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ABSTRACT

HILLMAN, C. H., D. M. CASTELLI, and S. M. BUCK. Aerobic Fitness and Neurocognitive Function in Healthy Preadolescent
Children. Med. Sci. Sports Exerc., Vol. 37. No. 11, pp. 1967–1974, 2005. Purpose: We investigated the relationship between age,
aerobic fitness, and cognitive function by comparing high- and low-fit preadolescent children and adults. Method: Twenty-four
children (mean age � 9.6 yr) and 27 adults (mean age � 19.3 yr) were grouped according to their fitness (high, low) such that four
approximately equal groups were compared. Fitness was assessed using the Fitnessgram test, and cognitive function was measured by
neuroelectric and behavioral responses to a stimulus discrimination task. Results: Adults exhibited greater P3 amplitude at Cz and Pz
sites, and decreased amplitude at the Oz site compared with children. High-fit children had greater P3 amplitude compared with low-fit
children and high- and low-fit adults. Further, adults had faster P3 latency compared with children, and high-fit participants had faster
P3 latency compared with low-fit participants at the Oz site. Adults exhibited faster reaction time than children; however, fitness
interacted with age such that high-fit children had faster reaction time than low-fit children. Conclusion: These findings suggest that
fitness was positively associated with neuroelectric indices of attention and working memory, and response speed in children. Fitness
was also associated with cognitive processing speed, but these findings were not age-specific. These data indicate that fitness may be
related to better cognitive functioning in preadolescents and have implications for increasing cognitive health in children and adults.
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Physical activity has been associated with general and
selective benefits in cognitive function, mainly in
older adult populations (5). The relationship of aero-

bic fitness to underlying aspects of cognition in children is
virtually unexplored. However, recent findings have indi-
cated that fitness may be related to academic achievement.
A California statewide study found that student achievement
scores were positively associated with fitness in ninth grade
students (California Department of Education (2002): State
study proves physically fit kids perform better academi-
cally; at http://www.cde.ca.gov/re/nr/nr/yr02rel37.asp), and
earlier research examining the influence of daily physical
activity on math and reading performance found that despite
the loss of academic time (i.e., the actual amount of time
spent engaged in the subject matters of science, math, read-
ing, language arts, and/or social studies) in order to provide
additional time for physical activity, there was no decline in
academic performance (12).

A meta-analysis conducted on 16 studies using true ex-
perimental designs found a positive relationship between
physical activity and cognition or academic achievement in
school-age children (34). Increased physical activity was

related to cognitive performance along eight measurement
categories (i.e., perceptual skills, intelligent quotient, aca-
demic achievement, verbal tests, math tests, memory, de-
velopmental level/academic readiness, and other), and re-
sults indicated a beneficial relationship for all categories,
with the exception of memory (34). These findings suggest
that fitness may be related to general improvements in
cognitive function, but do not provide any understanding of
the underlying mechanisms by which aerobic fitness may
affect brain and cognition in children. Further, other factors
such as socioeconomic status (SES) (10) may contribute to
children’s physical activity participation, rendering it diffi-
cult to determine the influence of fitness, as opposed to
other factors, on cognitive function during the early stages
of the human life span. Accordingly, the purpose of the
present investigation was to expound this relationship by
examining underlying brain function associated with cog-
nition in high- and low-fit children. Specifically, measure-
ment of the neuroelectric system may be more sensitive to
fitness-related differences in cognition, compared with be-
havioral performance measures, because they provide infor-
mation regarding how neural resources are being allocated,
as well as topographical and temporal aspects of neural
processing of the stimulus.

Research on the neuroelectric system has provided much
insight into our understanding of cognitive processing
(6,24,36). Specifically, event-related brain potentials (ERP)
reflect patterns of voltage change in ongoing neuroelectric
activity that occur in response to, or in preparation for, a
stimulus or response. The P3 is an endogenous component
of the ERP occurring approximately 300–800 ms after a
stimulus onset, which is elicited when participants attend to
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and discriminate between stimuli (30). The P3 is theorized
to index processes involved in the allocation of attention and
working memory resources, which are engaged when the
neural representation of the stimulus environment is updated
(9). Findings have supported this theory as P3 amplitude
(measured in microvolts) has been found to be proportional
to the amount of attentional resources devoted to a stimulus,
with increased amplitude related to increased attention to-
ward a stimulus (29). Because the P3 occurs after a stimulus
has been discriminated and categorized, the latency of this
component (measured in milliseconds) is thought to reflect
stimulus evaluation time (7), with shorter latency indicating
faster cognitive processing speed.

Traditionally, the P3 has been elicited in stimulus dis-
crimination paradigms that manipulate probability (29),
such as the “oddball” task, in which rare target stimuli (i.e.,
oddballs) that require a specific cognitive response have to
be detected within a train of frequent nontarget stimuli that
do not require a response. In these tasks, the P3 has a
maximum amplitude at electrodes placed over the centropa-
rietal scalp region (i.e., Pz), with larger amplitude and
longer latency for target, compared with nontarget, stimuli
(29). However, the neural generators of the P3 to an oddball
task are more varied with activation observed in the frontal
lobes, temporoparietal junction, and the visual cortex (for
visual paradigms), among other brain regions when mea-
sured with functional magnetic resonance imaging (fMRI)
(20).

Both physical activity participation and aerobic fitness
have been associated with the P3 and behavioral perfor-
mance using cross-sectional (31) and randomized control
designs (11,18) in adult populations. Adults that engage in
habitual aerobic exercise exhibit greater P3 amplitude (31)
and faster P3 latency (11,13) along midline scalp sites (Fz,
Cz, Pz) in response to stimulus discrimination paradigms
(e.g., oddball tasks), compared with their nonexercising
peers. These findings suggest that that aerobic exercise may
influence underlying neuroelectric concomitants of attention
and working memory resource allocation, as well as cogni-
tive processing speed. Additionally, faster and more accu-
rate behavioral responses are observed for high-fit, com-
pared with low-fit, participants (18). These findings suggest
that aerobic exercise is associated with benefits in underly-
ing processes involved in behavioral response aspects of
cognitive function. To date, the relationship between fitness
and neuroelectric indices of cognition has not been exam-
ined in preadolescent populations.

Preadolescent children, compared with young adults, ex-
hibit lower performance on stimulus discrimination tasks,
presumably due to the underdeveloped or immature brain
structures that subserve various cognitive functions. These
functions include maturation of processes involved in work-
ing memory and inhibitory function (8), continued myeli-
nation (40) and synaptogenesis (15) of specific brain re-
gions, structural changes in the hippocampus and basal
ganglia (4), and development of the frontal lobes leading to
increased functioning of the executive system (37). Re-
search examining the P3 has offered insight into the devel-

opment of the brain and subsequent cognitive processes of
children (28). Specifically, preadolescent children exhibit
significantly longer P3 latency than adults during oddball
tasks, indicating slower cognitive processing speed (7). The
findings regarding P3 amplitude are less clear, though with
results indicating larger (1), smaller (16), or no difference
(7) in amplitude when compared with adults. Accordingly,
the relationship between development and P3 amplitude in
response to cognitive tasks remains unclear and the equiv-
ocal findings may relate to differences in maturation, char-
acteristics of the study sample, or the cognitive task em-
ployed. Despite this lack of consensus regarding P3
amplitude, robust behavioral differences have been ob-
served, with preadolescents exhibiting longer reaction time
(RT) latency and decreased response accuracy compared
with adults (1,7,16).

Certain cognitive factors have also been found to influ-
ence neuroelectric function in preadolescent children. For
example, faster P3 latency has been associated with children
of gifted intelligence (i.e., IQ above 140 on the Wechsler
Intelligence Scale for Children) (22,35), and greater equi-
potentiality of P3 amplitude across scalp-placed recording
sites has been observed in children with attention deficit/
hyperactivity disorder (25). However, the relationship be-
tween aerobic fitness and neuroelectric indices of cognition
remains unexplored in children. Recent trends (38) have
identified decreasing levels of physical activity and health
status across the life span, with a growing number of chil-
dren being unfit. Thus, the purpose of this study was to
determine whether a high level of fitness was associated
with better cognitive performance and a superior neuroelec-
tric profile (as evidenced by increased P3 amplitude and
decreased latency) on a visual discrimination task in pread-
olescent children. This discrimination task, known as an
“oddball task,” presents two stimuli with varying probability
in a random series, such that one stimulus occurs relatively
infrequently. The participant is required to distinguish be-
tween the stimuli and respond to the infrequent (i.e., target)
stimulus via a button press and not respond to the frequent
stimulus. It was predicted that high-fit children would ex-
hibit larger P3 amplitude and faster P3 latency than their
low-fit peers. It was further predicted that fitness would be
positively associated with task performance with high-fit
children responding faster and more accurately than low-fit
children. Finally, as a point of comparison, high- and low-fit
young adults were also examined to better determine the
magnitude of change between high- and low-fit children.

METHOD

Participants. Table 1 lists participants’ demographic
and fitness information. Fifty-one participants were re-
cruited for this study from a larger pool of potential partic-
ipants and were placed into one of four groups: high-fit
children, low-fit children, high-fit adults, and low-fit adults.
Four participants were left handed (two high-fit children,
two high-fit adults). Demographic data were incomplete for
one high-fit child and three low-fit children due to the
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addition of these measures after data collection began. Chil-
dren were recruited from the Champaign, IL, elementary
school system, and adults were recruited from courses in the
Department of Kinesiology at the University of Illinois at
Urbana-Champaign. None of the children in the sample
received special education services related to cognitive dis-
abilities (e.g., attention deficit disorder). All participants
provided written informed consent, or written informed
consent was provided by the participants’ legal guardian, in
accordance with the institutional review board at the Uni-
versity of Illinois. Children and their guardians also pro-
vided informed consent in accordance with the Champaign
County school district.

Fitness testing. Participants’ fitness was assessed us-
ing the Fitnessgram, which is a valid and reliable field
assessment of physical fitness for ages 5 through adulthood
(39). The reliability and validly of the aerobic capacity
portion of the Fitnessgram have been found to be moder-
ately high, with 85% of children and adults consistently
classified (39). Further, greater than 70% of individuals
were classified correctly by field test scores as judged by
classifications based on directly measured V̇O2max (39).
Children completed the Fitnessgram during regularly sched-
uled physical education classes under the supervision of
their physical education teachers, with the subtests admin-
istered by members of the research team. Children were
familiarized with and allowed to practice the testing proto-
cols during a separate physical education class that occurred
before the two classes of data collection. Adults practiced
and completed the Fitnessgram in a group setting that was
administered by the research team. The Fitnessgram mea-
sures multiple aspects of physical fitness including aerobic
capacity (i.e., the PACER (progressive aerobic cardiovas-
cular endurance run)), muscle fitness (i.e., push-ups and
curl-ups), flexibility fitness (i.e., sit and reach test), and
body composition through height and weight measures that
are converted to a body mass index (BMI) score. In total,
600 children completed the Fitnessgram testing. Children’s
scores on the test of aerobic capacity (i.e., PACER) were
ranked with recruitment coming only from the top 10% and
the bottom 10%. A similar procedure was used to identify

high- and low-fit adults from a sample of 110 participants.
A smaller sample of adults was tested because they were
recruited from a previously screened participant pool. Scor-
ing of the PACER test was based on criteria established by
the Fitnessgram scientific advisory committee.

Participant characteristics. Data were collected on
several factors that have been found to affect either physical
activity participation or cognitive function. Specifically, the
K-BIT (17) was administered by a trained experimenter to
measure participants’ intelligence quotient (IQ). Collection
of the K-BIT took approximately 15–20 min. In addition,
data were collected on participants’ SES by creating a
trichotomous index based on three variables: participation in
free or reduced-price lunch program at school, the highest
level of education obtained by the mother and father, and
number of parents who worked full time (2). For children,
these data were reported by their legal guardian.

Cognitive task. Participants engaged in a visual odd-
ball paradigm, which required them to make a button press
with their right thumb as quickly as possible to an infre-
quently presented target stimulus (i.e., 20% probability),
whereas no response was required for the frequent, nontar-
get stimulus (i.e., 80% probability). For all participants, the
target stimulus consisted of a black and white line drawing
of a cat, and the nontarget stimulus was a black and white
line drawing of a dog. The 10 � 10-cm stimuli were pre-
sented focally in a random order for 200 ms on a black
background with an interstimulus interval of 1000 ms from
stimulus offset to onset. Three 3-min blocks of 150 trials
were administered with a 2-min rest period between blocks.

Laboratory procedure. Upon signing the informed
consent, participants were prepared for neuroelectric mea-
surement in accordance with the guidelines of the Society
for Psychophysiological Research (26). An experimenter
read the task instructions and had participants perform 10
practice trials. Following the completion of the cognitive
task, all electrodes were removed and the participants were
briefed on the purpose of the experiment. The task was
administered during daylight hours, with approximately half
the participants participating in the morning (i.e., 13 high-

TABLE 1. Group means (SD) of descriptive and fitness data for adult and child participants.

Measure
High-Fit
Adults

Low-Fit
Adults

High-Fit
Children

Low-Fit
Children

No. 15 (6 males) 12 (7 males) 12 (7 males) 12 (6 males)
Age (yr) 19.1a (1.2) 19.5a (1.5) 9.3b (1.2) 9.8b (0.6)
Height (cm) 171.7a (8.9) 172.1a (9.2) 139.9b (13.3) 144.9b (9.2)
Weight (kg) 64.6a (9.4) 75.1a (18.4) 37.5b (14.0) 47.8b (20.0)
Education (yr) 14.7a (1.0) 15.3a (1.3) 5.0b (0.9) 5.3b (0.7)
K-BIT (IQ) 103.4a (8.7) 104.5a (6.8) 116.7b (12.7) 108.7b (11.0)
SES (median) 3.0a 3.0a 3.0a 3.0a

PACER (laps) 56.5a (9.7) 32.1b (12.7) 30.8b (13.1) 12.6c (5.3)
Push-ups 25.5a (8.9) 17.8a,b (10.0) 14.2b (6.6) 11.1b (5.9)
Curl-ups 54.8a (12.4) 33.3b (14.5) 32.9b (9.7) 15.0c (8.1)
Sit and reach (L) 14.2a (2.2) 13.4a (2.7) 9.8b (2.1) 8.7b (3.7)
Sit and reach (R) 14.2a (2.1) 13.9a (2.3) 10.2b (1.8) 8.9b (3.6)
Body mass index 21.8a,b (1.8) 24.8a (4.3) 18.7b (4.1) 22.2a,b (6.8)

Education (yr), total number of years of education; K-BIT, composite score for IQ; SES, socioeconomic status. The PACER, push-ups, curl-ups, sit and reach, and BMI are subscales
of the Fitnessgram test. Normative values for the Fitnessgram may be found in Welk et al. (40). Values that share a common superscript are not significantly different at P � 0.05.
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fit, 10 low-fit) and afternoon (i.e., 14 high-fit, 14 low-fit).
The entire procedure lasted approximately 1 h.

Electroencephalogram (EEG) recordings. EEG
was measured from the following midline and lateral elec-
trodes of the 10–20 system using a Quik Cap (Neuro, Inc.,
El Paso, TX): F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, O1, Oz,
O2, A2 (i.e., right mastoid) and referenced to the left mas-
toid (A1) with AFz as the ground electrode, and impedances
kept below 10 k�. Electro-oculographic (EOG) activity was
collected from electrodes placed above and below the right
orbit and at the outer canthus of each eye to record bipolar
eye movements. Neuroscan 64-channel Synamps bioampli-
fiers (Neuro Inc., El Paso, TX) were used to continuously
digitize (500-Hz sampling rate) and amplify (�500) the
EEG signal with a 70-Hz low-pass filter and a 60-Hz notch
filter. Continuous data were collected with Neuroscan Scan
4.2 software on a microcomputer. Stimuli were generated
using Neuroscan Stim software on a microcomputer, which
sent a trigger indicating the condition of each trial for offline
sorting, reduction, and analysis of EEG and behavioral data.

Data reduction. Continuous data were merged offline
with behavioral data, rereferenced to an average of the
mastoid electrodes, and ocular artifacts were corrected using
spatial filtering or the Semlitsch et al. (33) algorithm to
minimize vertical and horizontal eye movement artifacts in
EEG signals. Epochs of �100 to 800 ms around stimuli
were created, and baseline correction occurred using the
100-ms prestimulus period. Data were filtered with a 30-Hz
low-pass cutoff (24 dB/octave). Artifact detection excluded
trials with amplitude excursions of �100 �V, and artifact-
free data that were accompanied by correct responses were
averaged. The mean number of trials included for partici-
pant averages was 393.2 (�65.9). The P3 component of the
ERP was defined as the largest positive-going peak within a
275- to 775-ms latency window after the N1-P2-N2 com-
plex. Amplitude was measured as a change from the pre-
stimulus baseline and peak latency was defined as the time
point of the maximum amplitude. Amplitude analyses for
age comparisons involving the site factor included the Mc-
Carthy and Wood (23) normalization procedure, which stan-
dardizes differences in the topographic distribution of the
scalp activity across groups.

Statistical analysis. Statistical analyses were con-
fined to the midline sites (8) with P3 amplitude and latency
examined separately. P3 values for each participant were
submitted to a 2 (age: adult, child) � 2 (fitness: high, low)
� 2 (condition: target, nontarget) � 4 (site: Fz, Cz, Pz, Oz)
mixed-model ANOVA with Greenhouse-Geisser correc-
tions where appropriate. Response accuracy data were an-
alyzed using a 2 (age) � 2 (fitness) � 2 (condition)
ANOVA, and RT data (measured via the speed of the button
press response) were analyzed using a 2 (age) � 2 (fitness)
ANOVA, because responses were not required for the non-
target condition. Post hoc analyses were conducted using
simple effects tests with the Bonferroni correction proce-
dure. The alpha level for all tests was set at P � 0.05 before
Bonferroni correction.

RESULTS

Behavioral measures. RT responses to target stimuli
yielded significant effects of age (F(1,47) � 53.0, P �
0.001, �2 � 0.53) and fitness (F(1,47) � 7.9, P � 0.01,
�2 � 0.14), indicating that adults (mean � 351.7 ms, SE �
9.0) and high-fit participants (mean � 391.1 ms, SE � 9.5)
had faster RT than children (mean � 465.6 ms, SE � 9.0)
and low-fit participants (mean � 426.2 ms, SE � 9.5),
respectively. Further, an age � fitness interaction was ob-
served (F(1,47) � 5.7, P � 0.02, �2 � 0.11), with post hoc
tests indicating that both adult groups were faster than both
child groups (t(1,22) � 3.7, p � 0.001), but high-fit children
were faster than low-fit children (t(1,22) � 2.8, P � 0.01)
(Table 2). No RT differences were observed between high-
and low-fit adults (t(1,25) � 0.5, P � 0.65).

Response accuracy yielded significant effects of age
(F(1,47) � 4.9, P � 0.03, �2 � 0.09) and condition (F(1,47)
� 17.3, P � 0.001, �2 � 0.27, � � 1.0), with adults (mean
� 98.0%, SE � 1.0) exhibiting greater accuracy than chil-
dren (mean � 94.8%, SE � 1.1), and all participants ex-
hibiting greater accuracy for nontarget (mean � 99.0%, SE
� 0.2) compared with target (mean � 93.8%, SE � 1.3)
stimuli. In addition, a fitness � condition interaction was
observed, F(1,47) � 6.3, P � 0.02, �2 � 0.12. Post hoc tests
indicated that high-fit participants (mean � 96.5%, SE �
1.8) were more accurate than low-fit participants (mean �
91.3%, SE � 1.9) to target stimuli, but this effect was not
significant after Bonferroni correction (t(1,49) � 2.1, P �
0.04) (Table 2). High (mean � 98.6%, SE � 0.3)- and low
(mean � 99.5%, SE � 0.3)-fit participants did not differ in
their responses to nontarget stimuli, t(1,49) � 1.5, P � 0.14.

ERP analysis. Figure 1 illustrates the ERP waveforms
for each participant group at the four midline electrode sites
(Fz, Cz, Pz, Oz) to target and nontarget stimuli.

P3 amplitude. A condition effect was observed
(F(1,47) � 82.7, P � 0.001, �2 � 0.64, � � 1.0), with
increased amplitude for target (mean � 15.2 �V, SE � 0.8)
compared with nontarget (mean � 9.0 �V, SE � 0.5)
stimuli. A site effect was also observed, F(2.6,121.6) �
126.0, P � 0.001, �2 � 0.73, � � 0.86), with post hoc tests
indicating the largest amplitude at Pz and Oz, the smallest
amplitude at Fz, with Cz falling in between (t(1,50) � 5.8,
P � 0.001). However, these main effects were superseded
by a condition � site interaction (F(2.6,120.4) � 36.9, P �
0.001, �2 � 0.44, � � 0.85), as increased amplitude was
observed at Cz, Pz, and Oz for target compared with non-
target stimuli (t(1,50) � 6.4, P � 0.001).

Further, an age effect was observed for P3 (F(1,47) �
18.8, P � 0.001, �2 � 0.29), with increased amplitude for

TABLE 2. Participant group means (SD) to target stimuli for reaction time (RT) and
response accuracy.

Group
RT (ms) for Target

Stimuli
Accuracy (%) for

Target Stimuli

High-fit children 430.7 (53.4) 94.6 (10.2)
Low-fit children 509.1 (83.2) 88.1 (12.9)
High-fit young adults 352.8 (38.3) 98.4 (2.2)
Low-fit young adults 359.5 (36.0) 94.2 (10.2)
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children (mean � 14.6 �V, SE � 0.8) compared with adults
(mean � 9.6 �V, SE � 0.8). This effect was superseded by
an age � site interaction (F(2.6,121.6) � 31.5, P � 0.001,
�2 � 0.40), with follow-up tests (which were conducted
using standardized means from the McCarthy and Wood
(24) procedure) indicating that adults exhibited larger P3
amplitude at Cz and Pz and smaller P3 amplitude at Oz
(t(1,49) � 2.8, P � 0.008) when compared with children.

A fitness effect was also found for P3 (F(1,47) � 7.6, P
� 0.008, �2 � 0.14), with increased amplitude for high-fit
(mean � 13.7 �V, SE � 0.8) relative to low-fit (mean �
10.5 �V, SE � 0.8) participants. However, this effect was
superseded by an age � fitness interaction (F(1,47) � 9.4,
P � 0.004, �2 � 0.17). Post hoc analyses indicated that
high-fit children exhibited larger P3 amplitude than the
other three groups (t(1,22) � 3.7, P � 0.001) (Fig. 2).

P3 latency. A site effect was observed (F(2.2,105.0) �
38.6, P � 0.001, �2 � 0.45, � � 0.74) that was superseded
by two two-way interactions of age � site (F(2.2,105.0) �
5.5, P � 0.005, �2 � 0.11) and condition � site
(F(2.8,132.4) � 5.4, P � 0.002, �2 � 0.10, � � 0.94). Post

hoc analyses indicated that adults, compared with children,
had faster latency at the Cz and Pz electrode sites (t(1,49) �
3.0, P � 0.004), and nontarget stimuli elicited faster latency
than target stimuli at the Pz site (t(1,50) � 3.7, P � 0.001).

In addition, a fitness � condition interaction was ob-
served (F(1,47) � 9.8, P � 0.003, �2 � 0.17), which was
superseded by a significant three-way interaction of fitness
� condition � site (F(2.8,132.4) � 4.2, P � 0.01, �2 �
0.08). Decomposition of this interaction was conducted by
examining fitness � condition at each site. A significant
fitness � condition interaction was observed at Fz (F(1,49)
� 14.1, P � 0.001, �2 � 0.22), but post hoc Bonferroni
corrected t-tests failed to find significant fitness effects for
either task condition (t(1,49) � 2.0, P � 0.05). A condition
effect was observed at Pz (F(1,49) � 13.3, P � 0.001, �2 �
0.21, � � 1.0), indicating faster P3 latency for nontarget
(mean � 414.2 ms, SE � 23.9) compared with target (mean
� 484.6 ms, SE � 15.5) stimuli, and a fitness effect was
observed at Oz (F(1,49) � 4.6, P � 0.05, �2 � 0.09),
indicating faster latency for high-fit (mean � 331.3 ms, SE
� 8.8) compared with low-fit (mean � 359.0 ms, SE � 9.4)
participants.

DISCUSSION

Our findings indicate that high-fit preadolescent children
had greater P3 amplitude when compared with low-fit chil-
dren and both adult groups, indicating that a larger popula-
tion of neurons is being recruited for the task. Additionally,
high-fit children and adults had faster P3 latency at the
occipital recording site than their low-fit counterparts, indi-
cating faster neurocognitive processing. Behaviorally, high-
fit children responded faster to target stimuli compared with
low-fit children, but remained slower than both adult

FIGURE 1—Grand average waveforms for each group at the four
midline electrode sites to the target and nontarget stimuli of the
oddball task. Note the larger P3 amplitude for the high-fit preadoles-
cent children.

FIGURE 2—Age � fitness interaction for P3 amplitude. Note the
significant increase in amplitude for high-fit children compared with
the other three groups.

FITNESS AND COGNITION IN CHILDREN Medicine & Science in Sports & Exercise� 1971



groups, suggesting that fitness may be related to modest
improvements in task performance during preadolescents.

Based on classic interpretations of P3, the observed in-
crease in amplitude for higher fit children suggests greater
allocation of attention and working memory resources re-
lated to stimulus processing, thus supporting previous re-
search on physical activity and cognitive function (13). That
is, comparison of older and younger adults has demonstrated
increased P3 amplitude for physically active compared with
sedentary individuals (13). Of interest is determining the
functional relationship between fitness and the observed
increased activation in individuals who are in the process of
cognitive maturation or degradation associated with early
and late phases of the human life span, respectively.

Differences in the amount and location of neural activa-
tion among older and younger adults in response to cogni-
tive tasks have been observed using fMRI. These findings
may provide some insight into the observed increases in
neuroelectric activation for high-fit children found in the
current study. For example, increased activation in older
adults was associated with better task performance, whereas
better performance was associated with decreased activation
in younger adults (32). Further, Bunge et al. (3) compared 8-
to 12-yr-old children with young adults and found that
children activated left ventrolateral prefrontal cortex (PFC)
rather than the expected right ventrolateral PFC exhibited in
adults. The children’s activation of the left ventrolateral
PFC was similar in magnitude to that of the adult’s activa-
tion of the right ventrolateral PFC, suggesting that through-
out development, children may recruit different neural re-
sources than adults to achieve similar goals, albeit with less
efficiency. Other research has found that children recruited
the same general network of cortical structures as adults, but
to a greater degree, with additional recruitment of cortical
networks not activated in adults (21). Collectively, these
findings indicate that greater cortical activation is beneficial
to task performance during the early and late stages of the
human lifespan; but that performance in younger adults may
benefit from cognitive efficiency (i.e., less cortical activa-
tion). The data reported here indicate a similar pattern for
high fit preadolescent children and suggest that fitness may
be associated with increasing neuroelectric activation re-
lated to the allocation of attention and working memory
resources, which perhaps may influence the speed of be-
havioral performance.

An alternate explanation for the fitness-related differ-
ences in P3 also exists. Polich and Lardon (31) have theo-
rized that aerobic exercise effects on ERP may be based in
fundamental changes observed in resting neuroelectric ac-
tivity. Lardon and Polich (19) observed increased EEG
spectral power in the theta (4–8 Hz), alpha I (7.5–9.5 Hz),
alpha II (9.5–12.5 Hz), beta I (12–20 Hz), and beta II (12–70
Hz) bands and increased mean frequency in the delta
(0.25–4 Hz), theta, and beta I and II bands for chronic
exercisers compared with low-active control participants,
suggesting that exercise may serve to increase neuronal
synchrony. Further, Polich (27) found that interparticipant
variations in alpha power are related to individual variability

in the P3 component, indicating that changes in resting EEG
may directly influence ERP. Thus, aerobic exercise may
increase synchrony in the firing of neuronal generators,
which in turn may increase P3 amplitude and decrease P3
latency. However, the functional significance of greater
neuronal synchrony still remains unclear.

The current data may also shed light on the inconsistent
P3 amplitude findings between children and young adults.
That is, previous research has reported that children exhibit
P3 amplitudes that are larger (1), smaller (16), or no differ-
ent (7) than young adults. Given the differential P3 ampli-
tude observed for high- and low-fit children, it is possible
that specific health or other individual differences that are
not typically accounted for in neuropsychological research
may act on the neuroelectric system and result in the incon-
sistencies observed across studies. Indeed, fitness may ac-
count for a portion of this variance, because widespread
differences in physical activity habits of preadolescent chil-
dren have been reported (34,38).

P3 latency replicated previous research, as preadolescent
children exhibited longer latencies compared with young
adults over the centroparietal region of the scalp. Fitness
was also associated with P3 latency, because high-fit par-
ticipants exhibited faster latency compared with low-fit par-
ticipants at the Oz site. These data replicate previous P3
research on physical activity and cognition in adults
(11,13,14) and indicate that fitness is positively associated
with cognitive processing speed during stimulus discrimi-
nation tasks. However, these data should be interpreted
cautiously as fitness effects were only observed over the
occipital scalp region rather than over the predicted cen-
troparietal scalp region. Given that a visual oddball task was
employed and neural generators for the P3 have been ob-
served in the occipital cortex (in addition to other brain
regions) using fMRI (20), it is plausible that faster cognitive
processing associated with fitness may be observed over this
scalp location. Nonetheless, future research should replicate
this finding to better determine the robustness of this effect.

Most notably, fitness was positively associated with be-
havioral performance in preadolescents, as high-fit children
exhibited faster RT speed compared with low-fit children.
Despite this interesting finding, the RT for high-fit children
was still slower than both adult groups, suggesting that
small, but significant, improvements in response speed may
be associated with aerobic fitness. With regard to response
accuracy, a trend was observed such that high-fit children
and adults performed more accurately than their low-fit
peers to target stimuli. Importantly, this finding suggests
that the fitness-related improvements associated with RT are
not due to a speed–accuracy tradeoff, because task perfor-
mance did not differ statistically between high- and low-fit
participants.

There are several limitations associated with the present
study. First, the study is cross-sectional, and therefore a
selection bias may account for the findings that were attrib-
uted to different levels of fitness. It is plausible that high-
and low-fit participants differ on many other factors (e.g.,
genetics, skull thickness, personality characteristics) that
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could lead to differences in fitness as well as neuroelectric
and behavioral performance. However, the probability of
this happening was partially reduced by matching the high-
and low-fit participants on the variables listed in Table 1.
Randomized clinical trials should be conducted in future
research to account for possible selection bias. A second
limitation of the present study is that the sample size may
have been insufficient to detect the interaction of age and
fitness for all measures. Thus, future research should exam-
ine fitness effects on cognition using a larger sample size to
ensure adequate power. Lastly, a field test of aerobic fitness
was favored over an objective measure of fitness (e.g.,
V̇O2max). However, as stated in the method, 70% of indi-
viduals were accurately classified for the PACER test of the
Fitnessgram based on directly measured V̇O2max (39).

In summary, we found that aerobic fitness was positively
associated with neuroelectric function and behavioral per-

formance in preadolescent children engaged in a stimulus
discrimination task. Specifically, larger P3 amplitude and
faster RT were observed for high-fit, relative to low-fit,
children. Fitness was also associated with P3 latency such
that faster cognitive processing speed was observed for
high-fit participants. These findings provide additional sup-
port for the beneficial affects of fitness on cognition across
the human lifespan.

This research was supported in part by a National Institute on
Aging grant (AG21188) to C.H. and a University of Illinois Research
Board grant to D.C. and C.H. We thank Heather Erwin, Amy Son,
and Marcy Bice for their assistance in data collection, and the
Champaign County School District for their assistance in participant
recruitment.

REFERENCES

1. BATTY, M., and M. J. TAYLOR. Visual categorizationduring child-
hood: an ERP study. Psychophysiology 39:482–490, 1992.

2. BIRNBAUM, A. S., L. A. LYTLE, D. M. MURRAY, M. STORY, C. L. PERRY,
and K. N. BOUTELLE. Survey development for assessing correlates of
young adolescents’ eating. Am. J. Health Behav. 26:304–295, 2002.

3. BUNGE, S. A., N. M. DUDUKOVIC, M. E. THOMASON, C. J. VAIDYA,
and J. D. E. GABRIELI. Immature frontal lobe contributions to
cognitive control in children: evidence from fMRI. Neuron 33:
301–311, 2002.

4. CASEY, B. J., K. M. THOMAS, M. C. DAVIDSON, K. KUNZ, and
P. L. FRANZEN. Dissociating striatal and hippocampal function
developmentally with a stimulus-response compatibility task. J.
Neurosci. 22:8647–8652, 2002.

5. COLCOMBE, S., and A. F. KRAMER. Fitness effects on the cognitive
function of older adults: a meta-analytic study. Psychol. Sci.
14:125–130, 2003.

6. COURCHESNE, E. Neurophysiological correlates of cognitive devel-
opment: changes in long-latency event-related potentials from
childhood to adulthood. Electroencephalogr. Clin. Neurophysiol.
45:468–482, 1978.

7. CURRY, J. G., and J. P. POLICH. P300, global probability, and
stimulus sequence effects in children. Dev. Neuropsychol. 82:185–
202, 1992.

8. DIAMOND, A., and C. TAYLOR. Development of an aspect of exec-
utive control: development of the abilities to remember what I say
and to “do as I say, not as I do”. Dev. Psychobiol. 29:315–334,
1996.

9. DONCHIN, E. Surprise! Surprise? Psychophysiology 18:493–513,
1981.

10. DUNCAN, S. C., T. E. DUNCAN, L. A. STRYCKER, and N. R.
CHAUMETON. A multilevel analysis of sibling physical activity.
J. Sports Exerc. Psychol. 26: 57– 68, 2004.

11. DUSTMAN, R. E., R. Y. EMMERSON, R. O. RUHLING, et al. Age and
fitness effects on EEG, ERPs, visual sensitivity, and cognition.
Neurobiol. Aging 11:193–200, 1990.

12. DWYER, T., W. E. COONAN, D. R. LEITCH, B. S. HETZEL, and P. A.
BAGHURST. An investigation of the effects of daily physical activity
on the health of primary school students in South Australia. Int. J.
Epidemiol. 12:308–313, 1983.

13. HILLMAN, C. H., A. BELOPOLSKY, E. M. SNOOK, A. F. KRAMER,
and E. MCAULEY. Physical activity and executive control: Im-
plications for increased cognitive health during older adult-
hood. Res. Q. Exerc Sport 75:176–185, 2004.

14. HILLMAN, C. H., E. P. WEISS, J. M. HAGBERG, and B. D. HATFIELD.
The relationship of age and cardiovascular fitness to cognitive and
motor processes. Psychophysiology 39:303–312, 2002.

15. HUTTENLOCHER, P. R. Morphometric study of human cerebral cor-
tex development. Neuropsychology 30:517–527, 1990.

16. JOHNSTONE, S. J., R. J. BARRY, J. W. ANDERSON, and S. F. COYLE.
Age-related changes in child and adolescent event-related po-
tential component morphology, amplitude and latency to stan-
dard and target stimuli in an auditory oddball task. Int. J. Psy-
chophysiol. 24:223–230, 1996.

17. KAUFMAN, A. S., and N. L. KAUFMAN. Kaufman Brief Intelligence
Test. Circle Pines, MN: AGS, 1990, pp. 88–109.

18. KRAMER, A. F., H. SOWON, N. J. COHEN, et al. Aging, fitness, and
neurocognitive function. Nature 400:418–419, 1999.

19. LARDON, M. T., and J. POLICH. EEG changes from long-term
physical exercise. Biol. Psychol. 44:19–30, 1996.

20. LINDEN, D. E. J., D. PRVULOVIC, E. FORMISANO, et al. The functional
neuroanatomy of target detection: an fMRI study of visual and
auditory oddball tasks. Cereb. Cortex 9:815–823, 1999.

21. LUNA, B., K. R. THULBORN, D. P. MUNOZ, et al. Maturation of
widely distributed brain function subserves cognitive develop-
ment. Neuroimage 13:786–793, 2001.

22. MARTIN, F., E. DELPONT, G. SUISSE, C. RICHELME, and C. DOLISI.
Long latency event-related potentials (P300) in gifted children.
Brain Dev. 15:173–177, 1993.

23. MCCARTHY, G., and C. C. WOOD. Scalp distributions of event-
related potentials: an ambiguity associated with analysis of vari-
ance models. Electroencephalogr. Clin. Neurophysiol. 62:203–
208, 1985.

24. NELSON, C. A., and C. S. MONK. The use of event-related potentials
in the study of cognitive development. In: Handbook of Develop-
mental Cognitive Neuroscience. C. A. Nelson and M. Luciana
(Eds.). Cambridge, MA: The MIT Press, 2001, pp. 125–136.

25. OADES, R. D., A. DITTMANN-BALCAR, R. SCHEPKER, C. EGGERS, and
D. ZERBIN. Auditory event-related potentials (ERPs) and mismatch
negativity (MMN) in healthy children and those with attention-
deficit or Tourette/tic symptoms. Biol. Psychol. 43:163–185,
1996.

26. PICTON, T. W., S. BENTIN, P. BERG, et al. Guidelines for using
human event-related potentials to study cognition: recording stan-
dards and publication criteria. Psychophysiology 37:127–152,
2000.

27. POLICH, J. On the relationship between EEG and P300: individual
differences, aging, and ultradian rhythms. Int. J. Psychophysiol.
26:299–317, 1997.

28. POLICH, J., HOWARD, and L. STARR. A. Effects of age on the P300
component of the event-related potential from auditory stimuli:
peak definition, variation, and measurement. J. Gerontol. 40:721–
726, 1985.

29. POLICH, J., and A. KOK. Cognitive and biological determinants of
P300: an integrative review. Biol. Psychol. 41:103–146, 1995.

30. POLICH, J., C. LADISH, and T. BURNS. Normal variation of P300 in

FITNESS AND COGNITION IN CHILDREN Medicine & Science in Sports & Exercise� 1973



children: age, memory span, and head size. Int. J. Psychophysiol.
9:237–248, 1990.

31. POLICH, J., and M. T. LARDON. P300 and long-term physical exer-
cise. Electroencephalogr. Clin. Neurophysiol. 103:493–498, 1997.

32. RYPMA, B., and M. D’ESPOSITO. Isolating the neural mechanisms of
age-related changes in human working memory. Nat. Neurosci.
3:509–515, 2000.

33. SEMLITSCH, H. V., P. ANDERER, P. SCHUSTER, and O. PRESSLICH. A
solution for reliable and valid reduction of ocular artifacts, applied
to the P300 ERP. Psychophysiology 23:695–703, 1986.

34. SIBLEY, B. A., and J. L. ETNIER. The relationship between physical
activity and cognition in children: a meta-analysis. Pediatr. Exerc.
Sci. 15:243–256, 2003.

35. STRAUDER, J. E. A., M. W. VAN DER MOLEN, and P. C. M. MOLENAAR. Age,
intelligence, and event-related brain potentials during late childhood: a
longitudinal study. Intelligence 31:257–274, 2003.

36. THOMAS, K. M., and C. A. NELSON. Age-related changes in the

electrophysiological response to visual stimulus novelty: a topo-
graphical approach. Electroencephalogr. Clin. Neurophysiol. 98:
294–308, 1996.

37. TRAVIS, F. Cortical and cognitive development in 4th, 8th, and
12th grade students: the contribution of speed of processing and
executive functioning to cognitive development. Biol. Psychol.
48:37–56, 1998.

38. UNITED STATES DEPARTMENT OF HEALTH AND HUMAN SERVICE

[USDHHS]. Healthy People 2010: Understanding and Improving
Health. Washington, DC: U.S. Government Printing Office, 22B,
2000, pp. 1–25.

39. WELK, G. J., J. R. MORROW, and H. B. FALLS. Fitnessgram Refer-
ence Guide. Dallas, TX: The Cooper Institute, 2002, pp. 5–9.

40. YAKOVLEV, P. I., and A. R. LECOURS. The myelogenetic cycles of
regional maturation of the brain. In: Regional Development of the
Brain in Early Life. A. Minkowski (Ed.). Oxford, England: Black-
well, 1967, pp. 3–70.

1974 Official Journal of the American College of Sports Medicine http://www.acsm-msse.org


