
Neuroscience 298 (2015) 211–219
FROM COGNITIVE MOTOR PREPARATION TO VISUAL PROCESSING:
THE BENEFITS OF CHILDHOOD FITNESS TO BRAIN HEALTH
M. BERCHICCI, a* M. B. PONTIFEX, b E. S. DROLLETTE, c

C. PESCE, a C. H. HILLMAN c AND F. DI RUSSO a,d

aDepartment of Movement, Human and Health Sciences,

University of Rome ‘‘Foro Italico’’, Rome, Italy

bDepartment of Kinesiology, Michigan State University,

East Lansing, MI, USA

cDepartment of Kinesiology and Community Health, University of

Illinois, Urbana, IL, USA
dUnit of Neuropsychology, IRCCS Santa Lucia Foundation,

Rome, Italy
Abstract—The association between a fit body and a fit brain

in children has led to a rise of behavioral and neuroscientific

research. Yet, the relation of cardiorespiratory fitness on

premotor neurocognitive preparation with early visual pro-

cessing has received little attention. Here, 41 healthy, lower

and higher fit preadolescent children were administered a

modified version of the Eriksen flanker task while electroen-

cephalography (EEG) and behavioral measures were

recorded. Event-related potentials (ERPs) locked to the

stimulus onset with an earlier than usual baseline (�900/
�800 ms) allowed investigation of both the usual post-stim-

ulus (i.e., the P1, N1 and P2) as well as the pre-stimulus ERP

components, such as the Bereitschaftspotential (BP) and

the prefrontal negativity (pN component). At the behavioral

level, aerobic fitness was associated response accuracy,

with higher fit children being more accurate than lower fit

children. Fitness-related differences selectively emerged at

prefrontal brain regions during response preparation, with

larger pN amplitude for higher than lower fit children, and

at early perceptual stages after stimulus onset, with larger

P1 and N1 amplitudes in higher relative to lower fit children.

Collectively, the results suggest that the benefits of being

aerobically fit appear at the stage of cognitive preparation

prior to stimulus presentation and the behavioral response

during the performance of a task that challenges cognitive

control. Further, it is likely that enhanced activity in pre-

frontal brain areas may improve cognitive control of visuo-

motor tasks, allowing for stronger proactive inhibition and

larger early allocation of selective attention resources on

relevant external stimuli. � 2015 IBRO. Published by

Elsevier Ltd. All rights reserved.
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INTRODUCTION

Interest in physical activity as a health behavior to

improve or maintain brain health first emerged in the

aging literature, where a large body of literature exists

(Colcombe et al., 2004; Hillman et al., 2008; Erickson

et al., 2013), whereas physical activity and cognition

research in preadolescent children is still in the early

stages. Several studies have consistently shown that chil-

dren with higher cardiovascular or aerobic fitness� have

better academic achievement (see Keeley and Fox, 2009;

Fedewa and Ahn, 2011 for reviews) and perform better

on tasks tapping aspects of cognitive control and memory

(Buck et al., 2008; Chaddock et al., 2011; Wu et al.,

2011; Raine et al., 2013; Crova et al., 2014). In the last dec-

ade, a neuroscientific line of research has flourished, high-

lighting the impact of fitness-enhancing physical exercise

(Davis et al., 2011; Hillman et al., 2014; Krafft et al.,

2014) and exercise-related fitness (Hillman et al., 2009;

Pontifex et al., 2009; Kamijo et al., 2010) on children’s brain

function and health (see Ahn and Fedewa, 2011; Chaddock

et al., 2010, 2011; Hillman et al., 2011 for reviews) that also

generalizes to special populations as overweight children

(Davis et al., 2011; Krafft et al., 2014). The present work

investigates aerobic fitness-related effects on the neural

correlates of cognitive control in preadolescent children

during a modified flanker task, which modulates cognitive

control requirements through manipulation of interference

control and response inhibition parameters. To this aim,

we used event-related potentials (ERPs), which directly

measure the electrical responses of the cortex to sensory,

cognitive or motor events with a high temporal resolution.

Accordingly, Hillman and colleagues (2005) observed

that in a stimulus discrimination (i.e., oddball) task, higher

fit preadolescent children had larger amplitude of the P3-

ERP component and better task performance than lower

fit children. The P3 is a positive component occurring

between 300 and 800 ms after stimulus onset over cen-

tral-parietal brain areas, whose amplitude is related to

the allocation of attentional resources during stimulus

engagement, and its latency is associated with stimulus

classification and evaluation and processing speed

(Verleger et al., 2005; Polich, 2007). In subsequent stud-

ies, the authors (Hillman et al., 2009, 2014; Pontifex et al.,

2011) confirmed that higher fit children had larger P3
� The term ‘‘fitness’’ refers to aerobic or cardiovascular fitness
throughout the manuscript.
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amplitude and were more accurate than their lower fit

counterparts during a modified flanker task. These results

indicated that performance accuracy is sensitive to indi-

vidual differences in children’s fitness, and that more effi-

cient cognitive control subtends this behavioral outcome

of fitness. Childhood fitness effects have also been

observed in response-locked ERPs, showing more flexi-

ble attention toward errors and higher performance accu-

racy in higher compared to lower fit children (Hillman

et al., 2009; Pontifex et al., 2011).

Pontifex et al. (2011) manipulated cognitive load of the

flanker task through the inclusion of compatible and

incompatible stimulus–response conditions. They found

larger P3 and smaller error-related negativity (ERN)

amplitude in high-fit than low-fit children, as well as a

greater modulation of P3 and ERN between compatible

and incompatible conditions, that were paralleled by

higher accuracy especially under the incompatible condi-

tion. The authors interpreted the results in support of the

dual mechanism of cognitive control theory proposed by

Braver et al. (2007), postulating that cognitive control dur-

ing working memory tasks operates via two strategies:

proactive control (i.e., anticipatory process over the dura-

tion of a given task) and reactive control (i.e., transient

process after stimulus perception). To interpret their fit-

ness-related finding, Pontifex et al. (2011) proposed that

higher fit children had greater reliance on the proactive

control strategy, because they were able to flexibly up-

regulate their control across conditions, while maintaining

stable response accuracy. On the contrary, lower fit chil-

dren seemed to rely on a more reactive control strategy,

because they presented difficulties in both the up-regula-

tion required to process increased task demands and the

flexible modulation required by the proactive control.

Together, these results suggest that aerobic fitness may

modulate task strategy, fostering the allocation of atten-

tional resources during stimulus engagement and reduc-

ing the resource load devoted to action monitoring,

which was associated with a more successful task perfor-

mance through an efficient proactive control strategy.

Another research has examined the contingent negative

variation (CNV), which is a negative slow wave elicited

during the interval between warning (S1) and imperative

(S2) stimuli associated with the cognitive preparatory pro-

cess during stimulus anticipation. A fitness-related

enhancement of the CNV has been observed in children

(Kamijo et al., 2011), adolescents (Stroth et al., 2009),

and young adults (Kamijo et al., 2010), whereas fitness

effects on brain function of preadolescent children during

the pre-stimulus response preparation and early post-

stimulus ERP periods have not been investigated yet.

Recently, studies conducted with young and older

adults (Berchicci et al., 2012, 2013, 2014; Perri et al.,

2014a,b) have distinguished the contribution of two main

components during the preparation of a motor response

during visuo-motor discrimination tasks: the

Bereitschaftspotential (BP) over medial central sites,

which is a slow-rising negativity beginning more than 1 s

prior to movement onset and reflecting motor preparation,

and the prefrontal negativity (pN), maximal over prefrontal

sites, which is a negative component beginning immedi-

ately prior to the BP and reflecting cognitive preparation
of the response. Following stimulus onset, another large

positive component – peaking between 200 and 300 ms

over the prefrontal cortex – known as the prefrontal posi-

tivity (pP) has been proposed to reflect the stimulus–re-

sponse mapping processing. In a recent study

combining ERP and functional magnetic resonance imag-

ing (fMRI) measures (Di Russo et al., 2013), the origin of

pN was localized in the inferior frontal gyrus within the

prefrontal cortex, and this activity was associated with

proactive control during response inhibition processes

and predicted stimulus onset. Further, the pP was local-

ized in the anterior insula, whose activity may represent

the accumulation of evidences needed to complete the

final stage of the decision-making process that leads to

overt responding. The BP origin has been localized in

the supplementary motor area and in the cingulated motor

area (Shibasaki and Hallett, 2006; Di Russo et al., 2013).

Nevertheless, the contribution of the prefrontal cortex dur-

ing cognitive-motor control in preadolescents is still scar-

cely understood.

Critical questions remain regarding (1) how functional

maturation in preadolescence is manifested during both

motor and cognitive anticipatory processes (BP and pN

components) and early perceptual processing (pP, P1,

N1 and P2 components) in the preparation–perception–

action cycle, and (2) how these processes and their

behavioral outcomes are modulated by aerobic fitness.

We hypothesized to find aerobic fitness-related changes

in early visual processing, because of the specific

fitness-related improvements in visual discrimination

abilities, visual-search skills and visual concentration to

environmental demands (Zwierko et al., 2014).
EXPERIMENTAL PROCEDURES

Participants

Forty-one healthy preadolescent children (mean ± SD:

10.0 ± 0.6 years of age; 23 female) were recruited for

this study. Participants were classified as lower fit

(N= 20) and higher fit (N= 21) on the basis of

whether their VO2max fell above the 70th percentile or

below the 30th percentile, according to normative data

provided by Shvartz and Reibold (1990), which apply to

most of the industrial world. Thus, the adjective ‘‘fit’’ that

identifies the groups specifically refers to aerobic or car-

diovascular fitness. All participants were right handed

(Edinburgh Handedness Inventory; Oldfield, 1971). The

participants were free of neurological diseases, atten-

tional disorders and physical disabilities, and had normal

or corrected-to-normal vision, as reported by the partici-

pants’ guardians. Legal guardians provided written

informed consent and participants provided written

informed assent in accordance with the Institutional

review Board of the University of Illinois at Urbana-

Champaign.
Task

Participants completed a modified version of the Eriksen

flanker task (Eriksen and Eriksen, 1974). The stimuli were

3-cm tall white arrows constituting a 16.5-cm wide array
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with a vertical visual angle of 1.32� and a horizontal visual

angle of 7.26�, which were presented focally for 200 ms

on a black background with a fixed inter-stimulus interval

of 1700 ms. Participants were instructed to make a left or

right button press depending on the direction of a centrally

presented arrow amid either congruous (e.g., <<<<<

or >>>>>) or incongruous (e.g., <<><< or

>><>>) flanking arrows (Hillman et al., 2006;

Pontifex and Hillman, 2007). The incongruent, relative to

the congruent, condition necessitates the concurrent acti-

vation of both the correct response (elicited by the target)

and the incorrect response (elicited by the flanking stimuli)

before stimulus evaluation is complete, thus requiring

greater amounts of interference control to inhibit the flank-

ing stimuli and execute the correct response (Spencer

and Coles, 1999). In the compatible stimulus–response

condition, participants pressed the button as quickly and

accurately as possible corresponding to the same direc-

tion in which the central arrow pointed. Following comple-

tion of the compatible condition, participants then

completed an incompatible stimulus–response condition,

wherein participants were instructed to respond as quickly

and accurately as possible in the direction opposite to that

of the centrally presented target arrow (Friedman et al.,

2009). This condition manipulates task difficulty through

multiple levels of conflict (i.e., perceptual and response

conflict) such that the incongruent incompatible condition

requires the greatest amount of control to manage

response conflict and inhibitory processing. For each

compatibility condition, two blocks of 100 trials were pre-

sented with equi-probable congruency and directionality.

Response time and response accuracy were collected

as behavioral measures.
Electroencephalography (EEG) recording and
analysis

EEG activity was recorded from 64 electrode sites

arranged in an extended montage based on the

International 10–10 System (Chatrian et al., 1985) using

a Neuroscan Quik-Cap (Compumedics, Charlotte, NC,

USA). Recordings were re-referenced to averaged mas-

toids (M1, M2), with AFz serving as the ground electrode,

and impedance at less than 10 kX. Additional electrodes

were placed above and below the left orbit and on the

outer canthus of each eye to monitor electrooculography

(EOG) activity with a bipolar recording. Continuous data

were digitized at a sampling rate of 500 Hz, amplified

500 times with a DC to 70-Hz filter, and a 60-Hz notch fil-

ter using a Neuroscan Synamps 2 amplifier. Continuous

data were processed off-line to reduce EOG artifacts

using the Gratton et al. (1983) algorithm.

To comprehensively examine the brain activity related

to both response preparation and stimulus perception,

EEG recordings were separately segmented and

averaged into non-overlapping 1800-ms epochs that

were measured from 900 ms before to 900 ms after the

stimulus onset. The segmentation and further analyses

were separately performed for compatible and

incompatible stimulus–response conditions, collapsed

across congruency, because a preliminary sample-by-
sample t-test did not show significant differences (all

ps > 0.5).

Raw EEG data were visually inspected to identify and

discard epochs contaminated with artifacts prior to signal

averaging. The first trial of each block was discarded from

further analysis. The trials with amplitude exceeding

threshold of ±120 lV were automatically excluded from

the averaging. To further reduce high-frequency noise,

the time-locked EEG grand-averages were band-pass

filtered using an IIR filter (0.01–25 Hz; 24 dB/oct). The

baseline was derived from the mean amplitude over the

initial 100 ms of the averaged epochs. This approach

allows investigating not only the post-stimulus ERP

components [i.e., pP, P1, N1, and P2], but also the pre-

stimulus components related to the movement

preparation [i.e., BP and pN], since the baseline was

calculated from 900 to �800 ms before the stimulus

onset and not immediately prior to the stimulus onset,

as typically done for the examination of later ERP

components such as the N2 and P3.

The mean amplitude in the �600/0-ms time window,

reflecting activity during the pre-stimulus preparation

stage, was selected for further analysis on the following

electrodes: Cz (roughly overlaying pre-motor and motor

areas) for the BP component; Fpz (over the prefrontal

cortex) for the pN component (Di Russo et al., 2013).

After stimulus onset, the change in amplitude (i.e., delta)

between the negative peak immediately after stimulus

onset and the subsequent positive peak over the pre-

frontal site (Fpz) was taken as measure of the pP. Peak

amplitudes and latencies of the post-stimulus ERP com-

ponents were calculated with the typical baseline (�100/
0 ms) for each participant in the following time windows:

P1: 80–150 ms, N1: 130–200 ms, and P2: 180–300 ms.

The electrode selection was based on both the scalp

topography, which allowed identification of the greatest

activity for a given component at the group level (i.e.,

the P1, N1 and P2 on PO7 or PO8), and previous reports

(e.g., Shibasaki and Hallett, 2006; Berchicci et al., 2012).

Later components, such as the N2 and the P3, were not

considered in this study because they were the focus of

a previous publication from the same dataset (Pontifex

et al., 2011).

To visualize the voltage topography of the ERP

components, spline interpolated 3-D maps were

constructed using the BESA 2000 software (MEGIS

Software GmbH, Gräfelfing, Germany).

Statistical analysis

All statistical analyses were conducted using a significance

level of p= .05 (Statistica v.10; StatSoft). Task

performance (mean RT, response accuracy) was analyzed

separately using a 2 (Aerobic fitness: higher fit, lower

fit)� 2 (Compatibility: compatible, incompatible) repeated

measures analysis of variance (ANOVA). Post hoc

comparisons were performed using Bonferroni corrections;

effect size was calculated using partial eta squared (g2).

The BP and pN mean amplitude and the pP delta

amplitude were submitted to a 2 (Aerobic fitness: higher fit,

lower fit)� 2 (Compatibility: compatible, incompatible)

repeated measures ANOVA on the Cz and Fpz electrode,



214 M. Berchicci et al. / Neuroscience 298 (2015) 211–219
respectively.TheP1,N1andP2componentswereassessed

separately for amplitude and latency using a 2� 2� 2

ANOVA with aerobic fitness (higher fit, lower fit) as group

factor, and Compatibility (compatible, incompatible) and

Sites (PO7, PO8) as repeated measures. Post hoc

comparisons were performed using Bonferroni corrections;

effect size was calculated using partial eta squared (g2).

Given a sample size of 41 participants and beta of .20 (i.e.,

80% power), the present research design theoretically had

sufficient sensitivity to detect repeated measures aerobic

fitness effects exceeding f=0.388 and Aerobic

fitness� Compatibility interactions exceeding f=0.224

(assuming correlation between repeated measures P0.5).

For t-test differences, the present design theoretically had

sufficient sensitivity to detect effects exceeding d=0.897

(with a two-sided alpha) as computed using G*Power 3.1.2

(Faul et al., 2007).

RESULTS

Behavioral results

Themean response times and accuracy for each group are

presented in Table 1. The repeated-measures ANOVA

revealed neither a main effect for aerobic fitness, nor a

significant Aerobic fitness � Compatibility interaction

(F1,39 = 3.3, p= 0.08, g2 = 0.06) for RT. However,

there was a main effect for aerobic fitness on accuracy

(F1,39 = 10.0, p= 0.002, g2 = 0.21), with higher fit

children being more accurate than lower fit children, and

a significant Aerobic fitness � Compatibility interaction

(F1,39 = 6.7, p= 0.01, g2 = 0.15). Post hoc analysis

revealed a significant difference between compatible and

incompatible conditions for the lower fit group (p= 0.02)

and between higher and lower fit groups in the

incompatible condition (p= 0.001).

Electrophysiological results

Fig. 1 shows the grand averaged ERP waveforms at the

representative prefrontal (Fpz), central (Cz), and

parietal-occipital (PO8) sites, where the considered

components were maximal. Before stimulus onset, a

slow-rising negativity (pN) over the prefrontal regions

was detectable and modulated by both aerobic fitness

and compatibility. Indeed, the amplitude of the pN is

larger in higher than lower fit children, and in the

incompatible relative to the compatible condition. At the

medial central site (Cz), the BP is also present, showing

a slow-rising negativity that reflects motor readiness or

preparation. The BP component looks similar regardless

of aerobic fitness group or compatibility condition. After

stimulus onset, another large component over the
Table 1. Mean and standard error (SE) of the response time (ms) and respon

Compatibility

Lower fit

Compatible condition Incompatible c

RT (mean ± SE) 532.0 ± 23.0 567.0 ± 30.0

Accuracy (mean ± SE) 79.9 ± 1.8 73.6 ± 2.6
prefrontal cortex is detectable: the pP, whose delta

amplitude (from the previous negative peak to the actual

prefrontal positive peak) is not modulated by

compatibility or aerobic fitness. Over parietal-occipital

sites, the typical visual components of the ERPs, such

as the P1, N1 and P2, can be observed with a voltage

baseline in the typical early pre-stimulus period (from

200 to 0 ms). With respect to the P1 component,

differences in amplitude can be observed as a function

of aerobic fitness, whereas the differences in amplitude

of the N1 and the P2 as a function of the considered

variables are less pronounced.

Statistical analysis of the pN mean amplitude showed

a main effect for aerobic fitness (F1,39 = 4.4, p= 0.04,

g2 = 0.10), with larger pN amplitude in higher

(�7.0 ± 1.5 lV) compared to lower fit (�2. 6 ± 1.5 lV)
children, and for compatibility (F1,39 = 5.9, p= 0.02,

g2 = 0.13), with larger amplitude in the incompatible

(�5.5 ± 1.1 lV) compared to the compatible

(�4.0 ± 1.1 lV) condition. The ANOVA did not reveal a

significant Aerobic fitness � Compatibility interaction

(F1,39 = 2.5, p= 0.1, g2 = 0.06). Statistical analysis of

the BP mean amplitude did not yield significant results

as a function of Aerobic fitness (F1,39 = 0.08, p= 0.8,

g2 = 0.001), or Compatibility (F1,39 = 1.3, p= 0.3,

g2 = 0.03), or their interaction (F1,39 = 1.3, p= 0.3,

g2 = 0.03). Analysis of the delta pP amplitude did not

indicate a main effect or interaction (all ps > 0.3).

While the analysis on the P1 latency did not indicate a

significant effect, P1 amplitude indicated a main effect for

Aerobic fitness (F1,39= 4.3, p=0.04, g2= 0.09), with larger

amplitude for higher (13.8± 1.5 lV) compared to lower fit

(9.4± 1.5 lV) children. The P1 amplitude was affected by

site (F1,39= 7.8, p=0.007, g2= 0.16), with larger

amplitude forPO8 (12.8± 1.1 lV) thanPO7 (10.3± 1.1 lV).
Analysis of the N1 latency did not yield significant

results. Although the N1 peak amplitude was not

affected by Aerobic fitness (F1,39 = 0.3, p= 0.6,

d= 0.X), it was affected by Compatibility (F1,39 = 5.3,

p= 0.03, g2 = 0.12), with larger amplitude in

the incompatible (�3.8 ± 1.0 lV) compared to the

compatible (�2.6± 1.0 lV) condition. Further, the

interaction of Aerobic fitness� Condition� Site was

significant (F1,39 = 4.4, p=0.04, g2 = 0.10). In particular,

Bonferroni post hoc analysis revealed larger N1 amplitude

at the PO8 (mean amplitude �3.8± 1.3 lV) relative to the

PO7 (mean amplitude �2.6± 0.8 lV) site in both

compatible and incompatible conditions for both higher fit

(p=0.005 and p<0.001, respectively) and lower fit

(p=0.017 and p<0.001, respectively) children.

Analysis of P2 latency and amplitude did not yield

significant results (all ps > 0.35).
se accuracy (percent correct responses) as a function of Fitness and

Higher fit

ondition Compatible condition Incompatible condition

523.0 ± 22.0 512.0 ± 29.0

85.2 ± 1.7 86.0 ± 2.5



Fig. 1. Grand average ERP waveforms at the prefrontal (Fpz), central (Cz) and parietal-occipital (PO8) sites. Time zero represents the stimulus

appearance. Waveforms of the groups as a function of Fitness and Compatibility are superimposed and identified by black/red color (Fitness) and

solid/dotted line (Compatibility). The main components are labeled in the figure. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Topographical maps

Three-dimensional topographical maps are displayed in

Fig. 2. The maps in the top row show the negative

activity over the prefrontal cortex in the �600/0 ms time

window, known as pN, and the BP over medial central

sites. The second row maps show the topography of the

P1 over visual areas. The third row displays the maps

for the N1 component, which is more laterally localized

than the P1. The last row shows the maps for the P2

component, which is very strong in all of the conditions

over bilateral parieto-occipital sites. No topographical

differences can be appreciated in any component

across Conditions and Aerobic fitness.

DISCUSSION

The present study investigated premotor neurocognitive

and early perceptual processing in preadolescent

children to further our understanding of the relation of

cardiorespiratory fitness to cognitive function within the

preparation–perception–action cycle. Specifically, the

findings indicated that aerobic fitness was selectively

related to larger pN and P1 amplitude as well as better

task performance. On the whole, the results show that

the benefits of being aerobically fit start early in the

processing stream during the performance of a task that

challenges cognitive control, with differences observed

at the stage of cognitive preparation of the behavioral

response before the onset of the stimulus that triggers

the response.

The participants were administered a modified version

of a flanker task, which requires modulation of cognitive

control and specifically challenges perceptual

interference and response inhibition. At the behavioral
level, aerobic fitness was related to accuracy, with

higher fit children being more accurate than lower fit

children. No significant group differences were observed

for response times. These findings confirm the

sensitivity of accuracy in task performance to the

aerobic fitness status of preadolescent children in tasks

that require cognitive control (Hillman et al., 2009;

Pontifex et al., 2011; see also Hillman et al., 2011 for a

review).

The current findings add novel evidence to

neurocognitive pathways through which cardiovascular

fitness leads to increased performance on tasks

requiring the flexible modulation of cognitive control

processes. Previous studies have demonstrated that

cardiovascular fitness leads to more efficient modulation

of attentional resource allocation (i.e., P3 amplitude) to

the task conditions at later stages of stimulus

processing. The present findings indicate that aerobic

fitness also modulates brain activity early in the

processing stream, specifically at pre-stimulus stages of

motor preparation and very early stages of visual

stimulus processing.

Specifically, we focused on the activity over the

prefrontal cortex and the motor-related brain regions

before stimulus onset. This is a novel approach,

because, to our knowledge, no prior studies have

looked at the cognitive-motor preparation processing in

this age group during flanker task performance. The

only prior studies focused on the motor preparation

during self-paced movements (Warren and Karrer,

1984a,b) and did not employ an individual difference

approach to the study of fitness. Indeed, the authors could

not detect the typical BP component, but they observed a

monophasic positive waveform preceding movement in



Fig. 2. Three-dimensional topographical maps obtained in the time window of the considered components. The maps are displayed in the

chronological order of the components from the top to the bottom (pN-BP, P1, N1, and P2), whereas the column of maps corresponds to the group.
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preadolescents, whereas in younger children they

showed a positive–negative–positive complex over the

central sites starting 600–650 ms before the movement

onset. We instead showed that the BP or readiness

potential arising from the supplementary motor area is

well detectable in this population and is similar in morphol-

ogy to that of older participants obtained in different visuo-

motor tasks (Berchicci et al., 2013, 2014; Sánchez-López

et al., 2014), but it is not modulated by aerobic fitness in

this specific task. However, a more recent study (Kamijo

et al., 2011) found that increased cardiorespiratory fitness

is associated with improvements in the cognitive control

of working memory in preadolescent children in the phase
that precedes target stimulus onset, as reflected in larger

CNV over frontal areas. Nonetheless, the relationship

between prefrontal brain activity preceding the stimulus

and the motor onset and cardiovascular fitness in pread-

olescents during a cognitive-motor task is not clear yet.

The involvement of the prefrontal areas is particularly

important when high-order stimulus–responses rules (as

in the present task) are required (Bunge and Zelazo,

2006; Lamm et al., 2006; Moore et al., 2014; see Tau

and Peterson, 2010 for a review); its activity has been

associated with proactive inhibitory control through which

a ‘‘no-go’’ state is maintained prior to stimulus presenta-

tion, and the motor system is released from inhibition only
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if there is sufficient evidence for action (Di Russo et al.,

2013). Although the development of prefrontal brain func-

tion is still a matter of debate (Tsujimoto, 2008), present

results show that the prefrontal control is already present

in 10-year-old children and it is enhanced by aerobic fit-

ness. We have observed aerobic fitness-related differ-

ences selectively at a site over the prefrontal cortex

during response preparation, with larger pN amplitude in

higher compared to lower fit children, indicating enhanced

cognitive preparation for the response. The observed dif-

ferences extend to preadolescent children, indicating

modulation of this component as a function of age and

aerobic fitness in young, middle-aged and older adults

(Berchicci et al., 2013, 2014).

The aerobic fitness-related modulation of brain

function as early as the premotor stage gives further

support to the hypothesis, raised by Pontifex et al.

(2011) and further developed by Voss et al. (2011), that

higher fit children are more likely to engage in proactive

cognitive control, while their lower fit counterparts engage

a more reactive control strategy. Our results may extend

this explanation by adding that higher fit children optimize

behavioral responses (i.e., higher fit are more accurated

than lower fit) during cognitive control performance proac-

tively, by means of a phasic engagement of cognitive pro-

cesses for motor preparation prior to the onset of the task-

relevant stimulus (i.e., larger pN in higher than lower fit

children). This proactive preparation that generalizes

across task conditions would particularly benefit task per-

formance in the more complex inconsistent condition (i.e.,

larger pN in incompatible than compatible stimulus–re-

sponse condition). The utilization of this proactive, phasic

preparation strategy is made possible by more efficient

cognitive control brain networks.

We have further showed modulation of the early

perceptual components (i.e., P1 and N1) after stimulus

onset as a function of aerobic fitness, unfolding different

cognitive control strategies before and, consequently,

after stimulus presentation. Amplitude of the ERP

components related to visual processing mechanisms

(P1 and N1) may be influenced by various factors

(Moore et al., 2014). Among these, cardiovascular fitness

induced by physical activity benefits visual information

processing already at early stages, as evidenced by the

modulation of the P1 component. It seems that higher fit

children are able to draw more attention to task-relevant

stimuli, as reflected in larger P1 amplitude, while lower

fit children demonstrate less allocation of attentional

resources in response to task conditions requiring cogni-

tive control, regardless of complexity, as suggested by

smaller P1 amplitude. Further, the N1 peak amplitude

was modulated by the complexity of the task. The N1 is

thought to index discriminative processing of visual stimuli

and is modulated by attention (Baines et al., 2011). The

discriminative processes required by the incompatible

condition are more effortful than those needed to accom-

plish the more simplistic compatible condition, justifying

the larger amplitude of the N1 component during the more

challenging incompatible condition.

Collectively, the present findings linking aerobic

fitness to pre- and early post-stimulus components of
the cognitive processing stream suggest that enhanced

activity in the prefrontal brain areas may improve

cognitive control in visuo-motor tasks allowing stronger

proactive inhibition and greater allocation of selective

attention on relevant external stimuli. These modulations

in brain function could explain, in part, the beneficial

relation of aerobic fitness to behavioral performance. In

order to track qualitative and quantitative changes in

functional brain circuitry across the life span, future

research should collect data from older subjects (i.e.,

young and older adults) during the same task.
CONCLUSION

The present findings support the relevance of physical

activity for the promotion of cognitive and brain health at

a young age. Physical activity is a multidimensional

behavior important for learning, enjoyment, social

interaction and physiological health. The worldwide

imbalance in the educational system in favor of

sedentary learning at the expense of physical activity

has implication not only for children’s physical health

(Malina, 2013), but also for their cognitive and brain

health. The consistent evidence of a positive relationship

between physical activity, aerobic fitness, cognitive and

brain function and, consequently, academic performance

(Kwak et al., 2009; Donnelly and Lambourne, 2011;

Tomporowski et al., 2011) should motivate policy makers

to develop opportunities for increasing physical activity in

the classroom and across the school day (Mahar et al.,

2006).
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