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Motor performance deficits of older adults are due to dysfunction at multiple levels. Age-
related differences have been documented on executive functions; motor control becomes
more reliant on cognitive control mechanisms, including the engagement of the pre-
frontal cortex (PFC), possibly compensating for age-related sensorimotor declines. Since
at functional level the PFC showed the largest age-related differences during discriminative
response task, we wonder whether those effects are mainly due to the cognitive difficulty
in stimulus discrimination or they could be also detected in a much easier task. In the
present study, we measured the association of physical exercise with the PFC activation
and response times (RTs) using a simple response task (SRT), in which the participants
were asked to respond as quickly as possible by manual key-press to visual stimuli. Simul-
taneous behavioral (RTs) and electroencephalographic (EEG) recordings were performed
on 84 healthy participants aged 19–86 years. The whole sample was divided into three
cohorts (young, middle-aged, and older); each cohort was further divided into two equal
sub-cohorts (exercise and not-exercise) based on a self-report questionnaire measuring
physical exercise.The EEG signal was segmented in epochs starting 1100 prior to stimulus
onset and lasting 2 s. Behavioral results showed age effects, indicating a slowing of RTs
with increasing age. The EEG results showed a significant interaction between age and
exercise on the activities recorded on the PFC. The results indicates that: (a) the brain of
older adults needs the PFC engagement also to perform elementary task, such as the SRT,
while this activity is not necessary in younger adults, (b) physical exercise could reduce
this age-related reliance on extra cognitive control also during the performance of a SRT,
and (c) the activity of the PFC is a sensitive index of the benefits of physical exercise on
sensorimotor decline.
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INTRODUCTION
The proportion of adults over the age of 65 is expected to increase
over the years. With advancing age, structural and functional dete-
rioration occurs in most physiological systems, even in the absence
of overt disease, including the central and peripheral nervous sys-
tems, as well as the neuromuscular system. A significant amount
of new evidence has accumulated regarding the benefits of reg-
ular physical activity and exercise for older healthy adults (see
Miller et al., 2012; Hayes et al., 2013, for reviews). Regular physical
activity increases average life expectancy through its influence on
sensorimotor control and functioning, and represents a low-cost,
large-scale behavioral intervention that may slow the progression
of physiological age-related cognitive and motor decline in healthy
older adults.

In the last few years, neuroimaging studies have provided sup-
port for a positive correlation between cardiorespiratory fitness
and cerebral structures and functions in humans (Colcombe et al.,
2003; Gordon et al., 2008; Erickson et al., 2010; Bugg and Head,
2011; Weinstein et al., 2012), showing that brain structures, in
particular the hippocampus and frontal and parietal areas mediate

the positive association between fitness and cognition with partic-
ular emphasis on the executive functions of older adults. Interven-
tion studies confirmed that aerobic exercise positively impacts the
abovementioned brain structures (Colcombe et al., 2006; Erickson
et al., 2011; Ruscheweyh et al., 2011;Voss et al., 2012). Other studies
linked physical fitness to enhanced cognitive performance, which
was mediated by the activity in most of the aforementioned areas in
high-fit older adults (Colcombe et al., 2004; Godde and Voelcker-
Rehage, 2010; Rosano et al., 2010; McGregor et al., 2011; Prakash
et al., 2011; Smith et al., 2011; Voelcker-Rehage et al., 2011).

Despite the extensive neuroimaging literature on the effects of
physical activity on brain health and cognitive functions, there is
less electrophysiological evidence to date. It is well known that
aging is associated with slowing of speed processing (Salthouse,
2000). The behavioral variable most frequently used to measure
processing speed is the response time (RT) that is the interval
between the onset of an external stimulus (e.g., visual, acoustic,
etc.) and the manual response, such as key-press; when the RTs
are recorded simultaneously to electroencephalographic (EEG)
recordings,very rich information can be derived. The event-related
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potentials (ERPs) provide a description at high-temporal resolu-
tion of the various stages of motor preparation and information
processing. ERPs represent a powerful tool to investigate the tem-
poral dynamic of neural processing and, thus, provide clues to
understand the neural basis of age-related slowing, and the cog-
nitive strategy adopted by older adults. Differential slowing of
separable ERP components can be linked to specific decline at
sensory, motor, or cognitive level (see Daffner et al., 2013; Li et al.,
2013; Stothart et al., 2013; Wiegand et al., 2013, for more details);
this subtle discrimination is not possible using neuroimaging tech-
niques. Some ERP studies focused on the brain activities preceding
the stimulus onset during the motor preparation process. The
results indicated that older adults were slower to react, because the
pre-response processing were slowed and/or enhanced rather than
perceptual processing (Yordanova et al., 2004; Roggeveen et al.,
2007; Wild-Wall et al., 2007). However, fewer studies have inves-
tigated the relationship between physical fitness and electrophys-
iological activity in older adults. Hillman et al. (2004) recorded
the ERPs during a visuo-motor discrimination task, and showed
that physically active elderly have faster stimulus-related cogni-
tive processing (as indicated by the latency of the parietal activity,
measured by means of the well-known P3 component) and faster
RTs than their sedentary peers. In our previous work, we reported
that older adults engaged more prefrontal cortex (PFC) resources
than middle-aged and young adults during response preparation
in a visuo-motor discrimination task; this enable them to reach
the same task accuracy as their younger counterparts, while their
response speed was slower (Berchicci et al., 2012). We also showed
that the participation at physical exercise programs could slow
down the age-related cognitive decline from 35 to 40 years of age
onward (Berchicci et al., 2013). In particular, we observed that
physical activity was linked to enhanced executive performance
during a go/no-go task mediated by decreased activity in prefrontal
regions during movement preparation.

These findings indicate that increased age is associated with
slower performance and enhanced recruitment of prefrontal areas
in visuo-motor discrimination tasks; moreover, physical exercise
could slow down this age-related cognitive decline. Since at func-
tional level, the PFC, supporting executive control (Ridderinkhof
et al., 2004), showed the largest age-related differences, we wonder
whether the observed effects of physical activity were detectable
only for difficult tasks, such as discriminative tasks, or they could
also be detected in a much easier task not requiring discrimination.
In the present study, we measured the relationship between physi-
cal exercise and both PFC activity and RTs using a simple response
task (SRT). Based on previous findings, we expected to not observe
exercise-related differences in cortical and behavioral measures of
young adults; in contrast, the effects of physical exercise could be
found in older adults. The investigation of middle-aged and older
adults will tell us whether the PFC hyperactivity emerges also in
a SRT; if this holds true, as reported by Berchicci et al. (2012),
we could disconfirm the cognitive difficulty explanation reported
in the literature (Yordanova et al., 2004) and consider the PFC
hyperactivity as a generalized effect of aging. Further, if physical
exercise could favor a decreased engagement of higher-order cor-
tical structures also in a simple task, this could support the view
that physical exercise is a non-pharmacological intervention able

to reduce the age-related reliance on cognitive control. Finally, if
the benefits of physical exercise in a SRT were confirmed at the PFC
level but not at the level of pre-motor regions, then we can suggest
that the PFC activity is a more sensitive electrophysiological index
of motor decline with age.

MATERIALS AND METHODS
PARTICIPANTS
A total of 84 participants volunteered. They were distributed across
the following three adult age classes: younger (n= 30, 10 females,
mean age= 24 years, age range: 19–35), middle-aged (n= 32,
12 females, mean age= 49 years, age range: 40–63), and older
(n= 22, 14 females, mean age= 73 years, age range: 65–86). Edu-
cation levels were similar in the two older groups (16.2± 2.1 and
16.0± 2.9 years of study for middle-aged and older, respectively)
and slightly lower for younger adults (14.9± 1.6 years). Based on
the self-report questionnaire about physical exercise (see below),
the whole sample was equally divided into sub-cohorts: young
adults who exercise (mean age: 24± 2.9 years) and do not exercise
(mean age: 24± 5.4 years); middle-aged adults who exercise (mean
age: 48± 3.8 years) and do not exercise (mean age: 51± 5.5 years);
older adults who exercise (mean age: 74± 3.4 years) and do not
exercise (mean age: 72± 4.2 years). To control potential confounds
regarding gender and education level, the six sub-cohorts were
preliminarily statistically compared. Results yielded not significant
differences, indicating that they are matched for those factors. Fur-
thermore, to control potential confounds regarding physical and
mental health, only healthy people were included in the sample.

The general cognitive state of older participants was assessed
using the mini-mental state examination (MMSE; Folstein et al.,
1975). Older participants were not cognitively impaired, with an
average MMSE score of 29 out of 30 (range: 28–30). All of the
participants were healthy and without history of neurological,
psychiatric, or chronic somatic problems. They were not tak-
ing psychoactive or vasoactive medication and had normal or
corrected-to-normal vision. All of the participants were fully right-
handed (Edinburgh Handedness Inventory; Oldfield, 1971). The
older groups were recruited among friends of the authors and
through the Vitattiva Association in Rome, the middle-aged par-
ticipants were recruited among friends of the authors and among
the employers of the University of Rome “Foro Italico,” and the
younger participants were recruited from the local student popu-
lation. The study received prior approval by the ethical committee
of the IRCCS Santa Lucia Foundation. Written informed consent
was obtained according to the Declaration of Helsinki from each
participant.

PHYSICAL ACTIVITY ASSESSMENT
Participants were asked to fill in a self-report questionnaire about
physical exercise daily performed defined by the level of intensity
in accordance with the American college of sport medicine guide-
lines (Chodzko-Zajko et al., 2009): moderate activity between
three and six metabolic equivalent of tasks (METs) and vigor-
ous activity greater than six METs. One MET is defined as the
energy expenditure for sitting quietly, which, for the average
adult, approximates 3.5 ml of oxygen uptake per kilogram of body
weight per minute. Six METs was the threshold used to split the
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sample into not-exercise and exercise cohorts. The participants
who reported general physical activities greater than six METs
were also involved in regular physical exercise programs and sports
at least 3 days/week, 1 h/session (i.e., swimming, running, martial
arts, fencing, low- and high-impact exercise). Although the ques-
tionnaire approach may lead to omissions, inaccuracies, and bias,
evidence has been reported about correlation between the results
of subjective measures of physical activity and objective maximal
oxygen consumption values (Bowles et al., 2004). Furthermore,
the effects of physical fitness on cognitive and neural measures
in older adults are consistent across different assessment methods
(McAuley et al., 2011).

APPARATUS AND PROCEDURE
The participants were tested after a 64-channel EEG active-cap
was mounted on their scalp; they were seated in a darkened room
in front of a screen placed 114 cm from their eyes. The visual
stimuli were four squared configurations made by vertical and
horizontal bars subtending 4°× 4° presented on a dark gray back-
ground; one of these stimuli was randomly displayed for 260 ms
with equal probability (p= 0.25). The inter-stimulus interval var-
ied randomly from 1 to 2 s in order to maintain uncertainty of
the RT. The order of presentation was randomized within blocks.
The duration of each run was 2.5 min with a pause interleaved;
five runs allowed us to obtain 500 trials. A yellow circle (diameter
0.15° of visual angle) placed at the center of the screen and set at
the participant’s eye level was the fixation point. Participants were
asked to respond as fast as possible to all of the stimuli by pressing
a button with the right index finger avoiding anticipations. Stim-
ulus presentation and behavioral data acquisition were performed
by Presentation™ software.

BEHAVIORAL DATA ANALYSIS
Accuracy was measured by the percentage of anticipations (i.e.,
responses shorter than 100 ms or responses issued before the
stimulus onset). The RTs’ medians for correct trials were calcu-
lated for each participant; the medians were used because the
RTs’ means distributions are usually positively skewed, and the
median is the appropriate measure under such conditions as long
as RT differences are relevant (Baayen and Milin, 2010). The
median RTs of each subject were then averaged using the mean
for each sub-cohort. Factorial (3× 2) ANOVAs were separately
performed on the RTs and accuracy using the following factors:
age (younger vs. middle-aged vs. older) and physical exercise (not-
exercise vs. exercise). Post hoc comparisons were conducted using
Tukey’s HSD test. The overall alpha level was fixed at 0.05 after the
Geisser–Greenhouse correction.

ELECTROPHYSIOLOGICAL RECORDING AND ANALYSIS
The continuous EEG was recorded using the BrainVision™ sys-
tem with 64 active (ActiCap™) electrodes (BrainProducts GmbH,
Munich, Germany) mounted according to the 10–10 International
System, which were referenced to the left mastoid. The EEG was
digitized at 250 Hz, amplified (bandpass of 0.01–80 Hz, including
a 50 Hz notch filter), and stored for off-line averaging. Off-line
analysis was performed utilizing the BrainVision™ analyzer 2.0.1

software (Brain Products GmbH, Munich, Germany). Raw EEG
data were visually inspected to identify and discard epochs conta-
minated with artifacts prior to the signal averaging. The first trial
of each block was discarded from further analysis. The trials with
artifacts (e.g., blinks or gross movements) and amplitude exceed-
ing threshold of ±120 µV were automatically excluded from the
averaging, whereas eye movement artifacts were corrected using
the Gratton et al. (1983) algorithm. Horizontal eye movements
(electro-oculogram, EOG) were monitored with bipolar record-
ings from electrodes at the left and right outer canthi. The blinks
and vertical eye movements were recorded with an electrode below
the left eye, which was referenced to site Fp1. The participants were
required to concentrate on the task performance and minimize
distractions as much as possible. Possible sources of distraction
and noise were minimized.

To comprehensively study the brain activity related to both
response preparation and stimulus perception, EEG recordings
were separately segmented and averaged into non-overlapping
2000-ms epochs that were measured from 1100 ms before to
900 ms after the stimulus onset. To further reduce high-frequency
noise, the time EEG grand-averages were low-pass filtered at
25 Hz. The baseline was derived from the mean amplitude over
the initial 200 ms of the averaged epochs. This approach allows
investigating not only the post-stimulus ERP components [i.e.,
P1, prefrontal positivity (Pp), N1, P2, and P3], but also the pre-
stimulus components related to the movement preparation [i.e.,
Bereitschaftspotential (BP) and prefrontal negativity (pN)], since
the baseline was calculated from more than 1 s before the stimu-
lus onset and not 100–200 ms right before the stimulus onset, as
usually done. The mean amplitude in the −500/0 ms time win-
dow, reflecting activity during the pre-stimulus preparation stage,
has been selected for further analysis on the following electrodes:
Cz (roughly overlaying pre-motor and motor areas) for the BP
component; Fp1 and Fp21 (over the PFC) for the pN component.
After stimulus onset, peak amplitudes and latencies of the major
ERP components were calculated for each subject in the follow-
ing standard time windows: P1: 80–150 ms; pP: 80–120 ms; N1:
130–200 ms; P2: 180–300 ms; and P3: 250–700 ms. The electrodes
selection was based on the scalp topography which allowed iden-
tifying the greatest activity for a given component at the group
level (i.e., the P1 and P2 on PO7 or PO8, the pP on Fp1 or Fp2,
the N1 on O1 or O2, the P3 on Pz) and on previous reports (e.g.,
Shibasaki and Hallett, 2006; Berchicci et al., 2012).

Factorial (3× 2) ANOVAs were separately performed on the
mean amplitude in the −500/0 ms time windows (pN and BP
components) and on the peak latency and amplitude of the afore-
mentioned post-stimulus components. Factors were: age (younger
vs. middle-aged vs. older) and physical exercise (not-exercise vs.
exercise). Post hoc comparisons were conducted using Tukey’s
HSD test. The overall alpha level was fixed at 0.05 after the Geisser–
Greenhouse correction. The correlation coefficients (Pearson’s
r coefficients) were separately computed for exercise and not-
exercise cohorts between the RTs and mean activity preceding
the stimulus onset over central (BP component) and prefrontal
(pN component) derivations. The significance was set at 0.05
(two-tailed) for all of the analyses.
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To visualize the voltage topography of the ERP components,
spline interpolated three-dimensional maps were constructed
using the BESA 2000 software (MEGIS Software GmbH, Gräfelf-
ing, Germany).

RESULTS
BEHAVIORAL RESULTS
The accuracy and mean response times for the sub-cohorts are
presented in Table 1. Older adults responded significantly slower
than middle-aged and younger adults did, while not commit-
ting a greater number of anticipations (anticipation rates were
below 1% and not differed between cohorts; all ps > 0.05). The
factorial ANOVA did not reveal a significant age× physical exer-
cise effect interaction (F 2,78= 0.03, p= 0.968, η2

= 0.000). There
was a main effect of age on the RTs (F 2,78= 17.18, p < 0.0001,
η2
= 0.305). Younger participants were on average 22 ms faster

than middle-aged (p= 0.004) and 47 ms faster (p= 0.0001)
than older participants, who were on average 25 ms slower
(p= 0.002) than middle-aged. The RTs during this SRT were
not significantly affected by physical exercise habits (F 2,78= 2.54,
p= 0.114, η2

= 0.031); however, Table 1 indicates that, on
average, exercise cohorts were 10 ms faster than not-exercise
cohorts.

ELECTROPHYSIOLOGICAL RESULTS
Figure 1 shows the grand-averaged ERP waveforms at the repre-
sentative prefrontal (Fp2) and central (Cz) sites, where the pN and
BP components were maximal. Waveforms of the three age groups
were superimposed and separately displayed for not-exercise and
exercise cohorts. The activity over prefrontal sites was modulated
by both age and exercise. Vertical dotted lines represent the RTs
in each cohort. Within the not-exercise cohorts, the waveform of
the young adults was slightly positive before the stimulus onset,
whereas those of the middle-aged and older adults showed a slow
rising negativity (pN), which began very early in the older cohort.
Within the exercise cohorts, the pN of the three age groups was
absent (did not differ from baseline). After stimulus onset, another
main component over the PFC was detectable: the pP. The peak
latency was approximately 196 ms in all of the cohorts indepen-
dently from physical exercise,whereas pP amplitude increased with
age. The BP component was very similar in all of the cohorts over
the central derivation (Cz). This component showed the typical
slow rising negativity that reflects motor preparation. This nega-
tivity reached the peak at approximately 100 ms after the stimulus
onset.

Statistical analysis of the pN amplitude showed a main effect
of physical exercise (F 1,78= 6.17, p= 0.015, η2

= 0.073). The
ANOVA did reveal a significant age× physical exercise effect
interaction (F 2,78= 3.12, p= 0.045, η2

= 0.074). Post hoc analysis
showed that the participants who exercise did not recruit the PFC
to accomplish this SRT regardless of the age group, whereas the
older (−2.23± 0.9 µV) and middle-aged adults (−1.86± 0.6 µV)
with a more sedentary lifestyle needed the intervention of the PFC
control also in this very easy task. ANOVA on the pP amplitude
did not reveal a significant age× physical exercise effect interac-
tion, but there was a main effect of age (F 2,78= 6.59, p= 0.002,
η2
= 0.172), with larger pP amplitude in older (6.43± 0.5 µV)

Table 1 | Mean and standard deviation (Mean ± SD) of the response

times (RT) and anticipations (An) for each sub-cohort.

Cohorts Not-exercise Exercise

RT (ms) An (%) RT (ms) An (%)

Young 211±19 0.31±0.07 200±20 0.21±0.06

Middle-aged 233±38 0.15±0.04 221±32 0.18±0.05

Older 256±31 0.30±0.04 248±30 0.22±0.09

FIGURE 1 | Grand-average ERP waveforms at the prefrontal (Fp2) and
central (Cz) electrodes. The age groups are superimposed with different
colors (see the legend in the figure) and divided between not-exercise (left)
and exercise (right) cohorts. The time zero represents the stimulus
appearance; the vertical dotted lines represent the response emissions for
each cohort, based on the color of the ERP waveforms.

than middle-aged (4.32± 0.4 µV) and younger (4.04± 0.4 µV)
adults. Physical exercise did not significantly affect the pP ampli-
tude (F 1,78= 1.38, p > 0.05, η2

= 0.016), even thought the exer-
cise cohorts showed lower amplitude (4.81± 0.3 µV) than not-
exercise (5.48± 0.3 µV) cohorts. The pP latency was not different
across cohorts. Statistical analysis of the BP amplitude did not
yield significant results. Similarly, analysis on the P1, N2, and P2
peak latency and amplitude were not significant. ANOVA on the
P3 latency showed a main effect of age (F 2,78= 8.059, p= 0.006,
η2
= 0.120), with later P3 in older (417± 75.80 ms) than middle-

aged (363± 77.68 ms) and younger (356± 87.65 ms) adults. The
physical exercise effect and the interaction were not significant.
Not significant effects were found on the P3 amplitude.

Figure 2 shows the scatter plot of the correlations between the
RTs and the pN component on Fp2, which was the most represen-
tative site, for both exercise and not-exercise cohorts. A significant
negative correlation was found in the not-exercise cohort (con-
tinuous line in the figure; R=−0.48; p= 0.001), whereas no
correlation was observed in the participants that exercise (dashed
line in the figure; R=−0.17; p= 0.277). Removing the two out-
liers (filled squares RTs: 332 and 348 ms) from middle-aged and
older adults that do not exercise, the correlation was even stronger
(R=−0.55; p= 0.001). No correlation was found between RTs
and the BP component parameters.

Frontiers in Aging Neuroscience www.frontiersin.org March 2014 | Volume 6 | Article 48 | 4

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Berchicci et al. Benefits of physical exercise across age

TOPOGRAPHICAL MAPS
Three-dimensional topographical maps of the grand-averaged
data for the pN and the pP components are displayed in Figure 3.
The maps of younger, middle-aged, and older participants are dis-
played from the left to the right for not-exercise cohorts (a) and
exercise cohorts (b). The top row maps show the negative activity
over the PFC in the −500/0 ms time window, which was present
only in the older not-exercise adults. The bottom row maps show
the topography of the pP when it was maximal. The positivity was
very large in older adults, but it was also visible in middle-aged
and younger adults that do not exercise. The maps of the physical

FIGURE 2 | Scatter plot of the correlation between the RTs and pN
component in the two cohorts of exercise and not-exercise
participants. The dashed line represents the linear fit of the exercise
cohort, whereas the solid line refers to the not-exercise cohort. Only the
former is significant, showing that larger is the PFC activity and slower is
the RT.

exercise cohorts show the smaller pP than not-exercise in all of the
age groups.

DISCUSSION
This study examined the effects of active lifestyle on PFC activity
and RTs across ages using a simple response task. The results indi-
cate that: (a) the PFC control is needed also for a very simple task in
older adults, while it is not necessary in younger adults, (b) physical
exercise could reduce this age-related reliance on additional cog-
nitive control, (c) age-related decline and physical exercise did not
affect the activity of pre-motor and visual areas, and (d) as known,
parietal areas were affected by age (delay of the P3 component),
but not by physical exercise.

Task difficulty is a confounding factor in studies investigating
sensorimotor changes with advancing age. Indeed, discrimination
increases task difficulty, as indicated by errors increment and,
remarkably, much longer RTs than in the SRT in all of the age
groups (Berchicci et al., 2012). There is abundant evidence for a
decreased efficiency of motor neuron recruitment in elderly that
can be compensated by increased involvement of prefrontal cor-
tical resources as a function of task difficulty, because the same
task tend to be more demanding for older than younger adults
(Stewart et al., 2013). Thus, older adults use compensatory mech-
anisms in order to maintain a performance level comparable to
their younger counterparts (Reuter-Lorenz and Cappell, 2008)
except for the slowing of RTs. However, present and past stud-
ies (Berchicci et al., 2012) showed a prefrontal hyperactivity also
when the discrimination factor was excluded.

A study combining ERP and fMRI measures localized this
preparatory prefrontal activity in the inferior frontal gyrus (iFg) of
both hemispheres (Di Russo et al., 2013). Other fMRI studies using
a SRT confirmed enhanced activity of prefrontal regions in elderly
compared with younger participants (Sailer et al., 2000; Davis
et al., 2008). Transcranial magnetic stimulation (TMS) studies

FIGURE 3 |Topographical maps of the pN (up) and pP (bottom) components. The maps for young, middle-aged, and older adults are displayed from the left
to the right for not-exercise (A) and exercise (B) cohorts.
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showed that the excitability of corticospinal pathways of older
adults is tuned in advance to speed up response generation and
enhance the response threshold of the ipsilateral cortex (Levin
et al., 2011); this preparatory strategy could increase the readiness
for fast and accurate response (Sinclair and Hammond, 2009).
In the present study, although the task difficulty was minimal,
older adults were slower than younger and middle-aged adults.
Note also the remarkable difference in the RTs between young
and middle-aged adults, confirming that the slowing of process-
ing is detectable already in middle-aged, compromising activities
of daily living (such as driving, crossing the street, grasping an
object that is falling down, etc.), social interactions, decision mak-
ing and learning (Birren and Fisher, 1995). Further, the RTs of the
participants that have a more physically active life style tend to be
shorter than their less active counterparts (see Table 1), although
the difference did not reach significant level. Interestingly, in not-
exercise cohort, we found a negative correlation between the RTs
and pN amplitude, likely mediated by the iFg and reflecting the
cognitive preparation of the response. The recruitment of the
iFg increases with age, as well as the RTs: the larger the activ-
ity in prefrontal structures before the stimulus onset, the slower
was the RT. On the other hand, the physical exercise reduced the
age-related recruitment of the iFg and this was associated with
faster RTs.

Another prefrontal activity characterized by positive polarity
(the pP component) started about 100 ms after stimulus onset
and reached the peak concomitantly to the key-press in young
adults and few milliseconds before the response in older adults.
The pP was localized in the anterior Insula and was considered
as a process of sensory evidence accumulation up to reaching a
threshold for motor response (Di Russo et al., 2013). The pP was
larger in older than younger adults, but it was not modified in
a significant way by physical exercise, although the topographi-
cal maps suggest this trend. Considering this activity as a process
of sensory evidence accumulation for response execution, older
people, and in part also middle-aged adults, need more time than
younger adults to reach the response threshold, with a concomi-
tant slowing in processing speed: this could make the person (i.e.,
elderly and sedentary) behaviorally slow, according to the litera-
ture on age-related slowing of nerve conduction (Macaluso and
De Vito, 2004), and would explain the greater engagement of the
brain structures involved. This conclusion is in line with other
studies, showing a greater insular activation with increased task
difficulty (Philiastides and Sajda, 2007) and aging (Williamson
et al., 1999).

The activity in pre-motor and visual regions during this SRT
was affected neither by age nor by physical exercise. As previ-
ously found (e.g., Berchicci et al., 2012), the age-related delay in
response emission and categorization (indexed by the parietal P3)
was confirmed, but no effects of physical exercise were found. This
latter result is only partially in line with previous studies, because
Hillman et al. (2004) showed that the P3 latency was modulated
by physical exercise. However, they found differences in the P3
latency only between high physically active older adults and the
other groups (moderate and low active participants); in the present
study there are only two groups, and this methodological differ-
ence could explain the lack of differences between exercise and

not-exercise cohorts. It is worth noting that one limitation of the
present study is the size of the sample, which is relatively small
especially for the older cohorts. Indeed, lack of significance on the
P3 latency and at behavioural level could also be explained by the
small size of the sub-cohorts analysed.

Meta-analyses of physical activity interventions confirmed that
the effect of exercise on cognitive functions is both general and
specific (Erickson et al., 2013). It is general because different cog-
nitive domains are positively affected by exercise, regardless of
the physical activity and fitness assessment used (Liu-Ambrose
et al., 2012). It is specific because the executive functions are
more improved by exercise interventions than other functions
(Colcombe and Kramer, 2003; Hillman et al., 2008). This suggests
that brain regions and networks supporting executive functions
might be more sensitive to the effects of exercise than other brain
areas. Changes in the frontal cortical areas cause the decline of
cognitive processes associated with executive and attentional func-
tioning, while other cognitive processes which do not rely on
these brain areas, such as implicit memory, verbal ability, and
word knowledge, remain relatively stable across lifespan (Balles-
teros et al., 2013); these latter functions are also less affected by
physical exercise. One possible explanation is that the PFC is more
plastic than other brain regions (Van Praag et al., 2005; Kemper-
mann et al., 2010). The ability to mitigate age-related motor and
cognitive decline is critical for a successful aging (Seidler et al.,
2010) and the physical exercise interventions hold great promise
in this regard (Miller et al., 2012). Present findings expand previ-
ous studies, demonstrating that the beneficial effects of physical
exercise are detectable at brain level also during an extremely sim-
ple response task, but were not indeed evident at behavioral level.
This kind of task could be a handy tool suitable to investigate
the effectiveness of training programs and to verify the outcomes
of rehabilitation interventions, because it allows to assess both
behavioral and cortical age-related changes with physical exercise.
In particular, the behavioral variables are sensitive to sensorimo-
tor age-related decline, but are not completely responsive to the
exercise-related changes, which could be well disclosed using ERPs
analysis. Furthermore, future studies using self-paced paradigms
would also improve our knowledge about the exercise-induced
modulation on spontaneous actions which are not activated by
external events.

REFERENCES
Baayen, R. H., and Milin, P. (2010). Analyzing reaction times. Int. J. Psychol. Res.

(Medellin) 3, 12–28.
Ballesteros, S., Mayas, J., and Reales, J. M. (2013). Does physically active lifestyle

attenuate decline in all cognitive functions in old age? Curr. Aging Sci. 6, 189–198.
doi:10.2174/18746098112059990001

Berchicci, M., Lucci, G., and Di Russo, F. (2013). The benefits of physical exercise
on the aging brain: the role of the prefrontal cortex. J. Gerontol. A Biol. Sci. Med.
Sci. 68, 1337–1341. doi:10.1093/gerona/glt094

Berchicci, M., Lucci, G., Pesce, C., Spinelli, D., and Di Russo, F. (2012). Prefrontal
hyperactivity in older people during motor planning. Neuroimage 62,1750–1760.
doi:10.1016/j.neuroimage.2012.06.031

Birren, J. E., and Fisher, L. M. (1995). Aging and speed behavior: possible con-
sequences for psychological functioning. Annu. Rev. Psychol. 46, 329–353.
doi:10.1146/annurev.ps.46.020195.001553

Bowles, H. R., Fitzgerald, S. J., Morrow, J. R. Jr., Jackson,A. W., and Blair, S. N. (2004).
Construct validity of self-reported historical physical activity. Am. J. Epidemiol.
160, 279–286. doi:10.1093/aje/kwh209

Frontiers in Aging Neuroscience www.frontiersin.org March 2014 | Volume 6 | Article 48 | 6

http://dx.doi.org/10.2174/18746098112059990001
http://dx.doi.org/10.1093/gerona/glt094
http://dx.doi.org/10.1016/j.neuroimage.2012.06.031
http://dx.doi.org/10.1146/annurev.ps.46.020195.001553
http://dx.doi.org/10.1093/aje/kwh209
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Berchicci et al. Benefits of physical exercise across age

Bugg, J. M., and Head, D. (2011). Exercise moderates age-related atrophy
of the medial temporal lobe. Neurobiol. Aging 32, 506–514. doi:10.1016/j.
neurobiolaging.2009.03.008

Chodzko-Zajko, W. J., Proctor, D. N., Singh, M. A. F., Minson, C. T., Nigg, C. R.,
Salem, G. J., et al. (2009). Exercise and physical activity in older adults. Med. Sci.
Sports Sci. 41, 1510–1530.

Colcombe, S. J., Erickson, K. I., Raz, N., Webb, A. G., Cohen, N. J., McAuley, E., et al.
(2003). Aerobic fitness reduces brain tissue loss in aging humans. J. Gerontol. A
Biol. Sci. Med. Sci. 58, 176–180. doi:10.1093/gerona/58.2.M176

Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., McAuley, E.,
et al. (2006). Aerobic exercise training increases brain volume in aging humans.
J. Gerontol. A Biol. Sci. Med. Sci. 61, 1166–1170. doi:10.1093/gerona/61.11.1166

Colcombe, S. J., and Kramer, A. F. (2003). Fitness effects on the cognitive function of
older adults: a meta-analytic study. Psychol. Sci. 13, 125–130. doi:10.1111/1467-
9280.t01-1-01430

Colcombe, S. J., Kramer, A. F., Erickson, K. I., Scalf, P., McAuley, E., Cohen, N. J., et al.
(2004). Cardiovascular fitness, cortical plasticity, and aging. Proc. Natl. Acad. Sci.
U.S.A. 101, 3316–3321. doi:10.1073/pnas.0400266101

Daffner, K. R., Haring, A. E., Alperin, B. R., Zhuravleva, T. Y., Mott, K. K.,
and Holcomb, P. J. (2013). The impact of visual acuity on age-related differ-
ences in neural markers of early visual processing. Neuroimage 67, 127–136.
doi:10.1016/j.neuroimage.2012.10.089

Davis, S. W., Dennis, N. A., Daselaar, S. M., Fleck, M. S., and Cabeza, R. (2008).
Qué PASA? The posterior-anterior shift in aging. Cereb. Cortex 18, 1201–1209.
doi:10.1093/cercor/bhm155

Di Russo, F., Lucci, G., Sulpizio,V., Berchicci, M., Spinelli, D., Pitzalis, S., et al. (2013).
Spatiotemporal mapping of response inhibition in the prefrontal cortex. Neu-
ropsychol. Trends 79.

Erickson, K. I., Gildengers, A. G., and Butters, M. A. (2013). Physical activity and
brain plasticity in late adulthood. Dialogues Clin. Neurosci. 15, 99–108.

Erickson, K. I., Raji, C. A., Lopez, O. L., Becker, J. T., Rosano, C., Newman, A. B.,
et al. (2010). Physical activity predicts gray matter volume in late adulthood:
the Cardiovascular Health Study. Neurology 75, 1415–1422. doi:10.1212/WNL.
0b013e3181f88359

Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., et al.
(2011). Exercise training increases size of hippocampus and improves memory.
Proc. Natl. Acad. Sci. U.S.A. 108, 3017–3022. doi:10.1073/pnas.1015950108

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). “Mini-mental state.” A
practical method for grading the cognitive state of patients for the clinician. J.
Psychiatr. Res. 12, 189–198. doi:10.1016/0022-3956(75)90026-6

Godde, B., and Voelcker-Rehage, C. (2010). More automation and less cognitive
control of imagined walking movements in high- versus low-fit older adults.
Front. Aging Neurosci. 2:139. doi:10.3389/fnagi.2010.00139

Gordon, B. A., Rykhlevskaia, E. I., Brumback, C. R., Lee, Y., Elavsky, S., Konopack,
J. F., et al. (2008). Neuroanatomical correlates of aging, cardiopulmonary fitness
level, and education. Psychophysiology 45, 825–838. doi:10.1111/j.1469-8986.
2008.00676.x

Gratton, G., Coles, M. G. H., and Donchin, E. (1983). A new method for off-line
removal of ocular artifact. Electroencephalogr. Clin. Neurophysiol. 55, 468–484.
doi:10.1016/0013-4694(83)90135-9

Hayes, S. M., Hayes, J. P., Cadden, M., and Verfaellie, M. (2013). A review of car-
diorespiratory fitness-related neuroplasticity in the aging brain. Front. Aging
Neurosci. 5:31. doi:10.3389/fnagi.2013.00031

Hillman, C. H., Belopolsky, A. V., Snook, E. M., Kramer, A. F., and McAuley,
E. (2004). Physical activity and executive control: implications for increased
cognitive health during older adulthood. Res. Q. Exerc. Sport 75, 176–185.
doi:10.1080/02701367.2004.10609149

Hillman, C. H., Erickson, K. I., and Kramer, A. F. (2008). Be smart, exercise your
heart: exercise effects on brain and cognition. Nat. Rev. Neurosci. 9, 58–65.
doi:10.1038/nrn2298

Kempermann, G., Fabel, K., Ehninger, D., Babu, H., Leal-Galicia, P., Garthe, A.,
et al. (2010). Why and how physical activity promotes experience-induced brain
plasticity. Front. Neurosci. 4:189. doi:10.3389/fnins.2010.00189

Levin, O., Cuypers, K., Netz, Y., Thijs, H., Nuttin, B., Helsen, W. F., et al. (2011). Age-
related differences in human corticospinal excitability during simple reaction
time. Neurosci. Lett. 487, 53–57. doi:10.1016/j.neulet.2010.09.072

Li, L., Gratton, C., Fabiani, M., and Knight, R. T. (2013). Age-related fron-
toparietal changes during the control of bottom-up and top-down attention:

an ERP study. Neurobiol. Aging 34, 477–488. doi:10.1016/j.neurobiolaging.2012.
02.025

Liu-Ambrose, T., Nagamatsu, L. S., Voss, M. W., Khan, K. M., and Handy, T.
C. (2012). Resistance training and functional plasticity of the aging brain:
a 12-month randomized controlled trial. Neurobiol. Aging 33, 1690–1698.
doi:10.1016/j.neurobiolaging.2011.05.010

Macaluso, A., and De Vito, G. (2004). Muscle strength, power and adaptations
to resistance training in older people. Eur. J. Appl. Physiol. 91, 450–472.
doi:10.1007/s00421-003-0991-3

McAuley, E., Szabo, A. N., Mailey, E. L., Erickson, K. I., Voss, M., White, S. M., et al.
(2011). Non-exercise estimated cardiorespiratory fitness: associations with brain
structure, cognition, and memory complaints in older adults. Ment. Health Phys.
Act. 4, 5–11. doi:10.1016/j.mhpa.2011.01.001

McGregor, K. M., Zlatar, Z., Kleim, E., Sudhyadhom, A., Bauer, A., Phan, S., et al.
(2011). Physical activity and neural correlates of aging: a combined TMS/fMRI
study. Behav. Brain Res. 222, 158–168. doi:10.1016/j.bbr.2011.03.042

Miller, D. I., Taler, V., Davidson, P. S. R., and Messier, C. (2012). Measuring the
impact of exercise on cognitive aging: methodological issues. Neurobiol. Aging
33, .e29–.e622. doi:10.1016/j.neurobiolaging.2011.02.020

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 104, 199–206.

Philiastides, M. G., and Sajda, P. (2007). EEG-informed fMRI reveals spatiotempo-
ral characteristics of perceptual decision making. J. Neurosci. 27, 13082–13091.
doi:10.1523/JNEUROSCI.3540-07.2007

Prakash, R. S., Voss, M. W., Erickson, K. I., Lewis, J., Chaddock, L., Malkowski, E.,
et al. (2011). Cardiorespiratory fitness and attentional control in the aging brain.
Front. Hum. Neurosci. 4:229. doi:10.3389/fnhum.2010.00229

Reuter-Lorenz, P. A., and Cappell, K. A. (2008). Neurocognitive aging and the com-
pensation hypothesis. Curr. Dir. Psychol. Sci. 17, 177–182. doi:10.1111/j.1467-
8721.2008.00570.x

Ridderinkhof, K. R., van den Wildenberg, W. P. M., Segalowitz, S. J., and Carter,
C. S. (2004). Neurocognitive mechanisms of cognitive control: the role of pre-
frontal cortex in action selection, response inhibition, performance monitoring,
and reward-based learning. Brain Cogn. 56, 129–140. doi:10.1016/j.bandc.2004.
09.016

Roggeveen, A. B., Prime, D. J., and Ward, L. M. (2007). Lateralized readiness poten-
tials reveal motor slowing in the aging brain. J. Gerontol. B Psychol. Sci. Soc. Sci.
62, 78–84. doi:10.1093/geronb/62.2.P78

Rosano, C., Venkatraman, V. K., Guralnik, J., Newman, A. B., Glynn, N. W., Launer,
L., et al. (2010). Psychomotor speed and functional brain MRI 2 years after com-
pleting a physical activity treatment. J. Gerontol. A Biol. Sci. Med. Sci. 65, 639–647.
doi:10.1093/gerona/glq038

Ruscheweyh, R., Willemer, C., Kruger, K., Duning, T., Warnecke, T., Sommer, J.,
et al. (2011). Physical activity and memory functions: an interventional study.
Neurobiol. Aging 32, 1304–1319. doi:10.1016/j.neurobiolaging.2009.08.001

Sailer, A., Dichgans, J., and Gerloff, C. (2000). The influence of normal aging
on the cortical processing of a simple motor task. Neurology 55, 979–985.
doi:10.1212/WNL.55.7.979

Salthouse, T. A. (2000). Aging and measures of processing speed. Biol. Psychol. 54,
35–54. doi:10.1016/S0301-0511(00)00052-1

Seidler, R. D., Bernard, J. A., Burutolu, T. B., Fling, B. W., Gordon, M. T., Gwin,
J. T., et al. (2010). Motor control and aging: links to age-related brain struc-
tural, functional, and biochemical effects. Neurosci. Biobehav. Rev. 34, 721–733.
doi:10.1016/j.neubiorev.2009.10.005

Shibasaki, H., and Hallett, M. (2006). What is bereitschaftspotential? Clin. Neuro-
physiol. 117, 2341–2356. doi:10.1016/j.clinph.2006.04.025

Sinclair, C., and Hammond, G. R. (2009). Excitatory and inhibitory processes
in primary motor cortex during the fore period of a warned reaction time
task are unrelated to response expectancy. Exp. Brain Res. 194, 103–113.
doi:10.1007/s00221-008-1684-2

Smith, J. C., Nielson, K. A., Woodard, J. L., Seidenberg, M., Verber, M. D., Durger-
ian, S., et al. (2011). Does physical activity influence semantic memory acti-
vation in amnestic mild cognitive impairment? Psychiatry Res. 193, 60–62.
doi:10.1016/j.pscychresns.2011.04.001

Stewart, J. C., Tran, X., and Cramer, S. C. (2013). Age-related variability in
performance of a motor action selection task is related to differences in
brain function and structure among older adults. Neuroimage 14, 1635–1643.
doi:10.2217/pgs.13.152

Frontiers in Aging Neuroscience www.frontiersin.org March 2014 | Volume 6 | Article 48 | 7

http://dx.doi.org/10.1016/j.neurobiolaging.2009.03.008
http://dx.doi.org/10.1016/j.neurobiolaging.2009.03.008
http://dx.doi.org/10.1093/gerona/58.2.M176
http://dx.doi.org/10.1093/gerona/61.11.1166
http://dx.doi.org/10.1111/1467-9280.t01-1-01430
http://dx.doi.org/10.1111/1467-9280.t01-1-01430
http://dx.doi.org/10.1073/pnas.0400266101
http://dx.doi.org/10.1016/j.neuroimage.2012.10.089
http://dx.doi.org/10.1093/cercor/bhm155
http://dx.doi.org/10.1212/WNL.0b013e3181f88359
http://dx.doi.org/10.1212/WNL.0b013e3181f88359
http://dx.doi.org/10.1073/pnas.1015950108
http://dx.doi.org/10.1016/0022-3956(75)90026-6
http://dx.doi.org/10.3389/fnagi.2010.00139
http://dx.doi.org/10.1111/j.1469-8986.2008.00676.x
http://dx.doi.org/10.1111/j.1469-8986.2008.00676.x
http://dx.doi.org/10.1016/0013-4694(83)90135-9
http://dx.doi.org/10.3389/fnagi.2013.00031
http://dx.doi.org/10.1080/02701367.2004.10609149
http://dx.doi.org/10.1038/nrn2298
http://dx.doi.org/10.3389/fnins.2010.00189
http://dx.doi.org/10.1016/j.neulet.2010.09.072
http://dx.doi.org/10.1016/j.neurobiolaging.2012.02.025
http://dx.doi.org/10.1016/j.neurobiolaging.2012.02.025
http://dx.doi.org/10.1016/j.neurobiolaging.2011.05.010
http://dx.doi.org/10.1007/s00421-003-0991-3
http://dx.doi.org/10.1016/j.mhpa.2011.01.001
http://dx.doi.org/10.1016/j.bbr.2011.03.042
http://dx.doi.org/10.1016/j.neurobiolaging.2011.02.020
http://dx.doi.org/10.1523/JNEUROSCI.3540-07.2007
http://dx.doi.org/10.3389/fnhum.2010.00229
http://dx.doi.org/10.1111/j.1467-8721.2008.00570.x
http://dx.doi.org/10.1111/j.1467-8721.2008.00570.x
http://dx.doi.org/10.1016/j.bandc.2004.09.016
http://dx.doi.org/10.1016/j.bandc.2004.09.016
http://dx.doi.org/10.1093/geronb/62.2.P78
http://dx.doi.org/10.1093/gerona/glq038
http://dx.doi.org/10.1016/j.neurobiolaging.2009.08.001
http://dx.doi.org/10.1212/WNL.55.7.979
http://dx.doi.org/10.1016/S0301-0511(00)00052-1
http://dx.doi.org/10.1016/j.neubiorev.2009.10.005
http://dx.doi.org/10.1016/j.clinph.2006.04.025
http://dx.doi.org/10.1007/s00221-008-1684-2
http://dx.doi.org/10.1016/j.pscychresns.2011.04.001
http://dx.doi.org/10.2217/pgs.13.152
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Berchicci et al. Benefits of physical exercise across age

Stothart, G., Tales, A., and Kazanina, N. (2013). Evoked potentials reveal age-
related compensatory mechanisms in early visual processing. Neurobiol. Aging
34, 1302–1308. doi:10.1016/j.neurobiolaging.2012.08.012

Van Praag, H., Shubert, T., Zhao, C., and Gage, F. H. (2005). Exercise enhances
learning and hippocampal neurogenesis in aged mice. J. Neurosci. 25, 8680–8685.
doi:10.1523/JNEUROSCI.1731-05.2005

Voelcker-Rehage, C., Godde, B., and Staudinger, U. M. (2011). Cardiovascular and
coordination training differentially improve cognitive performance and neural
processing in older adults. Front. Hum. Neurosci. 5:26. doi:10.3389/fnhum.2011.
00026

Voss, M. W., Heo, S., Prakash, R. S., Erickson, K. I., Alves, H., Chaddock, L., et al.
(2012). The influence of aerobic fitness on cerebral white matter integrity and
cognitive function in older adults: results of a one-year exercise intervention.
Hum. Brain Mapp. 34, 2972–2985. doi:10.1002/hbm.22119

Weinstein, A. M., Voss, M. W., Prakash, R. S., Chaddock, L., Szabo, A., White, S.
M., et al. (2012). The association between aerobic fitness and executive function
is mediated by prefrontal cortex volume. Brain Behav. Immun. 26, 811–819.
doi:10.1016/j.bbi.2011.11.008

Wiegand, I., Finke, K., Muller, H. J., and Tollner, T. (2013). Event-related potentials
dissociate perceptual from response-related age effects in visual search. Neuro-
biol. Aging 34, 973–985. doi:10.1016/j.neurobiolaging.2012.08.002

Wild-Wall, N., Hohnsbein, J., and Falkenstein, M. (2007). Effects of ageing on cogni-
tive task preparation as reflected by event-related potentials. Clin. Neurophysiol.
118, 558–569. doi:10.1016/j.clinph.2006.09.005

Williamson, J. W., McColl, R., Matheus, D., Ginsburg, M., and Mitchell, J. H. (1999).
Activation of the insular cortex is affected by the intensity of exercise. J. Appl.
Physiol. 87, 1213–1219.

Yordanova, J., Kolev, V., Hohnsbein, J., and Falkenstein, M. (2004). Sensorimo-
tor slowing with ageing is mediated by a functional dysregulation of motor-
generation processes: evidence from high-resolution event-related potentials.
Brain 127, 351–362. doi:10.1093/brain/awh042

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 20 December 2013; accepted: 03 March 2014; published online: 17 March
2014.
Citation: Berchicci M, Lucci G, Perri RL, Spinelli D and Di Russo F (2014) Benefits
of physical exercise on basic visuo-motor functions across age. Front. Aging Neurosci.
6:48. doi: 10.3389/fnagi.2014.00048
This article was submitted to the journal Frontiers in Aging Neuroscience.
Copyright © 2014 Berchicci, Lucci, Perri, Spinelli and Di Russo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience www.frontiersin.org March 2014 | Volume 6 | Article 48 | 8

http://dx.doi.org/10.1016/j.neurobiolaging.2012.08.012
http://dx.doi.org/10.1523/JNEUROSCI.1731-05.2005
http://dx.doi.org/10.3389/fnhum.2011.00026
http://dx.doi.org/10.3389/fnhum.2011.00026
http://dx.doi.org/10.1002/hbm.22119
http://dx.doi.org/10.1016/j.bbi.2011.11.008
http://dx.doi.org/10.1016/j.neurobiolaging.2012.08.002
http://dx.doi.org/10.1016/j.clinph.2006.09.005
http://dx.doi.org/10.1093/brain/awh042
http://dx.doi.org/10.3389/fnagi.2014.00048
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	Benefits of physical exercise on basic visuo-motor functions across age
	Introduction
	Materials and methods
	Participants
	Physical activity assessment
	Apparatus and procedure
	Behavioral data analysis
	Electrophysiological recording and analysis

	Results
	Behavioral results
	Electrophysiological results
	Topographical maps

	Discussion
	References


