are discussed
to be indicative of enhanced cortical activation and active
processing of motor tasks [40–42]. In young adults, such
desynchronization of beta oscillations has been shown dur-
ing visuomotor force-matching tasks [41, 43, 44] and seems
to reflect the efficiency of online and feedback processing of
the motor system [45]. Furthermore, practicing a motor task
led to weaker beta TRPow decreases not only in sensorimotor
but also in frontal cortical areas in young adults [46–48],
probably indicating increased automaticity and therefore,

reflecting initial motor learning processes. With regard to
age-related differences, in older as compared to young adults,
stronger beta TRPow decreases during the performance of a
force modulation task were found [49]. Following these
results and as frontal brain activity is of particular interest
in aging research [50], we focused our analysis on frontal
and sensorimotor cortical areas by analyzing the beta
frequency band.

Cardiovascular exercises have a modulating effect on
activity in sensorimotor areas. For example, activity in the
M1 or the primary somatosensory cortex (S1) was increased
immediately after cardiovascular exercises [51–53]. In most
studies, the cortical EEG was measured after acute exercise
in young [54–57] and older adults [58] at rest. A recent study
by Dal Maso et al. [59] investigated event-related desynchro-
nization (ERD) during a power grip force modulation task
after a bout of high-intensity exercise in young healthy
adults. They revealed weaker ERD (analogous to less TRPow
decrease) over bilateral sensorimotor cortical areas during
early motor memory consolidation 30 to 90 minutes after
exercise as compared to rest [59].

The aim of this study was, first, to investigate whether a
moderate intensity cardiovascular exercise session facilitates
(1) motor performance, (2) initial motor learning immedi-
ately after exercise, (3) short-term motor memory (30 minutes
after exercise), and long-term motor memory (24 hours after
exercise) in older adults. This was examined using a force
modulation (FM) task performed with a precision grip.
While existing studies with similar motor tasks conducted
with young adults revealed controversial findings, effects
might be more explicit in older adults due to age-related
changes in motor processing. Greater improvement in fine
motor control was expected during the motor performance
and initial motor learning following acute exercise (experi-
mental group) compared to after rest (control group).
Furthermore, we hypothesized that the experimental group
would show enhanced short-term and long-term motor
memory consolidation, whereas the control group would not.

Secondly, this study aimed at investigating whether an
acute exercise session influences TRPow in the beta band
over the frontal and sensorimotor cortex during the perfor-
mance of an FM task at the measurement points after exer-
cise termination. We refer to TRPow decreases as indicators
of enhanced motor processing [41, 42] and hypothesized that
TRPow decreases were stronger directly after exercise as
compared to after the control condition. Throughout prac-
tice, we expected that the experimental group would learn
more than the control group, which might be reflected in
stronger declines of the TRPow decreases. Analyses of EEG
beta power at a reference spectrum at rest (before/after FM
performance) were performed to confirm that beta power
values did not differ between groups over time. Finally, we
examined whether changes in beta TRPow were associated
with changes in motor performance.

2. Methods

2.1. Participants. Forty-one older adults between the ages of
65 and 74 (69.51± 2.97 years of age, 22 female) participated
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in this study. Participants were recruited by local newspapers
and were screened for the following prerequisites using tele-
phone interviews: (1) age between 65 and 74, (2) absence of
neurological and cardiovascular diseases, (3) physically active
lifestyle, i.e., moderate intensity exercise for at least 150
minutes per week (in accordance to the recommendations
of the American College of Sports Medicine [60]), and (4)
right-handedness. The Ethics Committee of the Faculty of
Humanities of the Saarland University (4.3.13) approved
the study protocol. All participants took part voluntarily
and provided informed consent regarding the general study
information, receiving EEG and cardiovascular fitness tests,
and also provided consent from their personal physician to
complete the cardiovascular fitness test. Participants received
35 € as monetary compensation.

To validate the oral information and complete the
screening process, participants answered a questionnaire
assessing demographic information, education level (years
of education), subjective health status (“in general, how
would you say your health is?”—5-point Likert scale from
poor to excellent), and physical activity level (adapted version
of [61]). Participants were screened for dementia using the
Mini-Mental State Examination (MMSE) [62], inclusion cri-
teria≥ 27 [63]. Further, they conducted the Edinburgh hand-
edness inventory [64] to confirm their right-handedness
(score: 84.95± 24.57) as well as a questionnaire to assess sub-
jective hand use [65] to control for the exertion of fine motor
activities during daily life. To control for restrictions in fine
motor control, clinical manual dexterity was measured using
the Purdue Pegboard test (Purdue Pegboard test, model
32020, Lafayette Instruments, Lafayette, IN, USA) [66]. The
mean number of pins was calculated out of three trials placed
with the dominant right hand. In the Purdue Pegboard test,
all participants scored within the normative values for the
right hand [67].

After screening and exercise testing, participants were
assigned to an experimental (EG) or a control group (CG).

Participants were matched with respect to their gender, age,
MMSE score, and cardiovascular fitness level (VO2-peak, cf.
below). Three participants had to be excluded from data
analysis: one participant was not able to perform the fine
motor control task adequately (EG), one was regarded as
left-handed (CG) [64], and one due to noise in the EEG
signal (EG). Therefore, 38 participants between 65 and 74
(69.68± 3.04 years of age, 20 female) were included in further
analysis (descriptive statistics see Table 1). In the final
sample, groups did not differ with respect to gender, age,
education, subjective health, subjective hand usage, MMSE
score, Pegboard performance, maximum voluntary contrac-
tion (MVC, see MVC task), physical activity, or cardiovascu-
lar fitness level (see Table 1).

2.2. Measures

2.2.1. Cardiovascular Fitness Test. Cardiovascular fitness was
measured by spiroergometry (ZAN600, nSpire Health,
Oberthulba, Germany) on a stationary bicycle (Lode Corival
cpet, Groningen, the Netherlands) using a ramp protocol
to determine peak oxygen consumption (VO2-peak). The
protocol was adjusted according to the participant’s gender
and self-reported physical activity level to ensure an adequate
physical load. For this purpose, the participants were asked
how often they perform cardiovascular exercise per week
immediately before testing. If participants performed cardio-
vascular exercise less than three hours per week, a ramp pro-
tocol with a progressively increasing load of 10W/min,
starting with 10W, was chosen for female participants, and
a load of 15W/min, startingwith 10W,was used formale par-
ticipants. If participants exercised three hours or more per
week, a progressive protocol starting at 10W and increasing
load of 15W/minwere used for females, andmale participants
started at 20W and increased the load by 20W/min. All tests
were supervised by an experienced sports scientist. Electro-
cardiography (ECG, recorded with a ten-lead ECG fully

Table 1: Participant characteristics for EG and CG.

EG
(n = 17, 9 female)

CG
(n = 21, 11 female)

F-statistics

M SD M SD F(1, 36) p η2p

Age 68.17 3.18 70.48 2.75 3.39 .074 .09

Education 16.38 2.17 15.76 1.99 0.84 .365 .02

Subj. health 4.12 0.60 4.10 0.63 0.01 .912 <.01
MMSE 28.88 0.86 28.52 0.98 1.40 .244 .04

Subj. hand usage 19.18 4.93 18.57 4.73 0.15 .698 <.01
Pegboard 12.35 1.13 12.19 1.72 0.11 .740 <.01
MVC 55.53 16.14 58.28 16.12 0.77 .387 .02

Physical activity 39.44 18.40 39.03 15.41 0.01 .940 <.01
Maximum Watt 142.82 42.68 143.00 35.73 < 0.01 .989 <.01
VO2-peak 1.95 0.59 1.85 0.53 0.25 .619 .01

Notes. EG = experimental group; CG = control group; age = age in years; education = years of education; subj. health = self-rated health status in a Likert scale
from 1 (poor) to 5 (excellent); MMSE = sum score of the Mini-Mental State Examination; subj. hand usage = self-reported hand use (sum score of 9 items,
5-point scale); Pegboard =mean score of three trials with the right hand; MVC=maximum voluntary contraction of index finger and thumb, maximal value
out of three trials; physical activity = kcal/kg∗wk; maximum Watt =maximum Watt performed during cardiovascular fitness test; VO2-peak =VO2-peak
performed during cardiovascular fitness test in l/min.
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digital stress system; Kiss, GEHealthcare,Munich, Germany),
breath-by-breath respiration, heart rate, and blood pressure
were continuously monitored. All spiroergometry protocols
started with a three-minute rest period, then had participants
cycled until a respiratory exchange ratio of 1.05 was main-
tained for about 30 seconds, and were finished with a five-
minute cool-down period. Tests were terminated by volitional
exhaustion or the occurrence of risk factors (i.e., systolic blood
pressure> 230/115mmHg, heart rate approximately > [220 –
age]). The values of the highest complete performance level
(about ≥ 4-5 seconds) achieved by the participants were aver-
aged and regarded as VO2-peak, expressed as VO2 l/min.

2.2.2. Fine Motor Control Performance and Learning:
Apparatus and Setup. Fine motor control was measured with
a force transducer (FT, FX1901 OEM sensor, Variohm
EuroSensor, Heidelberg, Germany). The sensor plate (diam-
eter 25mm) was encased with a plastic sheath (diameter
2.6mm), which was located 45 to 71mm above the tabletop
on a 45× 50mm plastic pedestal (see Figure 1(a)). The FT
was placed on a table in front of the participants in a comfort-
able position. Participants were seated about 60 cm in front
of a 23.8-inch monitor (hardware resolution: 1920× 1080
pixels). The monitor presented online visual feedback about
the target (green) and applied force (yellow) on a black back-
ground. Target and applied force appeared on the right side
of the screen and moved to the left. Target force appeared
200ms before the applied force. Five seconds of force were
presented continuously on the x-axis. For the maximum
voluntary contraction (MVC) task, the y-axis was a fixed
window from 0 to 100N; for the force modulation (FM) task,
the y-axis was set to 0 to 16N. Force data were recorded at a
sampling rate of 120Hz and a resolution of 0.06N with a
customized LabVIEW program (LabVIEW 2015, National
Instruments Austin, TX, USA). Participants had to pinch
the FT with a precision grip, placing their thumb on the force
sensor and the index finger on the plastic backside of the
sensor (see Figure 1(b)). No participant had experience with
this fine motor task. Participants received no feedback in
terms of a quantified performance score.

2.2.3. MVC Task. Participants’ maximum voluntary contrac-
tion (MVC) was assessed by asking them to exert as much
power as possible with their thumb and index finger on the
FT (three trials of five seconds,≥30 seconds rest between trials).
The highest value out of the three trials was regarded asMVC.

2.2.4. Force-Matching Task (FM Task). For an overview of the
FM task procedure see Figure 2. First, familiarization for the
FM task was performed. Participants were instructed to try
out how the FT reacts during pinching with low forces
without a target curve (one trial, length: 10 seconds). Then,
participants had to apply force to match a target force as
accurately as possible (part 1: constant target line at 4N,
three trials, 5 seconds each; part 2: regular sine-wave patterns
between 1N and 5N, frequency of 0.4Hz, three trials, 6.67
seconds each). For all FM task sessions, participants were
again instructed to apply their own force to match the target
curve as accurately as possible.

The target curve of the actual FM task sessions consisted
of an irregular sine-wave pattern of eight sine waves with the
same minima (2N) and varying maxima (5.1N–11.3N; see
Figure 3). Sine-wave frequency (0.35Hz–0.78Hz) was
adapted to the varying maxima so that tracking velocity was
identical within each sine wave. The same sine-wave pattern
was performed repetitively throughout the whole experiment.
One trial had a length of 15 seconds. Trials were intermitted
by a four-second intertrial break, during which a white fixa-
tion cross appeared on a black screen. During baseline, partic-
ipants performed eight trials with the irregular sine wave.
During the FM practice sessions, participants performed four
blocks of eight trials immediately, 30 minutes, and 24 hours
after intervention. The blocks were intermitted by breaks of
approximately 30 seconds, during which participants were
asked to relax their hands.

2.2.5. Acute Exercise Session. The EG performed a moderate
intensity exercise session by cycling on a stationary ergome-
ter (Lode Corival cpet, Groningen, the Netherlands) for 25
minutes. The exercise started with a two-minute warm-up
without Watt resistance, followed by 20 minutes at 60% of
participants’ maximum Watt performed during the cardio-
vascular fitness test (range: 54W to 130W, mean: 86.53±
25.17W). The exercise session concluded with a three-
minute cool-down without Watt resistance. Heart rate was
monitored using a Polar A300 (Polar Electro Oy, Kempele,
Finland) with an H7 heart rate sensor (Polar Electro Oy,
Kempele, Finland).

2.2.6. EEG Recording. Continuous EEG data were recorded
with an active electrode system (actiCHamp, BrainProducts,
Gilching, Germany) at a sampling rate of 500Hz. Thirty-two
electrodes were placed according to a modified 10–20 system
[68] at the positions Fp1, Fp2, F7, F3, Fz, F4, F8, FC5, FC3,
FC1, FC2, FC4, FC6, T7, C3, Cz, C4, T8, CP5, CP3, CP1,
CP2, CP4, CP6, P7, P3, Pz, P4, P8, O1, Oz, and O2. The
ground electrode was placed at position Fpz, and Fz was used
as the reference electrode. Participants were instructed to sit
comfortably on the chair and relax their facial muscles
before EEG measurement started. EEG was recorded dur-
ing the FM task as well as for 30 seconds immediately
before and after all FM sessions on day 2 (i.e., baseline,

(a) (b)

Figure 1: (a) Force transducer (FT). (b) Participant performs a
precision grip.
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Figure 2: Schematic illustration of the study design. Italic text represents practice time points of the FM task. The grey boxes denote time
points of EEG measurement. The white boxes on the right side represent measurement times of heart rate (HR) and subjective fatigue of
the participants.
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Figure 3: Example FM trials for one participant of each group (CG: a-b; EG: c-d) during baseline (B-block; a, c) and motor performance
(MP-block; b, d). The grey target curves represent the irregular sine wave pattern. The black lines characterize the force applied by the
participants. The black vertical dotted line symbolizes the start of data analyses.
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practice immediately after, and 30minutes after intervention)
to calculate a reference spectrum (EEG rest). During these
periods, participants were further instructed to sit calmly on
their chair with both hands laying on the table and look at a
white fixation cross on a black screen.

2.3. Procedure. Day 1: participants provided a written state-
ment of consent from their physician for the cardiovascular
fitness test and signed a declaration of consent for study par-
ticipation. Then, they performed the MMSE, the FM MVC,
and familiarization, followed by the cardiovascular fitness
test. Day 2: the delay between days 1 and 2 was at least 48
hours (to ensure full recovery from the cardiovascular fitness
test) and up to 14 days (mean: 5:27± 3:19 days). After EEG,
caps were mounted and heart rate monitor was placed,
participants started with the FM baseline measurement.
Subsequently, EG performed the 25-minute acute exercise
session in an adjoining room. CG stayed on the chair and
listened to an audiobook (narrative short story) for 25
minutes. Participants performed the first practice session of
the FM task immediately after the intervention (2 to 5
minutes). During the subsequent break (12 to 15 minutes),
participants stayed on the chair and talked to one of the
investigators. About thirty minutes (27 to 36 minutes) after
the end of the intervention, participants performed another
practice session. Participant’s heart rate was recorded contin-
uously during day 2 (see Figure 2; Table 2). EEG was
measured only during day 2. Day 3: 24 hours after the inter-
vention (range: 23.5 to 24.5 hours after the beginning of the
first FM practice session on day 2) participants performed
the last FM practice session. The order of testing days did
not vary between participants. Fatigue of the performing
right hand was controlled on a scale from zero (not at all
fatigued) to ten (totally fatigued, see Table 2) at different time
points on day 2 and day 3 (see Figure 2).

2.4. Data Analysis

2.4.1. FM Task Performance. Data analysis of the FM task
was processed in Matlab R2015b software (the MathWorks,

Inc., Natick, Massachusetts, US). The first 211 data points
(approximately 1.75 seconds, representing the first sine wave
of every trial) were excluded from analysis to avoid variation
due to differences in ramp time (cf. dotted vertical lines in
Figure 3). Fine motor control performance was quantified
using the root mean square error (RMSE) as a difference
of the target and applied force. A mean of eight trials
was calculated for baseline (= B-block), motor performance
(= MP-block, i.e., first block of the practice session immedi-
ately after intervention), initial motor learning (= iML-block,
i.e., block four of the practice session immediately after inter-
vention), short-term motor memory (= sMM-block, i.e., first
block of the practice session 30 minutes after intervention)
and long-term motor memory (= lMM-block, i.e., first block
of the practice session 24 hours after intervention). Outliers
were presumed per trial across all participants as standard-
ized z-scores greater than 3.29 or below −3.29 per trial
(n = 11, in 7 different participants) and were replaced accord-
ing to the last observation carried forward method [69].

2.4.2. EEG Data. When not stated differently, the following
preprocessing steps were performed identically for data from
EEG rest and EEG during FM task. Offline EEG data process-
ing was accomplished with the Brain Vision Analyzer
software (Version 2.1, Brain Products GmbH, Gilching,
Germany). A phase shift-free Butterworth infinite impulse
response (IIR) filter was applied with a low cutoff at 1Hz
and a high cutoff at 70Hz, with a slope of 48 db/Oct as well
as a notch filter at 50Hz to reduce line noise. Subsequently,
a raw data inspection (criteria: gradient with a maximally
allowed voltage step of 25μV, lowest allowed activity
of 0.5μV)was performed. The electrode C4 revealed continu-
ous artefacts for one participant. Accordingly, this channel
was recalculated with a topographic interpolation for all mea-
surement time points. To remove ocular artifacts, a semiauto-
matic ocular correction was conducted using an extended
infomax independent component analysis (ICA), with the
Fp1 electrode above the left eye detecting both vertical and
horizontal ocular movements. Visual inspection confirmed
that horizontal eye movements were detected and could be

Table 2: Descriptive results and F-statistics of heart rate and fatigue values at day 2 for EG and CG.

EG
(n = 17, 9 female)

CG
(n = 21, 11 female)

F-statistics

M SD M SD F(1, 36) p η2p

HR 1 69.71 10.72 71.14 9.41 0.17 .680 .01

HR 2 99.92 11.20 n.a. n.a. — — —

HR 3 74.94 11.84 69.63 9.44 1.97 .171 .06

HR 4 69.46 11.65 68.07 7.62 0.17 .677 .01

Fatigue 1 0.66 0.83 0.81 1.03 0.24 .630 .01

Fatigue 2 2.35 1.46 2.18 1.93 0.10 .757 <.01
Fatigue 3 2.47 1.87 2.57 1.57 0.03 .858 <.01
Fatigue 4 0.71 1.21 0.86 0.91 0.19 .663 .01

Fatigue 5 1.25 1.44 1.60 1.57 0.48 .495 .01

Notes. EG = experimental group; CG = control group; HR = heart rate; Fatigue = subjective fatigue of the performing hand (scale from 0 to 10). HR 1 + fatigue 1:
before baseline; HR 2: three minutes after acute exercise; HR 3 + fatigue 2: after practice session immediately after intervention; HR 4 + fatigue 3: after practice
session 30 minutes after intervention; fatigue 4 + 5: before and after practice session 24 h after intervention.
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removed. Continuous EEG data during FM task were cut into
segments from the beginning of the first trial of the force-
tracking task to the end of the last trial of each session on
day 2. Intertrial breaks and the first 1.75 seconds (correspond-
ing to the curve of each trial, see Data Analysis FM task) were
removed from the continuous EEG data during the task. All
data during EEG rest were cut into 20-second segments
(second 5 to 25 used for analysis). Continuous data were
further separated into epochs of two seconds (overlapping
segments of 150ms), resulting in 7 epochs per FM trial and
10 epochs per EEG rest. Bad segmentswith obvious remaining
artefacts were excluded based on visual inspection. In two par-
ticipants, electrode CP3 andCP4 had to be excluded from fur-
ther analyses for EEG rest 3, in one participant electrode CP4
had to be excluded for EEG rest 1.

After preprocessing, a fast Fourier transform (FFT) algo-
rithm was applied (output was set to power measured in μV2)
using full spectrum and a Hanning window of 10% for each
trial or each EEG rest, separately. Power spectra for the beta
band (13–30Hz) were calculated for six electrodes of interest,
which are presumed to overlie the left (C3) and right (C4)
M1, left (CP3) and right (CP4) S1, and the left (F3) and right
(F4) frontal cortex. As operating the precision grip during the
FM task required considerable activations of motor areas in
both hemispheres [34, 36], power was calculated bilaterally.
Power spectra were also calculated for each trial during FM
task/EEG rest and each electrode separately. Subsequently,
a mean power value for eight segments (corresponding to
eight trials of the FM task, i.e., baseline/one block of practice)
per electrode was calculated. Then, mean power values were
log-transformed [42]. Finally, log-transformed task-related
power (TR(logPowx)) was calculated by subtracting log-
transformed beta power during EEG rest (EEG rest 1, 2,
and 3, see Figure 2) from log-transformed beta power during
FM task for each electrode separately: TR(logPowx) = log
power taskx–log power restx [42, 70], abbreviated TRPow in
the following. For B-block, EEG rest 1 was subtracted from
the mean power value of B-block. For MP-block, EEG rest 2
was subtracted from the mean power value of the first block
directly after intervention. For iML-block, EEG rest 2 from
the mean power value of the fourth block directly after inter-
vention. For sMM-block, EEG rest 3 was subtracted from the
mean power value of the first block 30 minutes after interven-
tion (see Figure 2).

2.5. Statistical Analysis. All statistical analyses were con-
ducted using SPSS for Windows, version 25 (IBM Corp.,
Armonk, NY, USA). If not stated differently, p values < .05
were regarded as significant, and p values < .10 as marginally
significant (trend). The nominal alpha level was adjusted for
particular analyses using Bonferroni adjustment α = 1 –
1 – α 1/m ; m=number of analyses/comparisons to control
for multiple testing. Greenhouse-Geisser adjustment was
reported in case the sphericity assumption was violated.
Effect sizes were reported as partial eta squares (η2p). Demo-
graphic information (age, education, subjective health, and
subjective hand usage), cognitive status (MMSE), MVC, car-
diovascular fitness level (VO2-peak), and heart rate during

day 2 were compared using analysis of variance (ANOVA)
to assess any differences between EG and CG which may
have affected motor performance (cf. Table 1).

2.5.1. FM Task Performance. First, we performed a repeated
measures analysis of variance (RM-ANOVA) with TIME
(B-block, MP-block, iML-block, sMM-block, lMM-block) as
within-subject factor and 2 GROUP (EG, CG) as between-
subject factor to calculate the influence of the intervention
(acute exercise or control condition) on FM performance
and learning (Analysis 1). This was followed by three anal-
yses to answer our a priori determined research questions,
regardless whether the main effects of Analysis 1 were
significant. A 2 TIME (B-block, MP-block)× 2 GROUP
(EG, CG) RM-ANOVA (Analysis 1.1) was performed to
investigate the influence of the acute exercise session on
MP-block in the FM task. To examine the influence of acute
exercise on iML-block, a 2 TIME (B-block, iML-block)× 2
GROUP (EG, CG) RM-ANOVA (Analysis 1.2) was con-
ducted. Additionally, a 3 TIME (iML-block, sMM-block,
lMM-block)× 2 GROUP (EG, CG) RM-ANOVA was per-
formed to assess whether acute bouts of exercise facilitate
sMM- and lMM-block (Analysis 1.3). The nominal alpha
level was adjusted for Analyses 1.1–1.3 as well as for the post
hoc t-tests of Analysis 1.3 using Bonferroni adjustment.

2.5.2. EEG Data. A 4 TIME (B-block, MP-block, iML-block,
sMM-block)× 2 HEMISPHERE (contralateral, ipsilateral)× 3
REGION (frontal, central, centro-parietal)× 2 GROUP (EG,
CG) RM-ANOVA was calculated for TRPow (Analysis 2).
Again, to answer a priori determined research questions
and in correspondence to the behavioral FM task data, three
further analyses were performed per electrode of interest. 2
TIME (B-block, MP-block) (Analysis 2.1) as well as 2 TIME
(B-block, iML-block)× 2 GROUP (EG, CG) (Analysis 2.2)
RM-ANOVAs for TRPow were calculated. Due to technical
problems during EEG rest 1 and B-block with the EEG,
Analysis 2, 2.1, and 2.2 were conducted with n = 18 partic-
ipants (instead of n = 21) for CG. As EEG was not
assessed 24 hours after intervention, the last EEG analyses
consisted of 2 TIME (iML-block, sMM-block)× 2 GROUP
(EG, CG) RM-ANOVAs (Analysis 2.3).

Identical analyses were performed for EEG rest 1, 2, and 3
to test whether acute exercise influenced beta power at rest:
we conducted a 3 TIME (EEG rest 1, EEG rest 2, EEG
rest 3)× 2 HEMISPHERE (contralateral, ipsilateral)× 3
REGION (frontal, central, centro-parietal)× 2 GROUP
(EG, CG) RM-ANOVA (Analysis 3), followed by a 2 TIME
(EEG rest 1, EEG rest 2)× 2 GROUP (EG, CG) (Analysis
3.1) as well as a 2 TIME (EEG rest 2, EEG rest 3)× 2 GROUP
(EG, CG) (Analysis 3.3 RM-ANOVA. Note: EEG rest 2 was
used to calculate TRPow of MP-block as well as iML-block.
For EEG at rest only a priori defined follow-up analyses per
electrode were calculated. Again, the nominal alpha level
was adjusted for Analyses 2.1-2.3, 3.1, and 3.3 as well as post
hoc t-tests for Analysis 2 and 3 using Bonferroni adjustment
to control for multiple testing.

FM and EEG analyses were controlled for a possible
influence of participant age (see Table 1, marginal significant
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effect of age: p = 074). Age had no significant influence on
FM or EEG statistics. Therefore, results were reported with-
out the covariate age.

2.5.3. Association between Behavioral Performance, EEG
Data, and Load during Exercise. Subsequently, Pearson’s
correlation between FM performance (RMSE) and TRPow
in analyses with significant TIME×GROUP interactions
was performed to examine the association between behav-
ioral performance and electrophysiological data. Moreover,
Pearson’s correlation between the Watt values performed
during acute exercise and FM performance (RMSE) and
TRPow were conducted to explore a possible association
of exercise intensity and behavioral or electrophysiological
data. Correlation analyses were controlled for multiple
testing (Bonferroni adjustment).

3. Results

3.1. FM Task Performance. Figure 4 displays group means
and standard errors (SE) of the FM task. Performance of
EG and CG was similar at preintervention, differed
immediately after intervention, and converged after the
initial learning phase and motor memory consolidation.
Analysis 1 confirmed a significant improvement for both
groups from B-block to lMM-block (main effect of TIME:
F(4, 36) = 73.99, p < 001, η2p = 67), but no TIME×GROUP
interaction (F(4, 36) = 1.00, p = 388, η2p = 03) and no main

effect of GROUP (F(1, 36) = 0.52, p = 475, η2p = 01). Based
on our a priori hypotheses, we further detail the results from
three different analyses.

3.1.1. Analysis 1.1. Effect of acute exercise on FM motor
performance (MP-block; adjusted α = 017; see Table 3(a)).

Performance of EG and CG was similar at B-block (preinter-
vention) and improved in the first block of practice immedi-
ately after intervention (acute exercise or control condition:
listening to an audiobook), with a more pronounced
improvement in EG than CG. Figure 3 displays representa-
tive grip force profiles of one participant from CG and one
from EG, and illustrates the different development from
pre- to postintervention. More specifically, Figure 5 indicates
that both groups improved similarly at B-block, but that EG
learned more than CG atMP-block. We confirmed the devel-
opment of CG and EG by a RM-ANOVA revealing a main
effect of TIME on RMSE. TIME×GROUP interaction
remainedmarginally significant after adjusting α level. A post
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Figure 4: Means and SE of the FM task per group. Large circles indicate measurement time point included in statistical analysis:
B-block= baseline, MP-block=motor performance, iML-block= initial motor learning, sMM-block= short-term motor memory, and
lMM-block= long-term motor memory. Small circles indicate time points of practice blocks (B2-B4 =Block 2–4).

Table 3: F-statistics for (a) Analysis 1.1, (b) Analysis 1.2, and (c)
Analysis 1.3 for FM task performance (adjusted α = 017).

Analysis
F-statistics

F df p η2p

(a) 1.1

TIME 175.94 1 <.001 .83

GROUP 0.31 1 .579 .01

TIME×GROUP 4.91 1 .033 .12

(b) 1.2

TIME 101.43 1 <.001 .74

GROUP 0.20 1 .888 <.01
TIME×GROUP <0.01 1 .975 <.01

(c) 1.3

TIME 12.62 2 <.001 .26

GROUP 0.67 1 .420 .02

TIME×GROUP 1.28 2 .284 .03
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hoc t-test further affirmed that EG and CG did not differ pre-
intervention (B-block: F(1, 36) = 0.01, p = 918, η2p = 01).

3.1.2. Analysis 1.2. Effect of acute exercise on FM initial
motor learning (iML-block; adjusted α = 017; see Table 3(b)).
Exercise did not seem to foster motor learning during the first
practice session after intervention, as FM performance in EG
and CG improved similarly (see Figure 4). Analysis 1.2,
comparing performance in B-block and performance in the
last block of the first practice session (iML-block), resulted
in a significant main effect of TIME, but no GROUP or
TIME×GROUP interaction effect.

3.1.3. Analysis 1.3. Effect of acute exercise on FMmotor mem-
ory (sMM- & lMM-block; adjusted α = 017; see Table 3(c)).
Motor memory was assessed 30 minutes (sMM-block) and
24 hours (lMM-block) after this initial phase of motor learn-
ing. Both groups revealed better sMM-block and lMM-block
performance when compared to iML-block performance
(main effect of TIME). Although TIME×GROUP interac-
tion was not significant, we performed priori defined post
hoc tests to specifically investigate the influence of exercise
on short- and long-term motor memory consolidation. Post
hoc t-tests between iML-block, sMM-block, and lMM-block
per group (EG, CG) indicated that acute exercise significantly
enhanced performance in sMM-block (p < 001) and in ten-
dency in lMM-block (p = 027) compared to iML-block,
whereas CG only revealed a tendency toward improvement
in the sMM-block (p = 057), and no change in performance
in the lMM-block (p = 321).

3.2. EEG Data. Figure 6 shows TRPow group means and SE
for different measurement time points (see Table 4 for all

descriptive values for EEG beta power at rest and TRPow
for EG and CG).

For the contralateral electrodes (F3, C3, CP3), TRPow of
EG and CG was similar at B-block, different immediately
after exercise, and coincided again after the initial learning
phase. EG and CG did not differ for the ipsilateral electrodes
(F4, C4, CP4).

3.2.1. Analysis 2. Effect of acute exercise on TRPow. RM-
ANOVA confirmed a significant effect of TIME (see
Table 5(a) for all statistical results). As compared to B-block,
the TRPow decrease was stronger in MP-Block directly after
the intervention, weaker in iML-block, and even stronger
during sMM-block (both compared to MP-block). A signifi-
cant main effect of REGION revealed that TRPow decreases
were stronger at centro-parietal and central than at frontal
electrodes (centro-parietal/central vs. frontal: both p < 001,
centro-parietal vs. central: p = 156). Furthermore, a signifi-
cant TIME×HEMISPHERE interaction indicated that con-
tralateral electrodes developed differently over time than
ipsilateral electrodes. More specifically, TRPow decreases at
contralateral compared to ipsilateral electrodes were weaker
at B-block (F(1, 33) = 5.97, p = 020, η2p = 15), and stronger

at MP-block (F(1, 33) = 9.16, p = 005, η2p = 22). A significant
TIME×HEMISPHERE×GROUP interaction further indi-
cated that the TIME×HEMISPHERE interaction stemmed
mainly from regional differences in the EG group: TRPow
decreases of contralateral compared to ipsilateral electrodes
were weaker at B-block (F(1, 33) = 16.70, p < 001, η2p = 34)
and stronger at MP-block and iML-block (F(1, 33) = 12.08,
p = 001, η2p = 27; F(1, 33) = 16.21, p < 001, η2p = 33, respec-
tively). In contrast, post hoc t-tests did not reveal any signifi-
cant difference in CG between contra- and ipsilateral
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Figure 5: Mean and SE for all FM trials for EG and CG. The black (EG) and gray (CG) circles represent the means per block.
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electrodes at any time point (all p > 440). Finally, the
TIME×GROUP interaction was marginally significant, indi-
cating that the TRPow values of EG andCG tended to develop
differently over the experiment.

3.2.2. Analysis 3. Effect of acute exercise on EEG at rest (see
Table 5(b)). The overarching analysis for EEG at rest revealed
a significant TIME×HEMISPHERE×REGION×GROUP
interaction. Generally, beta power increased from EEG rest
1 to EEG rest 3 and from frontal over central to centro-
parietal electrodes but differed with regard to electrode and
hemisphere. Important to note, the follow-up TIME× -
GROUP interaction was not significant.

In line with our a priori hypotheses, EEG results were fur-
ther analyzed using three distinct analyses.

3.2.3. Analysis 2.1. Effect of acute exercise on TRPow during
FM MP-block (adjusted α = 017, see Table 6(a)). Figure 7
illustrates group means of the power frequency spectra for
EEG rest and during FM task separately for EG and CG for
electrode F3 and F4. For electrode F3, EG and CG started at
a similar beta power level during FM task (B-block), whereas
EG revealed a tendency for more beta power at EEG rest
(see also Figure 6, F3). After exercise during MP-block, beta
power for EG was higher at EEG rest and lower during FM
task compared to the B-block, reflecting a stronger TRPow
decrease during MP-block than during B-block (see Figure 7
upper row). In contrast, participants in CG revealed a TRPow
increase during MP-block (see Figure 7 upper row). This pat-
tern was affirmed when comparing group means (Table 6(a):
significant TIME×GROUP interaction) and calculating cor-
responding post hoc t-tests (EG: stronger TRPow decreases
immediately after exercise (F(1, 33)=12.53, p = 001,
η2p = 28); CG: marginally significant change from a small
TRPow decrease to a TRPow increase immediately after
intervention (F(1, 33)=4.08, p = 051, η2p=.11). In contrast,
such a group difference was not visible for electrode F4
(see Figure 7). Accordingly, statistical analyses confirmed
no significant TIME×GROUP interaction for TRPow.

Furthermore, the main effects of TIME were significant
for electrode CP3 and C4. For CP3, TRPow decreases became
stronger from B-block to MP-block; TRPow decreases for C4
became weaker from B-block to MP-block.

3.2.4. Analysis 2.2. Effect of acute exercise on TRPow during
FM iML-block (adjusted α = 017; see Table 6(b)). TRPow
decreases of contralateral electrodes at the end of the first
practice session were mainly affected by the intervention
(see Figure 6; significant TIME×GROUP interactions for
contralateral F3 and marginally significant for CP3). Post
hoc comparison for electrode F3 showed that TRPow
decreases were significantly weaker during iML-block than
during B-block in CG (F(1, 33) = 9.67, p = 004, η2p = 23),
whereas EG did not change significantly (F(1, 33) = 0.67,
p = 418, η2p = 02). In contrast, for electrode CP3, TRPow
decreases became significantly stronger in EG (F(1, 33) =
7.98, p = 008, η2p = 20), whereas CG did not change

(F(1, 33) = 0.04, p = 841, η2p < 01). As for MP-block, C4
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Figure 6: Means and SE of EEG TRPow (left y-axis) and EEG at rest
(right y-axis) values in beta frequency band of the contralateral
electrodes F3, C3, and CP3. Four measurement time points were
included in the statistical analysis for TRPow (circles): B-
block = baseline, motor performance (MP-block) iML-block= initial
motor learning, sMM-block= short-term motor memory, and three
for EEG at rest (triangles): EEG rest 1, 2, and 3.
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revealed a TIME effect only, showing more TRPow decreases
in EG and CG during iML-block after exercise compared to
B-block in ipsilateral sensorimotor cortex.

3.2.5. Analysis 2.3. Effect of acute exercise on TRPow dur-
ing FM sMM-block (adjusted α = 017; see Table 6(c)).
Thirty minutes after the intervention, TRPow values in
EG and CG converged again, similar to B-block (see
Figure 6). RM-ANOVAs comparing TRPow at iML-block
and sMM-block confirmed a significant effect of TIME
and TIME×GROUP interaction for electrode F3
(remained significant after adjusting alpha to α = 017).
TRPow during sMM-block in CG was accompanied by stron-
ger TRPow decreases in the contralateral frontal cortex com-
pared to iML-block (F(1, 36) = 15.98, p < 001, η2p = 31),
whereas TRPow for EG remained stable (F(1, 36)< 0.01,
p = 960, η2p < 01). Again, for C4, we found a main effect
of TIME, showing that TRPow decreases became stronger
for both groups from iML-block to sMM-block.

3.2.6. Analysis 3.1. Effect of acute exercise on EEG rest 2
(adjusted α = 025; see Table 7(a)). Although EG revealed a
trend for more beta power at electrode F3 for EEG rest 1
(as noted above) and rest 2 (see Figures 6 and 7), the main
effect of GROUP and TIME×GROUP interaction were
not significant. The main effect of TIME was significant
for electrode CP3 and marginally significant for C3, indicat-
ing a general increase of beta power from EEG rest 1 to EEG
rest 2.

3.2.7. Analysis 3.3. Effect of acute exercise on EEG rest 3
(adjusted α = 025; see Table 7(b)). Beta power increased

from EEG rest 2 to rest 3 at electrode F4 (TIME effect).
For F3, the TIME×GROUP interaction was significant.
Beta power increased for CG from EEG rest 2 to rest 3
(F(1, 33) = 7.33, p = 010, η2p = 17) but remained stable for

the EG (F(1, 33) = 0.84, p = 366, η2p = 02).

3.3. Association between Motor Behavior, EEG Data, and
Load during Exercise. A marginally significant correlation
between FM task performance (RMSE) and EEG data
(TRPow) was revealed for EG during sMM-block at electrode
C4 (r = − 443, p = 075), pointing to a better FM performance
with reduced TRPow decrease. However, after controlling for
multiple testing, none of the correlation analyses reached
statistical significance.

Correlation analyses between the Watt values performed
during acute exercise and FM task performance (RMSE)
indicated a marginally significant correlation (r = − 426,
p = 088) for lMM-block: better FM performance 24 hours
after exercise was associated with increasing Watt values
(see Table 8 and Figure 8). After controlling for multiple test-
ing, no correlation between Watt values performed during
acute exercise and EEG TRPow revealed a significant associ-
ation (see Table 9).

4. Discussion

This study examined the effect of an acute exercise session
on (1) behavioral performance and learning in a precision
grip force modulation (FM) task as well as on (2) the elec-
trophysiological correlates of FM task performance and
learning in healthy older adults. First, results revealed a
marginally significant trend indicating that, as compared

Table 4: Descriptive results for EEG beta power at rest and TRPow for EG and CG.

EEG rest EEG TRPow
1 2 3 B-block MP-block iML-block sMM-block

F3

EG .26± .10 .34± .13 .25± .09 .01± .05 −.23± .09 −.06± .12 −.06± .06
CG .17± .08 .12± .06 .35± .09 −.04± .07 .13± .07 .21± .07 −.09± .08

C3

EG .67± .08 .08± .09 .81± .08 −.24± .07 −.40± .06 −.28± .07 −.35± .05
CG .56± .06 .65± .06 .69± .06 −.28± .05 −.28± .04 −.22± .06 −.30± .06

CP3

EG .79± .06 .94± .08 .93± .06 −.23± .07 −.41± .06 −.37± .05 −.39± .03
CG .72± .06 .80± .04 .89± .06 −.29± .06 −.32± .04 −.27± .05 −.36± .05

F4

EG .13± .09 .13± .10 .26± .09 .10± .06 −.01± .08 .19± .11 −.13± .07
CG .28± .09 .31± 07 .40± .07 .01± .06 .02± .06 .11± .06 −.11± .06

C4

EG .71± 09 .75± .09 .82± .08 −.57± .08 −.35± .06 −.26± .06 −.39± .06
CG .53± .06 .66± .06 .70± 05 −.50± .04 −.24± .07 −.21± .06 −.30± .06

CP4

EG .83± .08 .86± 07 .90± .07 −.19± .08 −.23± .06 −.21± .06 −.23± .06
CG .67± .06 .81± .05 .85± .05 −.11± .04 −.21± .05 −.15± .05 −.24± .05
Note. Mean ± SEM; EG = experimental group; CG = control group; B-block = baseline; MP-block =motor performance; iML-block = initial motor
learning; sMM-block = short-term motor memory.
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to baseline, participants of the experimental group (EG)
improved their motor performance in the FM task imme-
diately after exercise more than the control group (CG)
after rest. Secondly, EG had steeper beta TRPow decreases
(i.e., higher activity) than CG directly after exercise (mea-
surement time point motor performance) at the contralat-
eral frontal electrode, probably indicating that acute
exercise facilitated motor compensation processes in the
aged brain.

4.1. Effect of Acute Exercise on Motor Behavior. Although
over the whole experiment both groups improved their per-
formance with practice, our analyses revealed that acute exer-
cise significantly influenced FM performance at particular
time points.

4.1.1. Motor Performance. In a sample of older adults, acute
exercise facilitated motor performance in the FM task imme-
diately after exercise in tendency more than a control condi-
tion. Similarly, Mierau et al. [71] reported more performance
improvement in a motor adaptation paradigm immediately
after exercise than after rest in young adults. The underlying
mechanisms of superior motor performance immediately
after exercise remain unknown. Findings from cognitive
research revealed improved information processing indi-
cated by electrophysiological markers (shorter latencies and
larger amplitudes of the P3) immediately after exercise in
older adults [29]. Skriver et al. [14] revealed that enhanced
motor performance correlated with enhanced norepineph-
rine release and higher lactate level immediately after exercise
in young adults. Furthermore, enhanced cerebral blood flow

Table 5: F-statistics of (a) Analysis 2 (TRPow) and (b) Analysis 3 (EEG rest).

F-statistics
F df p η2p

(a) Analysis 2: TRPow

TIME 5.03 3 .009 .13

HEMISPHERE 2.63 1 .114 .07

REGION 37.85 2 <.001 .53

GROUP 3.36 1 .076 .09

TIME×HEMISPHERE 4.65 3 .017 .12

TIME×REGION 2.03 6 .102 .06

TIME×GROUP 2.65 3 0.76 .07

HEMISPHERE×REGION 1.42 2 .250 .04

HEMISPHERE×GROUP 0.01 1 .920 <.01
REGION×GROUP 2.15 2 .131 .06

TIME×HEMISPHERE×GROUP 5.81 3 .007 .15

TIME×REGION×GROUP 0.76 6 .539 .02

TIME×HEMISPHERE×REGION 1.14 6 .343 .03

HEMISPHERE×REGION×GROUP 1.82 2 .169 .05

TIME×HEMISPHERE×REGION×GROUP 0.58 6 .669 .02

(b) Analysis 3: EEG rest

TIME 7.07 2 .002 .18

HEMISPHERE 0.19 1 .665 .01

REGION 136.45 2 <.001 .81

GROUP 0.83 1 .370 .02

TIME×HEMISPHERE 0.48 2 .623 .01

TIME×REGION 1.13 4 .344 .03

TIME×GROUP 0.76 2 .460 .02

HEMISPHERE×REGION 0.52 2 .594 .02

HEMISPHERE×GROUP 6.18 1 .018 .16

REGION×GROUP 2.65 2 .098 .07

TIME×HEMISPHERE×GROUP 3.42 2 .041 .09

TIME×REGION×GROUP 0.70 4 .504 .02

TIME×HEMISPHERE×REGION 0.68 4 .535 .02

HEMISPHERE×REGION×GROUP 6.21 2 .009 .16

TIME×HEMISPHERE×REGION×GROUP 2.95 4 .049 .08
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in the M1 during a finger tapping task [72] as well as an
increase in the resting-state connectivity of the sensorimotor
areas [73] in young adults immediately after exercise indi-
cated better preconditions for motor task execution (see
also Section 4.2).

4.1.2. Initial Motor Learning. As especially, the initial phase
of learning requires a high amount of cognitive resources
[33], and acute exercise was found to improve cognitive per-
formance in older adults [27–29], we examined whether
acute exercise impacts this very early stage of learning. How-
ever, there was no superior effect of acute exercise on initial
motor learning compared to a resting control condition in
older adults. Thus, the positive influence of acute exercise
on motor performance disappeared until the end of the prac-
tice session, revealing that the superiority of EG immediately
after exercise was compensated by a higher performance gain
of CG within the first FM practice session. We can only spec-
ulate about the underlying mechanism. One explanation
might be that exercise itself already brought EG closer to
their limits, whereas participants in CG made use of their
capacity to improve during the practice session.

4.1.3. Motor Memory Consolidation. There is a consensus
that older adults, in general, reveal diminished long-term
motor consolidation processes [4–7]. It was hypothesized
that acute exercise could be a proper intervention to facilitate
consolidation processes in older adults, because effects of
acute exercise on long-term motor memory consolidation,
but not short-term motor memory consolidation, have been

shown in young adults [12, 14, 17]. However, such a positive
effect of acute exercise could neither be confirmed on short-
term nor long-term motor memory consolidation in our
group of older adults. This seems to be in line with studies
examining the effect of acute exercise on (not motor related)
short- and long-term memory, exposing higher effects for
young than for older adults [74]. Interestingly, the a priori
post hoc tests revealed enhanced consolidation of short-term
and long-term motor memory for EG after exercise, but only a
tendency toward improvement of short-term motor memory
for CG after rest. Thus, based on our results we cannot
exclude that an acute exercise session might be a possible
intervention to enhance motor consolidation in a FM task
in older adults.

4.2. Effect of Acute Exercise on Electrophysiological Data. In
addition to the FM data, the electrophysiological correlates
of FM task performance were investigated. To this aim, beta
TRPow decreases in electrodes supposed to lie over the
frontal cortex, M1, and S1 were calculated as indicators of
task-related cortical activation of the corresponding brain
areas [41, 42].

In general, beta power at rest was highest over centro-
parietal and lowest over frontal electrodes. Consistent with
other studies [49, 75], also TRPow decreases were stronger
at centro-parietal and central than at frontal electrodes.
Although the exact origin of beta oscillations is unknown,
the latter finding indicates a strong sensorimotor cortical
activation during the motor task [76]. A trend for a
TIME×GROUP interaction revealed that TRPow of EG

Table 6: F-statistics of (a) Analysis 2.1, (b) Analysis 2.2, and (c) Analysis 2.3 for EEG TRPow (adjusted α = 017).

TIME GROUP TIME×GROUP
F df p η2p F df p η2p F df p η2p

(a) Analysis 2.1

F3 1.28 1 .266 .04 2.24 1 .144 .06 15.58 1 <.001 .32

C3 4.12 1 .051 .11 0.32 1 .577 .01 3.23 1 .081 .09

CP3 8.18 1 .007 .20 0.50 1 .825 <.01 3.59 1 .067 .10

F4 2.86 1 .100 .08 0.28 1 .603 .01 1.17 1 .287 .03

C4 28.75 1 <.001 .47 1.43 1 .240 .10 0.42 1 .524 .01

CP4 1.94 1 .173 .06 0.91 1 .348 .03 0.19 1 .670 .01

(b) Analysis 2.2

F3 2.49 1 .124 .07 1.12 1 .297 .03 7.59 1 .009 .19

C3 <0.01 1 .995 <.01 <0.01 1 .971 <.01 1.01 1 .322 .03

CP3 3.55 1 .068 .10 0.07 1 .795 <.01 4.69 1 .038 .12

F4 1.73 1 .197 .05 1.24 1 .273 .04 0.07 1 .799 <.01
C4 71.83 1 <.001 .69 0.52 1 .476 .02 0.07 1 .799 <.01
CP4 0.04 1 .844 <.01 1.50 1 .229 .04 <0.01 1 .951 <.01

(c) Analysis 2.3

F3 7.35 1 .010 .04 1.43 1 .240 .04 6.95 1 .012 .16

C3 2.83 1 .101 .07 0.49 1 .487 .01 0.01 1 .943 <.01
CP3 3.09 1 .087 .08 0.10 1 .753 <.01 1.27 1 .267 .03

F4 29.25 1 <.001 .45 0.15 1 .700 <.01 1.00 1 .336 .03

C4 9.36 1 .004 .21 0.68 1 .414 .02 0.36 1 .555 .01

CP4 2.42 1 .129 .06 0.08 1 .783 <.01 1.05 1 .312 .03
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and CG tended to develop differently throughout the
experiment. For specific electrodes and time points, this
was confirmed by our a priori defined analyses as discussed
in the following.

4.2.1. Motor Performance. The acute exercise session caused
stronger TRPow decreases at electrode F3 (but not C3 or
CP3), and therefore, higher activation of the contralateral
frontal cortex during the FM practice session immediately
after acute exercise. It has been shown that older as compared
to young adults need to activate more frontal brain resources
to successfully perform a motor task [50]. One prominent
theory claims that this additional activation reflects compen-
sation processes associated with maintained or enhanced
motor performance [77]. Therefore, the increased contralat-
eral frontal activity might indicate that acute exercise enables
healthy older adults to better utilize existing frontal brain
capacities during the FM task immediately after exercise.
Our findings are also supported by functional near-infrared
spectroscopy (fNIRS) studies, in which acute exercise as
compared to rest led to compensatory frontal brain activity
during the performance of a subsequent cognitive task in
older adults [78, 79].

4.2.2. Initial Motor Learning. It has been shown that practic-
ing visuomotor force-matching tasks in general leads to an
attenuation of beta TRPow decreases in frontal and sensori-
motor cortical areas in young adults, interpreted as that task
execution became less demanding due to increased

automaticity [46, 48]. In line with these results, the CG in
our study also revealed less contralateral frontal activation
(less TRPow decrease) at the end of the first FM practice ses-
sion compared to baseline. Interestingly, the contralateral
frontal activity of the EG also decreased again in the course
of the initial learning bock (after an initial increase of activity
immediately after exercise, cf. 4.2.1), resulting in a nonsignif-
icant effect from baseline to initial motor learning. As the
cognitive load during the performance of a motor task
decreases with practice [33], it might be that the initial strong
compensatory contralateral frontal activity of the EG was not
needed anymore to perform the FM task with ongoing prac-
tice. Furthermore, results indicate that acute exercise facili-
tated contralateral frontal beta activity directly after exercise
but had no further effect on frontal beta activity during the
learning course (similar to the behavioral FM data). In line
with this finding, acute exercise led to a positive effect on cog-
nitive performance only immediately after exercise in older
adults, but not after a certain time delay [27].

4.2.3. Motor Memory Consolidation. From the last block of
the first FM practice session after intervention (i.e., initial
motor learning) to the first block of the second FM practice
session after a very short consolidation period (i.e., short-
termmotor memory), CG but not EG revealed a strong reduc-
tion of contralateral frontal cortical activity (i.e., weaker beta
TRPow decreases). EG, in turn, did not change from initial
motor learning to short-term motor memory, resulting in
frontal TRPow decreases that did not differ significantly

In
te

rv
en

tio
n 

(2
5 

m
in

)
Ac

ut
e e

xe
rc

ise
/a

ud
io

bo
ok

(a) B-block (b) MP-block

EG FM task (B-block)
CG FM task (B-block)

EG EEG rest 1
CG EEG rest 1

Frequency (Hz)

EG FM task (motor performance)
CG FM task (motor performance)

EG EEG rest 2
CG EEG rest 2

Frequency (Hz)

Frequency (Hz) Frequency (Hz)

Hz

Hz

Hz

Hz

F3 F3

F4 F4

Beta (13-30 Hz)

Beta (13-30 Hz) Beta (13-30 Hz)

Beta (13-30 Hz)

13 15 17 19 21 23 25 27 29 13 15 17 19 21 23 25 27 29

13 15 17 19 21 23 25 27 2913 15 17 19 21 23 25 27 29

3 5 7 9 11 13 15 17 19 21 22 24 26 28 30 32 34 36 38 40 42 44

3 5 7 9 11 13 15 17 19 21 22 24 26 28 30 32 34 36 38 40 42 44 3 5 7 9 11 13 15 17 19 21 22 24 26 28 30 32 34 36 38 40 42 44

3 5 7 9 11 13 15 17 19 21 22 24 26 28 30 32 34 36 38 40 42 44

0.0

0.1

0.2

0.3

0.0

0.2

0.4

0.6

0.8

1.0

�휇
V

2

0.0

0.2

0.4

0.6

0.8

1.0

�휇
V

2

0.0

0.1

0.2

0.3

�휇
V

2
0.0

0.2

0.4

0.6

0.8

1.0

�휇
V

2

0.0

0.1

0.2

0.3

�휇
V

2

0.0

0.2

0.4

0.6

0.8

1.0

�휇
V

2

0.0

0.1

0.2

0.3

�휇
V

2

Figure 7: Means of the frequency (3–45Hz) for EG (black line) and CG (grey line) for electrodes F3 (upper row) and F4 (lower row). The
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from the baseline level. Thus, the effect of the intervention
(exercise or control condition) as well as the effect of practic-
ing the FM task (first practice session) disappeared during the
15-minute break between FM practice sessions. Therefore,
different to young adults [59], in older adults, efficient
short-term motor memory consolidation was not reflected
by weaker beta TRPow decreases. The different results might
be related to the intensity of exercise, i.e., a moderate intensity
exercise might not be strong enough to triggermotormemory
consolidation in older adults or to a general age-related
decline in memory consolidation after acute exercise [74].

Interestingly, the significant effects of acute exercise on
EEG beta activity were restricted to the contralateral side;
no influence was found for the ipsilateral brain areas.
Although the FM task requires bilateral brain activity
[34, 36], especially in older adults [49], acute exercise seemed
to trigger the dominant contralateral brain side only.

A general increase of beta power at rest was revealed from
EEG rest 1 to 3. Beta power at rest was interpreted as a corre-
late of processing of content-specific information [80, 81].
Therefore, one might assume that both groups increased pro-
cessing throughout the FM practice on day 2 (regardless of
the intervention). The lack of TIME×GROUP interactions
for beta power at rest indicated that sweating did not system-
atically affect EEG data at rest.

4.3. Association between Motor Behavior, EEG Data, and
Load during Exercise. After, correcting for multiple compar-
isons, no significant associations between FM task perfor-
mance and TRPow during FM task were found. Thus, we
might conclude that our results confirm earlier studies
reporting no direct correlation between visuomotor perfor-
mance, task-related beta power, and electrophysiological data
[44, 82]. However, as the (marginally significant) correlation
during short-term motor memory consolidation at electrode
C4 for the experimental group was medium high, we might
carefully interpret that as that good short-term motor mem-
ory consolidation came along with weaker TRPow decrease.

This fits to our finding that TRPow decreases got weaker
with practice. In contrast, a motor sequence learning study
(without acute exercise) revealed that a high learning gain
(i.e., a high decrease of reaction times) correlated with a
high beta suppression after a short-term consolidation
phase of ten minutes in young adults [83]. Diverging results
might indicate different control strategies between the (key
pressing) motor sequence task and our FM task and/or
between age groups.

It was further investigated whether the individual
exercise load was associated with FM task performance after
exercise, as exercise loads varied highly within the EG (range:
54W to 130W). Although only marginally significant, there
was a moderate association between exercise load and long-
term motor memory consolidation, indicating better perfor-
mance in the FM task 24 hours after acute exercise with
higher exercise loads. The level of significance might be due
to the small sample size of n = 17 and the high variation in
the data. It has to be examined whether there is an objective
criterion (i.e., exercise load in Watt) or relative criterion
(exercise load as a percentage of maximum performance)
that triggers these processes. Based on the correlational
results, one could speculate that acute exercise needs to be
performed at a certain exercise load to increase motor
consolidation processes.

4.4. Limitations and Future Directions. To our knowledge,
this study revealed for the first time that acute exercise facil-
itates fine motor control performance and learning as well as
electrophysiological processing in healthy older adults. How-
ever, several factors might have influenced (or weakened) the
effect of an acute exercise session on motor processes.

The aim of the baseline measurement was to assess a
status quo of the initial fine motor performance of the
participants. Participants in both groups revealed high
improvements within these first eight trials of the FM task
(see Figure 5). As the rate of improvement was nearly
identical between the experimental and control groups, it

Table 7: F-statistics of (a) Analysis 3.1 and (b) Analysis 3.3 for EEG rest (adjusted α = 025).

TIME GROUP TIME×GROUP
F df p η2p F df p η2p F df p η2p

(a) Analysis 3.1

F3 0.08 1 .780 <.01 2.14 1 .153 .06 2.29 1 .139 .07

C3 5.34 1 .027 .14 2.43 1 .128 .07 0.76 1 .388 .02

CP3 11.43 1 .002 .26 1.83 1 .185 .05 0.82 1 .372 .02

F4 0.03 1 .869 <.01 1.71 1 .200 .05 <0.01 1 .969 <.01
C4 3.94 1 .056 .11 2.07 1 .160 .06 0.65 1 .426 .02

CP4 2.34 1 .136 .07 2.34 1 .136 .07 0.65 1 .426 .02

(b) Analysis 3.3

F3 1.28 1 .266 .03 21.55 1 .636 .01 6.21 1 .017 .15

C3 0.47 1 .449 .01 2.34 1 .135 .06 0.19 1 .665 .01

CP3 1.12 1 .298 .03 1.43 1 .239 .04 2.15 1 .151 .06

F4 6.37 1 .016 .15 0.16 1 .696 <.01 0.16 1 .696 <.01
C4 2.41 1 .130 .06 1.20 1 .281 .03 0.22 1 .644 .01

CP4 1.35 1 .253 .04 0.39 1 .535 .01 0.01 1 .910 <.01
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rather represents a baseline familiarization than a baseline
fine motor performance level. Based on the mean values,
one could assume that the intervention time led to a
short-term motor memory consolidation. However, con-
sidering the particular trials within the analyzed blocks
during baseline and motor performance, we see that both
groups started at a slightly lower performance level than
the last trial of the baseline block. This contradicts the
assumption of a general short-term consolidation due to
the intervention break.

Although the intensity of exercise is discussed as an
important factor in acute exercise research [84], no system-
atic association can be derived from studies using motor par-
adigms with young adults. That is, exercise intensity did not
influence the consolidation of long-term motor memory sys-
tematically: better motor memory was found 24 hours after a
high intensity [12, 14, 17, 18] and after a low-intensity exer-
cise session [18], but, surprisingly, not after a moderate
intensity exercise session [15, 16]. These heterogeneous
results might have been influenced by the method of defining
exercise intensity (% of VO2-peak vs. % of estimated age-
related maximum heart rate vs. % of maximum Watt) or by
the exercise type (cycling vs. running). In the current study,
a moderate intensity exercise session was used, as this load
could be transferred from laboratory-based acute exercise
studies to the setting of rehabilitation, i.e., patients or persons
not experienced with exercise [8]. High-intensity exercise did
not seem appropriate, as it is performed by or recommended
only for older persons with exercise experience [85, 86]. Nev-
ertheless, exercise intensity might be a determining factor
and should be systematically analyzed in future studies.

The order of acute exercise and practicing the motor task
might also be an important factor. Roig et al. [12] found that
practicing a motor task before acute exercise led to better
long-term motor memory than practice after exercise. How-
ever, this finding was not supported by another study (using
a motor adaptation paradigm), revealing that the order of
practice and exercise did not influence the effect of exercise
[87]. Thus, we decided to perform the practice sessions after
exercise, as this design has been repeatedly shown to facilitate
cognitive performance in older adults [27–29].

Furthermore, the physical activity/cardiovascular fitness
level of the participants might mediate results. We generated
a controlled sample in terms of the physical activity level,
which could prevent generalizability to the general popula-
tion of older adults. However, homogenizing the sample
was necessary, as the physical activity level seems to mediate
plasticity of the brain [88, 89] and the response to acute exer-
cise sessions [90]. Further influencing factors might be the
specific kind of upper extremity motor tasks (motor sequence
learning: [91–94]; motor adaptation paradigms: [71, 87]), the
kind of (cardiovascular) exercise [95], timing, or the duration
of exercise. In sum, further studies with older adults are
needed that systematically vary the potential influencing
factors [26].

With respect to associated neural mechanisms, we
restricted our analysis to the beta band (cf. introduction for
argumentation). In addition, alpha oscillations (8–13Hz) of
the sensorimotor cortex were described as possible markers

Table 8: Correlations between the Watt load performed during
exercise and FM performance (RMSE) after different time points
of exercise (adjusted α = 013).

RMSE
Watt load during exercise
r p

MP-block −.291 .257

iML-block −.300 .242

sMM-block −.157 .547

lMM-block −.426 .088

R2 linear = 0.181
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Figure 8: Scatterplot of the FM performance during long-term
motor memory block (lMM-block) and the Watt load during
acute exercise.

Table 9: Correlations between the Watt load performed during
exercise and TRPow after different time points of exercise
(adjusted α = 017).

TRPow
Watt load during exercise
r p

MP-block .217 .403

C3 .227 .381

CP3 .142 .585

C4 .334 .190

CP4 .378 .134

F3 −.069 .793

iML-block .006 .981

C3 .336 .188

CP3 .195 .453

C4 .373 .140

CP4 .345 .175

F3 .112 .669

sMM-block −.081 .758

C3 .171 .513

CP3 .559 .020

C4 .474 .054

CP4 .328 .198

F3 .377 .135
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of sensorimotor processing [96, 97]. We did not find any
acute exercise-related effects on EEG alpha power at rest or
TRPow in our data (results not reported) and abstained from
including it in the current report.

5. Conclusions

A moderate intensity acute exercise session tended to
improve fine motor control performance immediately after
exercise in a precision grip FM task in healthy older adults
more than a resting control condition. Therefore, acute exer-
cise might be a potential candidate to enhance motor perfor-
mance in older adults. This could have important practical
implications for the setting of rehabilitation: acute exercise
could be implemented as a method to create successful expe-
riences in fine motor control performance and therefore, to
contribute in motivating older patients in the rehabilitation
process. Further, the stronger contralateral frontal beta
TRPow decreases immediately after the exercise session com-
pared to after the control condition was interpreted as higher
frontal brain activity [41, 42]. This higher beta activity might
indicate enhanced compensation processes, implicating that
acute exercise facilitates the ability to better use existing fron-
tal brain capacities during fine motor control tasks.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

The authors would like to thank Tim Albrecht, Marie Fernau,
Anna Lena Flagmeier, and Kai Hoffmann for their help dur-
ing data collection as well as our research group for carefully
reading the manuscript. This work was supported by a grant
of the German Research Foundation (VO-15/1 Re-LOAD,
GO-8 Re-LOAD).

References

[1] G. Diermayr, T. L. McIsaac, and A. M. Gordon, “Finger force
coordination underlying object manipulation in the elderly -
a mini-review,” Gerontology, vol. 57, no. 3, pp. 217–227, 2011.

[2] M. Zimerman, M. Nitsch, P. Giraux, C. Gerloff, L. G. Cohen,
and F. C. Hummel, “Neuroenhancement of the aging brain:
restoring skill acquisition in old subjects,” Annals of Neurol-
ogy, vol. 73, no. 1, pp. 10–15, 2013.

[3] C. Voelcker-Rehage, “Motor-skill learning in older adults—a
review of studies on age-related differences,” European Review
of Aging and Physical Activity, vol. 5, no. 1, pp. 5–16, 2008.

[4] K. M. Berghuis, M. P. Veldman, S. Solnik, G. Koch,
I. Zijdewind, and T. Hortobágyi, “Neuronal mechanisms of
motor learning and motor memory consolidation in healthy
old adults,” Age, vol. 37, no. 3, p. 9779, 2015.

[5] R. M. Brown, E. M. Robertson, and D. Z. Press, “Sequence skill
acquisition and off-line learning in normal aging,” PLoS One,
vol. 4, no. 8, article e6683, 2009.

[6] D. Nemeth and K. Janacsek, “The dynamics of implicit skill
consolidation in young and elderly adults,” The Journals of
Gerontology: Series B, vol. 66B, no. 1, pp. 15–22, 2011.

[7] M. Roig, A. Ritterband-Rosenbaum, J. Lundbye-Jensen, and
J. B. Nielsen, “Aging increases the susceptibility to motor
memory interference and reduces off-line gains in motor skill
learning,” Neurobiology of Aging, vol. 35, no. 8, pp. 1892–
1900, 2014.

[8] A. M. Singh and W. R. Staines, “The effects of acute aerobic
exercise on the primary motor cortex,” Journal of Motor
Behavior, vol. 47, no. 4, pp. 328–339, 2015.

[9] A. M. Singh, R. E. Duncan, J. L. Neva, and W. Richard Staines,
“Aerobic exercise modulates intracortical inhibition and
facilitation in a nonexercised upper limb muscle,” BMC Sports
Science, Medicine and Rehabilitation, vol. 6, no. 1, p. 23,
2014.

[10] A. E. Smith, M. R. Goldsworthy, T. Garside, F. M. Wood, and
M. C. Ridding, “The influence of a single bout of aerobic exer-
cise on short-interval intracortical excitability,” Experimental
Brain Research, vol. 232, no. 6, pp. 1875–1882, 2014.

[11] R. Perini, M. Bortoletto, M. Capogrosso, A. Fertonani, and
C. Miniussi, “Acute effects of aerobic exercise promote learn-
ing,” Scientific Reports, vol. 6, no. 1, p. 25440, 2016.

[12] M. Roig, K. Skriver, J. Lundbye-Jensen, B. Kiens, and J. B.
Nielsen, “A single bout of exercise improves motor mem-
ory,” PLoS One, vol. 7, no. 9, article e44594, 2012.

[13] A. M. Singh, J. L. Neva, and W. R. Staines, “Aerobic exercise
enhances neural correlates of motor skill learning,” Behav-
ioural Brain Research, vol. 301, pp. 19–26, 2016.

[14] K. Skriver, M. Roig, J. Lundbye-Jensen et al., “Acute exercise
improves motor memory: exploring potential biomarkers,”
Neurobiology of Learning and Memory, vol. 116, pp. 46–58,
2014.

[15] N. J. Snow, C. S. Mang, M. Roig, M. N. McDonnell, K. L.
Campbell, and L. A. Boyd, “The effect of an acute bout of
moderate-intensity aerobic exercise on motor learning of a
continuous tracking task,” PLoS One, vol. 11, no. 2, article
e0150039, 2016.

[16] M. A. Statton, M. Encarnacion, P. Celnik, and A. J. Bastian,
“A single bout of moderate aerobic exercise improves motor
skill acquisition,” PLoS One, vol. 10, no. 10, article e0141393,
2015.

[17] R. Thomas, M. M. Beck, R. R. Lind et al., “Acute exercise and
motor memory consolidation: the role of exercise timing,”
Neural Plasticity, vol. 2016, Article ID 6205452, 11 pages, 2016.

[18] R. Thomas, L. K. Johnsen, S. S. Geertsen et al., “Acute exercise
and motor memory consolidation: the role of exercise inten-
sity,” PLoS One, vol. 11, no. 7, article e0159589, 2016.

[19] A. Shumway-Cook and M. H. Woollacott, Motor Control:
Translating Research intoClinical Practice, LippincottWilliams
&Wilkins, 2007.

[20] A. M. Singh, J. L. Neva, and W. R. Staines, “Acute exercise
enhances the response to paired associative stimulation-
induced plasticity in the primary motor cortex,” Experimental
Brain Research, vol. 232, no. 11, pp. 3675–3685, 2014.

[21] J. Doyon and H. Benali, “Reorganization and plasticity in the
adult brain during learning of motor skills,” Current Opinion
in Neurobiology, vol. 15, no. 2, pp. 161–167, 2005.

17Neural Plasticity



[22] Y. Dudai, “The neurobiology of consolidations, or, how stable
is the engram?,” Annual Review of Psychology, vol. 55, no. 1,
pp. 51–86, 2004.

[23] W. Muellbacher, U. Ziemann, J. Wissel et al., “Early consolida-
tion in human primary motor cortex,” Nature, vol. 415,
no. 6872, pp. 640–644, 2002.

[24] J. L. McGaugh, “Memory–a century of consolidation,” Science,
vol. 287, no. 5451, pp. 248–251, 2000.

[25] S. S. Kantak and C. J. Winstein, “Learning-performance dis-
tinction and memory processes for motor skills: a focused
review and perspective,” Behavioural Brain Research,
vol. 228, no. 1, pp. 219–231, 2012.

[26] L. Hübner and C. Voelcker-Rehage, “Does physical activity
benefit motor performance and learning of upper extremity
tasks in older adults?–a systematic review,” European
Review of Aging and Physical Activity, vol. 14, no. 1,
p. 15, 2017.

[27] L. A. Barella, J. L. Etnier, and Y. K. Chang, “The immediate and
delayed effects of an acute bout of exercise on cognitive perfor-
mance of healthy older adults,” Journal of Aging and Physical
Activity, vol. 18, no. 1, pp. 87–98, 2010.

[28] Y. K. Chang, C. H. Chu, C. C. Wang, T. F. Song, and G. X. Wei,
“Effect of acute exercise and cardiovascular fitness on cognitive
function: an event-related cortical desynchronization study,”
Psychophysiology, vol. 52, no. 3, pp. 342–351, 2015.

[29] K. Kamijo, Y. Hayashi, T. Sakai, T. Yahiro, K. Tanaka, and
Y. Nishihira, “Acute effects of aerobic exercise on cognitive
function in older adults,” The Journals of Gerontology. Series
B, Psychological Sciences and Social Sciences, vol. 64B, no. 3,
pp. 356–363, 2009.

[30] K. Lambourne and P. Tomporowski, “The effect of exercise-
induced arousal on cognitive task performance: a meta-
regression analysis,” Brain Research, vol. 1341, pp. 12–24, 2010.

[31] E. Dayan and L. G. Cohen, “Neuroplasticity subserving motor
skill learning,” Neuron, vol. 72, no. 3, pp. 443–454, 2011.

[32] B. Godde and C. Voelcker-Rehage, “More automation and less
cognitive control of imagined walking movements in high-
versus low-fit older adults,” Frontiers in Aging Neuroscience,
vol. 2, p. 139, 2010.

[33] U. Halsband and R. K. Lange, “Motor learning in man: a
review of functional and clinical studies,” Journal of Physiol-
ogy, Paris, vol. 99, no. 4–6, pp. 414–424, 2006.

[34] H. H. Ehrsson, A. Fagergren, T. Jonsson, G. Westling, R. S.
Johansson, and H. Forssberg, “Cortical activity in precision-
versus power-grip tasks: an fMRI study,” Journal of Neuro-
physiology, vol. 83, no. 1, pp. 528–536, 2000.

[35] M. F. Ghilardi, C. Ghez, V. Dhawan et al., “Patterns of regional
brain activation associated with different forms of motor
learning,” Brain Research, vol. 871, no. 1, pp. 127–145, 2000.

[36] J. P. Kuhtz-Buschbeck, H. H. Ehrsson, and H. Forssberg,
“Human brain activity in the control of fine static precision
grip forces: an fMRI study,” European Journal of Neuroscience,
vol. 14, no. 2, pp. 382–390, 2001.

[37] P. E. Roland, B. Larsen, N. A. Lassen, and E. Skinhoj, “Supple-
mentary motor area and other cortical areas in organization of
voluntary movements in man,” Journal of Neurophysiology,
vol. 43, no. 1, pp. 118–136, 1980.

[38] A. Floyer-Lea and P. M. Matthews, “Changing brain networks
for visuomotor control with increased movement automatic-
ity,” Journal of Neurophysiology, vol. 92, no. 4, pp. 2405–
2412, 2004.

[39] W. Muellbacher, U. Ziemann, B. Boroojerdi, L. Cohen, and
M. Hallett, “Role of the human motor cortex in rapid motor
learning,” Experimental Brain Research, vol. 136, no. 4,
pp. 431–438, 2001.

[40] A. K. Engel and P. Fries, “Beta-band oscillations – signalling
the status quo?,” Current Opinion in Neurobiology, vol. 20,
no. 2, pp. 156–165, 2010.

[41] S. Erla, L. Faes, G. Nollo, C. Arfeller, C. Braun, and
C. Papadelis, “Multivariate EEG spectral analysis evidences
the functional link between motor and visual cortex during
integrative sensorimotor tasks,” Biomedical Signal Processing
and Control, vol. 7, no. 3, pp. 221–227, 2012.

[42] C. Gerloff, J. Richard, J. Hadley, A. E. Schulman, M. Honda,
and M. Hallett, “Functional coupling and regional activation
of human cortical motor areas during simple, internally paced
and externally paced finger movements,” Brain, vol. 121, no. 8,
pp. 1513–1531, 1998.

[43] J. Classen, C. Gerloff, M. Honda, and M. Hallett, “Integrative
visuomotor behavior is associated with interregionally coher-
ent oscillations in the human brain,” Journal of Neurophysiol-
ogy, vol. 79, no. 3, pp. 1567–1573, 1998.

[44] A. J. Rilk, S. R. Soekadar, P. Sauseng, and C. Plewnia, “Alpha
coherence predicts accuracy during a visuomotor tracking
task,” Neuropsychologia, vol. 49, no. 13, pp. 3704–3709, 2011.

[45] S. N. Baker, “Oscillatory interactions between sensorimotor
cortex and the periphery,” Current Opinion in Neurobiology,
vol. 17, no. 6, pp. 649–655, 2007.

[46] C. Kranczioch, S. Athanassiou, S. Shen, G. Gao, and A. Sterr,
“Short-term learning of a visually guided power-grip task is
associated with dynamic changes in EEG oscillatory activity,”
Clinical Neurophysiology, vol. 119, no. 6, pp. 1419–1430,
2008.

[47] H. Nakano, M. Osumi, K. Ueta, T. Kodama, and S. Morioka,
“Changes in electroencephalographic activity during observa-
tion, preparation, and execution of a motor learning task,”
The International Journal of Neuroscience, vol. 123, no. 12,
pp. 866–875, 2013.

[48] B. Studer, S. Koeneke, J. Blum, and L. Jancke, “The effects of
practice distribution upon the regional oscillatory activity in
visuomotor learning,” Behavioral and Brain Functions, vol. 6,
no. 1, p. 8, 2010.

[49] L. Hübner, B. Godde, and C. Voelcker-Rehage, “Older adults
reveal enhanced task-related beta power decreases during a
force modulation task,” Behavioural Brain Research, vol. 345,
pp. 104–113, 2018.

[50] R. D. Seidler, J. A. Bernard, T. B. Burutolu et al., “Motor con-
trol and aging: links to age-related brain structural, functional,
and biochemical effects,” Neuroscience and Biobehavioral
Reviews, vol. 34, no. 5, pp. 721–733, 2010.

[51] L. O. D. Christensen, P. Johannsen, T. Sinkjær, N. Petersen,
H. S. Pyndt, and J. B. Nielsen, “Cerebral activation during bicy-
cle movements in man,” Experimental Brain Research,
vol. 135, no. 1, pp. 66–72, 2000.

[52] E. B. Fontes, A. H. Okano, F. de Guio et al., “Brain activity and
perceived exertion during cycling exercise: an fMRI study,”
British Journal of Sports Medicine, vol. 49, no. 8, pp. 556–
560, 2015.

[53] M. Hiura, T. Nariai, K. Ishii et al., “Changes in cerebral blood
flow during steady-state cycling exercise: a study using
oxygen-15-labeled water with PET,” Journal of Cerebral Blood
Flow and Metabolism, vol. 34, no. 3, pp. 389–396, 2014.

18 Neural Plasticity



[54] J. B. Crabbe and R. K. Dishman, “Brain electrocortical activity
during and after exercise: a quantitative synthesis,” Psycho-
physiology, vol. 41, no. 4, pp. 563–574, 2004.

[55] M. Fumoto, T. Oshima, K. Kamiya et al., “Ventral prefrontal
cortex and serotonergic system activation during pedaling
exercise induces negative mood improvement and increased
alpha band in EEG,” Behavioural Brain Research, vol. 213,
no. 1, pp. 1–9, 2010.

[56] S. Schneider, C. D. Askew, J. Diehl et al., “EEG activity and
mood in health orientated runners after different exercise
intensities,” Physiology & Behavior, vol. 96, no. 4-5, pp. 709–
716, 2009.

[57] P. Wollseiffen, A. Ghadiri, A. Scholz et al., “Short bouts of
intensive exercise during the workday have a positive effect
on neuro-cognitive performance,” Stress and Health, vol. 32,
no. 5, pp. 514–523, 2015.

[58] H. Moraes, A. Deslandes, H. Silveira et al., “The effect of acute
effort on EEG in healthy young and elderly subjects,” Euro-
pean Journal of Applied Physiology, vol. 111, no. 1, pp. 67–75,
2011.

[59] F. Dal Maso, B. Desormeau, M. H. Boudrias, and M. Roig,
“Acute cardiovascular exercise promotes functional changes
in cortico-motor networks during the early stages of motor
memory consolidation,” NeuroImage, vol. 174, pp. 380–392,
2018.

[60] M. E. Nelson, W. J. Rejeski, S. N. Blair et al., “Physical activity
and public health in older adults: recommendation from the
American College of Sports Medicine and the American Heart
Association,” Circulation, vol. 116, no. 9, pp. 1094–1105, 2007.

[61] J. A. Baecke, J. Burema, and J. E. Frijters, “A short question-
naire for the measurement of habitual physical activity in
epidemiological studies,” The American Journal of Clinical
Nutrition, vol. 36, no. 5, pp. 936–942, 1982.

[62] M. F. Folstein, S. E. Folstein, and P. R. McHugh, “Mini-mental
state. A practical method for grading the cognitive state of
patients for the clinician,” Psychiatry Research, vol. 12, no. 3,
pp. 189–198, 1975.

[63] R. M. Crum, J. C. Anthony, S. S. Bassett, and M. F. Folstein,
“Population-based norms for the mini-mental state examina-
tion by age and educational level,” JAMA, vol. 269, no. 18,
pp. 2386–2391, 1993.

[64] R. C. Oldfield, “The assessment and analysis of handedness:
the Edinburgh inventory,” Neuropsychologia, vol. 9, no. 1,
pp. 97–113, 1971.

[65] S. Vieluf, J. Mahmoodi, B. Godde, E. M. Reuter, and
C. Voelcker-Rehage, “The influence of age and work-related
expertise on fine motor control,” GeroPsych, vol. 25, no. 4,
pp. 199–206, 2012.

[66] J. Tiffin and E. J. Asher, “The Purdue Pegboard: norms and
studies of reliability and validity,” Journal of Applied Psychol-
ogy, vol. 32, no. 3, pp. 234–247, 1948.

[67] J. Desrosiers, R. Hébert, G. Bravo, and E. Dutil, “The Purdue
Pegboard Test: normative data for people aged 60 and over,”
Disability and Rehabilitation, vol. 17, no. 5, pp. 217–224,
1995.

[68] H. H. Jasper, “The ten twenty electrode system of the interna-
tional federation,” Electroencephalography and Clinical Neuro-
physiology, vol. 10, pp. 371–375, 1958.

[69] B. G. Tabachnick and L. S. Fidell, “Computer-assisted
research design and analysis,” Allyn & Bacon, Boston, MA,
USA, 2001.

[70] D. J. Serrien, A. H. Pogosyan, and P. Brown, “Cortico-cortical
coupling patterns during dual task performance,” Experimen-
tal Brain Research, vol. 157, no. 1, pp. 79–84, 2004.

[71] A. Mierau, S. Schneider, T. Abel, C. Askew, S. Werner, and
H. K. Strüder, “Improved sensorimotor adaptation after
exhaustive exercise is accompanied by altered brain activity,”
Physiology & Behavior, vol. 96, no. 1, pp. 115–121, 2009.

[72] J. C. Smith, E. S. Paulson, D. B. Cook, M. D. Verber, and
Q. Tian, “Detecting changes in human cerebral blood flow
after acute exercise using arterial spin labeling: implications
for fMRI,” Journal of Neuroscience Methods, vol. 191, no. 2,
pp. 258–262, 2010.

[73] A. S. Rajab, D. E. Crane, L. E. Middleton, A. D. Robertson,
M. Hampson, and B. J. MacIntosh, “A single session of exercise
increases connectivity in sensorimotor-related brain networks:
a resting-state fMRI study in young healthy adults,” Frontiers
in Human Neuroscience, vol. 8, p. 625, 2014.

[74] M. Roig, S. Nordbrandt, S. S. Geertsen, and J. B. Nielsen, “The
effects of cardiovascular exercise on human memory: a review
with meta-analysis,” Neuroscience and Biobehavioral Reviews,
vol. 37, no. 8, pp. 1645–1666, 2013.

[75] M. P. Rearick, J. A. Johnston, and S. M. Slobounov, “Feedback-
dependent modulation of isometric force control: an EEG
study in visuomotor integration,” Cognitive Brain Research,
vol. 12, no. 1, pp. 117–130, 2001.

[76] R. Salmelin and R. Hari, “Spatiotemporal characteristics of
sensorimotor neuromagnetic rhythms related to thumb move-
ment,” Neuroscience, vol. 60, no. 2, pp. 537–550, 1994.

[77] S. Heuninckx, N. Wenderoth, and S. P. Swinnen, “Systems
neuroplasticity in the aging brain: recruiting additional neural
resources for successful motor performance in elderly per-
sons,” The Journal of Neuroscience, vol. 28, no. 1, pp. 91–99,
2008.

[78] K. Hyodo, I. Dan, K. Suwabe et al., “Acute moderate exercise
enhances compensatory brain activation in older adults,” Neu-
robiology of Aging, vol. 33, no. 11, pp. 2621–2632, 2012.

[79] T. Tsujii, K. Komatsu, and K. Sakatani, “Acute effects of phys-
ical exercise on prefrontal cortex activity in older adults: a
functional near-infrared spectroscopy study,” Advances in
Experimental Medicine and Biology, vol. 765, pp. 293–298,
2013.

[80] C. Moisello, D. Blanco, J. Lin et al., “Practice changes beta
power at rest and its modulation during movement in healthy
subjects but not in patients with Parkinson's disease,” Brain
and Behavior, vol. 5, no. 10, article e00374, 2015.

[81] B. Spitzer and S. Haegens, “Beyond the status quo: a role for
beta oscillations in endogenous content (re)activation,”
eNeuro, vol. 4, no. 4, pp. ENEURO.0170–ENEU17.2017, 2017.

[82] H. E. Rossiter, E. M. Davis, E. V. Clark, M. H. Boudrias, and
N. S. Ward, “Beta oscillations reflect changes in motor cortex
inhibition in healthy ageing,” NeuroImage, vol. 91, pp. 360–
365, 2014.

[83] B. Pollok, D. Latz, V. Krause, M. Butz, and A. Schnitzler,
“Changes of motor-cortical oscillations associated with motor
learning,” Neuroscience, vol. 275, pp. 47–53, 2014.

[84] C. Voelcker-Rehage, C. Niemann, L. Hübner, B. Godde, and
A. H. Winneke, “Benefits of physical activity and fitness for
lifelong cognitive and motor development—brain and behav-
ior,” in Sport and Exercise Psychology Research, M. Raab, P.
Wylleman, R. Seiler, A.-M. Elbe, and A. Hatzigeorgiadis,
Eds., pp. 43–73, Elsevier, Amsterdam, 2016.

19Neural Plasticity



[85] M. E. Cress, D. M. Buchner, T. Prohaska et al., “Physical activ-
ity programs and behavior counseling in older adult popula-
tions,” Medicine & Science in Sports & Exercise, vol. 36,
no. 11, pp. 1997–2003, 2004.

[86] P. B. Sparling, B. J. Howard, D. W. Dunstan, and N. Owen,
“Recommendations for physical activity in older adults,”
BMJ, vol. 350, p. h100, 2015.

[87] B. Ferrer-Uris, A. Busquets, V. Lopez-Alonso, M. Fernandez-
del-Olmo, and R. Angulo-Barroso, “Enhancing consolidation
of a rotational visuomotor adaptation task through acute exer-
cise,” PLoS One, vol. 12, no. 4, article e0175296, 2017.

[88] J. Cirillo, A. P. Lavender, M. C. Ridding, and J. G. Semmler,
“Motor cortex plasticity induced by paired associative stimula-
tion is enhanced in physically active individuals,” The Journal
of Physiology, vol. 587, no. 24, pp. 5831–5842, 2009.

[89] T. Lulic, J. el-Sayes, H. J. Fassett, and A. J. Nelson, “Physical
activity levels determine exercise-induced changes in brain
excitability,” PLoS One, vol. 12, no. 3, article e0173672, 2017.

[90] M. E. Hopkins, F. C. Davis, M. R. VanTieghem, P. J. Whalen,
and D. J. Bucci, “Differential effects of acute and regular phys-
ical exercise on cognition and affect,” Neuroscience, vol. 215,
pp. 59–68, 2012.

[91] M. Coco, V. Perciavalle, P. Cavallari, and V. Perciavalle,
“Effects of an exhaustive exercise on motor skill learning and
on the excitability of primary motor cortex and supplementary
motor area,” Medicine, vol. 95, no. 11, article e2978, 2016.

[92] C. S. Mang, N. J. Snow, K. L. Campbell, C. J. D. Ross, and L. A.
Boyd, “A single bout of high-intensity aerobic exercise facili-
tates response to paired associative stimulation and promotes
sequence-specific implicit motor learning,” Journal of Applied
Physiology, vol. 117, no. 11, pp. 1325–1336, 2014.

[93] B. Lauber, S. Franke, W. Taube, and A. Gollhofer, “The effects
of a single bout of exercise on motor memory interference in
the trained and untrained hemisphere,” Neuroscience,
vol. 347, pp. 57–64, 2017.

[94] J. Rhee, J. Chen, S. M. Riechman, A. Handa, S. Bhatia, and D. L.
Wright, “An acute bout of aerobic exercise can protect imme-
diate offline motor sequence gains,” Psychological Research,
vol. 80, no. 4, pp. 518–531, 2015.

[95] R. Thomas, M. Flindtgaard, K. Skriver et al., “Acute exercise
and motor memory consolidation: does exercise type play a
role?,” Scandinavian Journal of Medicine & Science in Sports,
vol. 27, no. 11, pp. 1523–1532, 2017.

[96] E. Başar, C. Başar-Eroğlu, S. Karakaş, and M. Schürmann,
“Brain oscillations in perception and memory,” International
Journal of Psychophysiology, vol. 35, no. 2-3, pp. 95–124, 2000.

[97] G. Pfurtscheller and F. L. Da Silva, “Event-related EEG/MEG
synchronization and desynchronization: basic principles,”
Clinical Neurophysiology, vol. 110, no. 11, pp. 1842–1857,
1999.

20 Neural Plasticity



Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AutismDepression Research 

and Treatment
Hindawi
www.hindawi.com Volume 2018

Neurology 
Research International

Hindawi
www.hindawi.com Volume 2018

Alzheimer’s Disease
Hindawi
www.hindawi.com Volume 2018

International Journal of

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
Schizophrenia

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018
Hindawi
www.hindawi.com Volume 2018

Neural PlasticityScienti�ca
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Sleep Disorders
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Neuroscience 
Journal

Medicine
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Psychiatry 
Journal

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Multiple Sclerosis 
International
Hindawi
www.hindawi.com Volume 2018

Stroke
Research and Treatment
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Hindawi
www.hindawi.com Volume 2018

Case Reports in 
Neurological Medicine

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/aurt/
https://www.hindawi.com/journals/drt/
https://www.hindawi.com/journals/nri/
https://www.hindawi.com/journals/ijad/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/schizort/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/np/
https://www.hindawi.com/journals/scientifica/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/sd/
https://www.hindawi.com/journals/neuroscience/
https://www.hindawi.com/journals/amed/
https://www.hindawi.com/journals/psychiatry/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/msi/
https://www.hindawi.com/journals/srt/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/crinm/
https://www.hindawi.com/
https://www.hindawi.com/

