This article was downloaded by: [Michigan State University]

On: 11 June 2012, At: 06:52

Publisher: Routledge

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

JOURNAL Journal of Sports Sciences
SP D'Il TS Publication details, including instructions for authors and subscription information:
SCIENCES http://www.tandfonline.com/loi/rjsp20

Childhood aerobic fitness predicts cognitive
performance one year later

Laura Chaddock ®® , Charles H. Hillman ° ¢ , Matthew B. Pontifex ¢ , Christopher R. Johnson
®  Lauren B. Raine ® & Arthur F. Kramer 2 °

e & Department of Psychology, University of Illinois at Urbana-Champaign, Urbana, llinois,
USA

® Beckman Institute for Advanced Science and Technology, University of lllinois at Urbana-
Champaign, Urbana, Illinois, USA

¢ Department of Kinesiology and Community Health, University of Illinois at Urbana-
Champaign, Urbana, Illinois, USA

Available online: 19 Jan 2012

To cite this article: Laura Chaddock, Charles H. Hillman, Matthew B. Pontifex, Christopher R. Johnson, Lauren B. Raine &
Arthur F. Kramer (2012): Childhood aerobic fitness predicts cognitive performance one year later, Journal of Sports Sciences,
30:5, 421-430

To link to this article: http://dx.doi.org/10.1080/02640414.2011.647706

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/rjsp20
http://dx.doi.org/10.1080/02640414.2011.647706
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Michigan State University] at 06:52 11 June 2012

FJournal of Sports Sciences, March 20125 30(5): 421-430 é Routledge

Taylor & Francis Group

Childhood aerobic fitness predicts cognitive performance one year later

LAURA CHADDOCK!?, CHARLES H. HILLMAN??, MATTHEW B. PONTIFEX?,
CHRISTOPHER R. JOHNSON?®, LAUREN B. RAINE’, & ARTHUR F. KRAMER!?

' Department of Psychology, University of Illinois at Urbana-Champaign, Urbana, Illinois, USA, 2Beckman Institute for
Advanced Science and Technology, University of Illinois ar Urbana-Champaign, Urbana, Illinois, USA and >Department of
Kinesiology and Community Health, University of Illinois ar Urbana-Champaign, Urbana, Illinois, USA

(Accepted 5 December 2011)

Abstract

Aerobically fit children outperform less fit peers on cognitive control challenges that involve inhibition, cognitive flexibility,
and working memory. The aim of this study was to determine whether, compared with less fit children, more fit 9- and 10-
year-old pre-adolescents exhibit superior performance on a modified compatible and incompatible flanker task of cognitive
control at the initial time of fitness testing and approximately one year later. We found that more fit children demonstrated
increased flanker accuracy at both test sessions, coupled with a superior ability to flexibly allocate strategies during task
conditions that required different amounts of cognitive control, relative to less fit children. More fit children also gained a
speed benefit at follow-up testing. Structural MRI data were also collected to investigate the relationship between basal
ganglia volume and task performance. Bilateral putamen volumes of the dorsal striatum and globus pallidus volumes
predicted flanker performance at initial and follow-up testing one year later. The present findings suggest that childhood
aerobic fitness and basal ganglia volumes relate to cognitive control at the time of fitness testing and may play a role in
cognitive performance in the future. We hope that this research will encourage public health and educational changes that

will promote a physically active lifestyle in children.

Keywords: Basal ganglia, brain, cognition, development, exercise

Introduction

A physically active lifestyle during childhood is
positively associated with brain and cognitive health.
A growing database of research suggests that aero-
bically fit children exhibit higher academic achieve-
ment scores, superior cognitive performance, more
efficient neuroelectric activation underlying atten-
tional processes, and larger brain volumes in the
hippocampus and basal ganglia than less fit children
(Buck, Hillman, & Castelli, 2008; Castelli, Hillman,
Buck, & Erwin, 2007; Chaddock et al., 2010a,
2010b; Chaddock, Hillman, Buck, & Cohen, 2011;
Chomitz et al., 2009; Hillman, Buck, Themanson,
Pontifex, & Castelli 2009; Hillman, Castelli, & Buck,
2005; Kamijo et al., 2011; Pontifex et al., 2011;
Sibley & Etnier, 2003). These findings have sig-
nificant public health and educational implications,
especially as childhood obesity and illness rates
increase, and opportunities for physical activity
during the school day are reduced or eliminated

(Anderson, Crespo, Barlett, Cheskin, & Pratt, 1998;
Baker, Olsen, & Sorensen, 2007; Department of
Health and Human Services and Department of
Education, 2000; Freedman, Khan, Dietz, Sriniva-
san, & Berenson, 2001; Sisson et al., 2009).

Since most studies focusing on childhood fitness
and neurocognition employ cross-sectional designs,
conclusions cannot be made regarding the duration
of the positive effects of fitness on children’s
cognition. Nevertheless, in a large study of
1,221,727 young adults, cardiovascular fitness at
age 18 years predicted intelligence and educational
achievement later in life (Aberg et al., 2009).
Similarly, the physical activity level of older adults
has been shown to predict cognitive function and
dementia 5-6 years later (Barnes, Yaffe, Satariano, &
Tager, 2003; Laurin, Verreault, Lindsay, MacPher-
son, & Rockwood, 2001; Middleton et al., 2011).
Accordingly, we applied this prospective study
design to a youth population by examining whether
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childhood aerobic fitness levels can predict cognitive
performance approximately one year later.

Researchers have demonstrated that more fit pre-
adolescent children outperform their less fit peers on
tests of cognitive control that involve inhibition, cog-
nitive flexibility, and working memory (Chaddock
et al., 2010b; Diamond, 2006; Hillman, Erickson, &
Kramer, 2008; Pontifex et al., 2011). These cogni-
tive operations are important for academic achieve-
ment, learning, and activities of daily living.
Specifically, inhibition includes the ability to filter
irrelevant environmental information, override a
prepotent response, and stop an ongoing response,
abilities that are central to attention and action
control (Barkley, 1997; Davidson, Amso, Anderson,
& Diamond, 2006). Cognitive flexibility refers to the
ability to restructure knowledge and information
based on changing situational demands (Diamond,
2006). Working memory is often defined as an ability
to temporarily store and manage information while
learning and responding to cognitive challenges
(Baddeley, 1992).

We extended previous research involving cross-
sectional designs by examining whether 9- and 10-
year-old pre-adolescent children classified as more fit
exhibited superior performance compared with less
fit peers on a test of cognitive control at both the
initial time of fitness testing as well as approximately
one year later. At both visits, we administered the
same modified flanker paradigm, which has been
shown to yield performance differences as a function
of childhood fitness (Pontifex et al., 2011). The
modified flanker paradigm consisted of both compa-
tible (congruent and incongruent) and incompatible
(congruent and incongruent) trials. Compatibility
refers to the relationship between target direction
and response direction, while congruency refers to
the relationship between target and distractors. Each
compatibility condition included both congruent and
incongruent trials.

During the compatible (congruent and incongru-
ent) task condition, which is the condition used in
most flanker research (e.g. Chaddock et al., 2010b),
participants were required to attend and respond to
the direction of a centrally presented arrow amid
laterally presented flanking arrows (Eriksen &
Eriksen, 1974; Kramer, Humphrey, Larish, Logan,
& Strayer, 1994). The compatible incongruent task
condition (i.e. < <> < <) required greater atten-
tional and interference control to filter potentially
misleading flankers that were mapped to incorrect
behavioural responses, relative to the compatible
congruent task condition (i.e. < < << <). We ex-
tend the compatible flanker task (Chaddock et al.,
2010b) to include a second condition that consisted
of an incompatible (congruent and incongruent)
stimulus—response condition at initial test (Pontifex

etal., 2011) and follow-up test. During incompatible
trials, cognitive control demands increased as parti-
cipants were instructed to respond to the direction
opposite to that of the centrally presented target arrow
(Friedman, Nessler, Cycowicz, & Horton, 2009;
Pontifex et al., 2011). While the task conditions
varied in cognitive control demands, the paradigm
generally required all elements of cognitive control:
(1) inhibition, via the filtering of interfering flanking
arrows; (2) cognitive flexibility, via the need to switch
between instructional demands regarding the correct
response to the direction of the central arrow; and (3)
working memory, important for managing and
remembering task goals.

Structural magnetic resonance imaging (MRI)
data were also collected at initial testing. We recently
reported that, compared with their less fit peers,
more fit children have larger volumes in the dorsal
striatum of the basal ganglia, which is associated with
a greater ability to inhibit distraction during a
compatible congruent and incongruent flanker task
(Chaddock et al., 2010b). These results support the
claim that the dorsal striatum is involved in cognitive
control, motor integration, response resolution, and
the execution of learned behaviours (Aron, Poldrack,
& Wise, 2009), processes that are amenable to fitness
across the lifespan (Hillman et al., 2008; Kramer
et al., 1999). The findings are also consistent with
rodent research indicating that wheel running
positively influences the striatum (Aguiar, Speck,
Prediger, Kapczinski, & Pinho, 2008; Li et al., 2005;
Marais, Stein, & Daniels, 2009; Marques et al.,
2008; Shi, Luo, Woodward, & Chang, 2004). In
addition, Chaddock et al. (2010b) demonstrated an
association between aerobic fitness, inhibition, and
volume of the globus pallidus, an output region of
the basal ganglia (Aron et al., 2009; Di Martino
et al., 2008; Draganski et al., 2008). No relationship
was found between fitness, task performance, and
volume of the ventral striatum, a region involved in
limbic and reward processes, functions that are less
involved in selective attention and inhibition (Aron
et al., 2009; Casey, Getz, & Galvan, 2008; Graybiel,
2005, 2008).

Given the reported association between child-
hood fitness, specific basal ganglia volumes, and
cognitive control (Chaddock et al., 2010b), in the
present study we wished to determine whether
this relationship existed approximately one year
later. It was hypothesized that children classified as
more fit at initial testing would show superior
flanker task performance at time of fitness testing
and approximately one year later. Furthermore,
we predicted that the volume of the dorsal striatum
and globus pallidus would relate to aerobic
fitness and modified flanker task performance at
the initial visit to our laboratory (Chaddock et al.,
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2010b), as well as task performance at the follow-
up visit.

Methods
Participants

Pre-adolescent 9- and 10-year-old children were
recruited from East-Central Illinois. At the first visit,
children were screened for several factors that
influence physical activity participation or cognitive
function. The Kaufman Brief Intelligence Test (K-
BIT; Kaufman & Kaufman, 1990) was administered
to each child to obtain a composite intelligence
quotient (IQ) score including both crystallized and
fluid intelligence measures. Participants were ex-
cluded if their scores were more than one standard
deviation below the mean (85%). Next, a guardian of
the child completed the Attention-Deficit Hyperac-
tivity Disorder (ADHD) Rating Scale IV (DuPaul,
Power, Anastopoulos, & Reid, 1998) to screen for
the presence of attentional disorders. Participants
were excluded if they scored above the 85th
percentile. Pubertal timing was also assessed using
a modified Tanner Staging System (Tanner, 1962;
Taylor et al., 2001) with all included pre-pubescent
participants at or below a score of 2 on a 5-point
scale of developmental stages. In addition, socio-
economic status was determined by creating a
trichotomous index based on three variables: parti-
cipation in a free or reduced-price meal programme
at school; the highest level of education obtained by
the child’s mother and father; and the number of
parents who worked full-time (Birnbaum et al.,
2002).

Furthermore, eligible participants were required
to: (1) qualify as higher-fit or lower-fit (see next
subsection on ‘“Aerobic fitness assessment’); (2)
demonstrate right handedness (as measured by the
Edinburgh Handedness Questionnaire; Oldfield,
1971); (3) report no adverse health conditions,
physical incapacities, or neurological disorders; (4)
report no use of medications that influence central
nervous system function; (5) successfully complete a
mock MRI session to screen for claustrophobia in an
MRI machine; and (6) sign an informed assent
approved by the University of Illinois at Urbana-
Champaign. A legal guardian provided written
informed consent in accordance with the Institu-
tional Review Board of the University of Illinois at
Urbana-Champaign. Participants were compensated
for their participation.

Aerobic fitness assessment

The aerobic fitness of each child was determined at
the first visit by measuring maximal oxygen uptake
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(VOsma) using a computerized indirect calorimetry
system (ParvoMedics True Max 2400) during a
modified Balke protocol (American College of
Sports Medicine, 2006). Specifically, participants
ran on a motor-driven treadmill at a constant speed
with increases in grade of 2.5% every 2 min until
volitional exhaustion. Mean values for oxygen uptake
(VO,) and respiratory exchange ratio (RER) (the
ratio between carbon dioxide and oxygen) were
assessed every 30 s. In addition, heart rate was
measured throughout the fitness test using a heart
rate monitor (Polar WearLink® + 31, Polar Electro,
Finland), and ratings of perceived exertion were
assessed every 2 min using the children’s OMNI
scale (Utter, Roberson, Nieman, & Kang, 2002).

Maximal oxygen uptake was considered to have
been reached when oxygen consumption remained at
a steady state despite an increase in workload.
Relative peak 7O, was based upon maximal effort
as evidenced by: (1) a peak heart rate greater than
185 beats - min~ ' (American College of Sports
Medicine, 2006) accompanied by a heart rate
plateau, i.e. an increase in work rate without a
concomitant increase in heart rate (Freedson &
Goodman, 1993); (2) RER greater than 1.0 (Bar-
Or, 1983); and/or (3) ratings on the children’s
OMNI scale of perceived exertion greater than 8
(Utter et al., 2002). Relative peak VO, was
expressed in mL - kg~ ! - min .

Fitness group assignments (i.e. higher-fit and
lower-fit ) were based on whether a child’s 77 Oppax
fell above the 70th percentile or below the 30th
percentile according to normative data provided by
Shvartz and Reibold (1990). Children who did not
qualify as higher-fit or lower-fit were excluded from
participation.

Modified flanker task

At initial and follow-up testing, participants com-
pleted a modified version of the Eriksen flanker task,
a paradigm often employed to measure cognitive
control (Eriksen & Eriksen, 1974; Kramer et al.,
1994). The modified version of the task included
both a compatible condition with the original
congruent and incongruent flanker task arrays
(Chaddock et al., 2010b; Hillman et al., 2009) and
an incompatible condition that added additional
conflict and cognitive control requirements (Fried-
man et al., 2009; Pontifex et al., 2011) (Figure 1).
First, participants completed the compatible sti-
mulus—response task condition, in which they were
instructed to respond both quickly and accurately to
the direction of a centrally presented target arrow
amid either congruent (e.g.<<<<< oOr
>>>>>) or incongruent (e.g.<<><< or
>> < >>) flanking arrows. The incongruent
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Compatible  Incompatible
Congruent Congruent

>>>>> >>>>2>

Response Right Response Left

Compatible  Incompatible
Incongruent Incongruent

>><>> >><>>

Response Left Response Right

Figure 1. The modified flanker task. Compatible congruent: right
hand response (arrow points right, respond to direction of central
arrow). Compatible incongruent: left hand response (arrow points
left, respond to direction of central arrow, amid distractors).
Incompatible congruent: left hand response (arrow points right,
respond to direction opposite of central arrow). Incompatible
incongruent: right hand response (arrow points left, respond to
direction opposite of central arrow, amid distractors).

condition required the processing of both the correct
response (elicited by the target arrow) and the
incorrect response (elicited by the flanking stimuli)
before stimulus evaluation was complete (Spencer &
Coles, 1999). Thus, greater amounts of cognitive
control are required to inhibit the flanking stimuli
and to execute a correct response in the incongruent
condition relative to the congruent condition.

Next, participants completed the incompatible
stimulus-response condition, wherein they were
instructed to respond both quickly and accurately
in the direction opposite to that of the centrally
presented target arrow (Friedman et al., 2009,
Pontifex et al., 2011). The incompatible condition
manipulated task difficulty through perceptual and
response conflict such that the incompatible, incon-
gruent condition required the greatest amount of
inhibitory control.

For each compatibility condition, two blocks of
100 trials were presented with equally probable
congruency and directionality. The order of the
compatibility blocks was fixed (compatible, compa-
tible, incompatible, incompatible) to ensure response
strategy conflict for incompatible blocks. Across both
conditions, 3 cm tall white arrows were presented
focally on a black background (16.5 cm wide). A
200 ms stimulus duration, 1600 ms response win-
dow, and 1700 ms inter-stimulus interval (i.e.
1500 ms of blank screen between each array of
arrows) were programmed.

Magnetic resonance imaging protocol and image
processing

High-resolution (1.3 mm X 1.3 mm X 1.3 mm) T1-
weighted structural brain images were acquired for
all participants at initial testing using a 3D MPRAGE

(Magnetization Prepared Rapid Gradient Echo
Imaging) protocol with 144 contiguous axial slices,
collected in ascending fashion parallel to the anterior
and posterior commissures [echo time (TE)=
3.87 ms, repetition time (TR)=1800 ms, field of
view (FOV)=256 mm, acquisition matrix=
192 mm x 192 mm, slice thickness=1.3 mm, and
flip angle =8°). All images were collected on a 3T
head-only Siemens Allegra MRI scanner.

Segmentation and volumetric analysis of the left
and right dorsal striatum (i.e. caudate nucleus and
putamen), ventral striatum (i.e. nucleus accumbens),
and globus pallidus were performed using a semi-
automated, model-based subcortical tool (FMRIB’s
Integrated Registration and Segmentation Tool;
FIRST) in FMRIB’s Software Library (FSL) version
4.1.4 (Patenaude 2007; Patenaude, Smith, Kennedy,
& Jenkinson, 2007a, 2007b). A two-stage affine
registration to a standard space template (MNI
space) with 1 mm resolution using 12 degrees of
freedom and a subcortical mask to exclude voxels
outside the subcortical regions was performed on
each participant’s MPRAGE. Next, the caudate
nucleus, putamen, nucleus accumbens, and globus
pallidus were segmented with 30, 40, 50, and 40
modes of variation for each structure, respectively.
For a full description of the FIRST methodology,
refer to Chaddock et al. (2010a) and Patenaude et al.
(2007a, 2007b). Previously, researchers have re-
ported high test-retest reliability of this segmentation
algorithm (Erickson et al., 2010).

Segmentations were visually checked for errors.
Finally, boundary correction was run, a process that
classifies boundary voxels as belonging to the
structure (or not) based on a statistical probability
(z-score > 3.00; P < 0.001). The volume of each
participant’s caudate nucleus, putamen, nucleus
accumbens, and globus pallidus was measured in
cubic millimeters (mm?), and bilateral brain volume
values were used in subsequent analyses.

Procedure

Participants visited the laboratory on four separate
testing days, at two different time points (i.e. initial
testing and approximately one year later). Thirty-two
participants completed both test sessions. The
sample included 14 higher-fit children (7 boys, 7
girls) and 18 lower-fit children (8 boys, 10 girls). On
average, the children returned to the laboratory for
follow-up cognitive testing approximately one year
after initial testing (mean = 1.28 years, s=0.46).

Imitial wvisit. Informed assent and consent were
obtained together with information about IQ, ADHD,
pubertal timing, socioeconomic status, handedness,
and health. The I7O,,,., test of acrobic fitness and the
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mock MRI session were also administered. Partici-
pants returned on a separate day to complete the
modified flanker task. During another visit, partici-
pants completed the MRI session to acquire a
structural brain image.

Follow-up visit. Participants returned to the labora-
tory approximately one year following initial testing.
Participants and their guardians again completed
informed assent and consent forms, and an identical
modified flanker task was administered. No demo-
graphic, V/Osmax or MRI data were collected.

Statistical analysis

Task performance (response accuracy, reaction time
(RT)) was assessed using a 2 (aerobic fitness group:
higher-fit, lower-fit) x 2 (compatibility: compatible,
incompatible) x 2 (congruency: congruent, incon-
gruent) x 2 (test session: initial test, follow-up test)
repeated-measures analysis of variance (ANOVA). If
the omnibus ANOVA reached significance, post-hoc
comparisons were performed (with Bonferroni-cor-
rected r-tests). The family-wise alpha level was set at
P < 0.05.

Analyses of covariance (ANCOVAs) were con-
ducted to compare bilateral basal ganglia volumes as
a function of aerobic fitness group, with total intracra-
nial volume (mm?®) as a covariate to control for
variation in head size. Spearman correlations were
performed to examine the hypothesized relationship
between specific basal ganglia volumes and flanker task
performance at initial testing and follow-up testing.

Results
Participant demographics

Participant demographic and fitness data from the
initial visit are provided in Table I. Demographic
variables (i.e. age, IQ, ADHD, Tanner, socioeco-
nomic status) did not differ between fitness groups at
the initial visit and were not correlated with follow-
up flanker test performance (all » < 0.2, all P > 0.2).
Higher-fit participants had higher 7 Opmax SCOTES
than lower-fit children (z30=10.7, P < 0.001, effect
size = 4.0), confirming the aerobic fitness groupings.
Higher-fit (mean=1.3 years, s=0.5 years) and
lower-fit (mean=1.3 years, s=0.4 years) partici-
pants did not differ in the length of time between
initial and follow-up testing (30 =0.5, P > 0.6).

Aerobic fitness and flanker task performance

Table II provides mean values (s) for response
accuracy and reaction time for compatible and
incompatible flanker task conditions (which consist
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Table I. Participant mean (s) demographic and fitness data by
aerobic fitness group at initial testing.

Variable Lower-fit Higher-fit
Gender 10F,8 M 7F,7TM
Age (years) 10.1 (0.6) 10.0 (0.6)
VOsmax (ML - kg™ - min™?) 35.8 (3.8)* 52.1 (4.4)*

12.7 (18.0)*  83.1 (4.6)*
118.7 (14.2)  114.6 (7.6)
112.2 (12.1)  110.7 (7.0)

VOsmax percentile (%)
K-BIT composite score (IQ)
K-BIT crystallized

score (Vocabulary)

K-BIT fluid score (Matrices) 121.4 (15.9) 115.7 (8.9)

ADHD* 6.6 (3.3) 6.3 (3.3)
Tanner’ 1.6 (0.5) 1.6 (0.5)
Socioeconomic status® (median) 2.8 (0.6) 2.5 (0.8)

Note: K-BIT =Kaufman Brief Intelligence Test (Kaufman &
Kaufman, 1990).

“Scores on the ADHD Rating Scale V (DuPaul et al, 1998).
®Pubertal timing assessed using a modified Tanner staging system
(Tanner, 1962; Taylor et al, 2001).

‘Socioeconomic status was determined by the creation of a
trichotomous index based on three variables: child participation
in a free or reduced-price lunch programme at school, the highest
level of education obtained by the child’s mother and father, and
the number of parents who worked full-time (Birnbaum et al,
2002).

*Significantly different at P < 0.001.

of both congruent and incongruent trials) for higher-
fit and lower-fit groups at initial testing and follow-
up testing.

Response accuracy. A main effect of compatibility
indicated that participants had lower accuracy in the
incompatible (mean =79.1%, s,=2.0%) than in the
compatible condition (mean=82.8%, s,=1.6%)
F1,30=19.2, P<0.0001). A main effect of con-
gruency revealed lower accuracy on incongruent
trials (mean =77.4%, s,=2.1%) than on congruent
trials (mean=84.5%, s5,=1.6%) (I 30=46.4,
P < 0.0001). Decomposition of the compatibility x -
congruency interaction (I 30=28.5, P < 0.0001)
indicated lower accuracy for incongruent, compati-
ble trials (mean =77.6%, s=12.0%) compared with
congruent, compatible trials (mean=88.0%,
s=8.4%) (t3,="17.4, P < 0.0001), and for incongru-
ent, incompatible trials (mean=77.2%, s=13.9%)
compared with congruent, incompatible trials
(mean =80.7%, s=11.3%) (13,=3.6, P=0.001).
Participants had lower accuracy for congruent,
incompatible trials than for congruent, compatible
trials (23, = 6.3, P < 0.0001), while no differences in
accuracy were observed between incongruent trials
for compatible and incompatible conditions
(t3,=0.42, P=0.68).

A main effect of fitness (F;30=5.1, P=0.03,
effect size = 0.6) revealed that higher-fit children had
higher accuracy (mean=285.0%, s,=2.7%) than
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Table II. Mean (s) task performance (i.e. accuracy and reaction time) by aerobic fitness group for compatible and incompatible conditions of

the modified flanker task.

Initial test Follow-up test
Test Lower-fit Higher-fit Lower-fit Higher-fit
Compatible congruent accuracy (%) 82.5 (15.9) 88.6 (8.6) 88.6 (7.3) 92.9 (6.3)
Compatible incongruent accuracy (%) 69.6 (20.5) 77.9 (7.4) 78.6 (10.7) 83.7 (10.9)
Incompatible congruent accuracy (%) 72.7 (16.9)* 85.6 (10.7)* 79.9 (12.1) 85.3 (11.2)
Incompatible incongruent accuracy (%) 67.6 (22.1)* 80.4 (11.9)* 75.9 (13.2)* 85.6 (8.3)*

Compatible congruent RT (ms)
Compatible incongruent RT (ms)
Incompatible congruent RT (ms)
Incompatible incongruent RT (ms)

523.3 (128.0)
587.3 (143.6)
540.2 (113.8)
555.5 (122.5)

566.9 (98.3)*

621.9 (110.8)*
614.3 (136.4)*
664.7 (150.9)*

461.2 (94.5)*
508.6 (94.4)*
485.3 (98.9)*
522.2 (112.9)%

486.4 (73.4)

567.4 (113.2)
514.0 (130.0)
547.4 (162.5)

Note: RT =reaction time.
*Significantly different at P < 0.05.

lower-fit children (mean =76.9%, s, =2.4%), across
compatibility task conditions and test sessions. A
fitness x compatibility  interaction (I 30= 6.4,
P=0.017) demonstrated that higher-fit children
maintained accuracy across compatible
(mean =85.8%, s5,=2.4%) and incompatible
(mean=284.2%, s,=3.0%) task  conditions
(t;3=1.1, P=0.30), whereas lower-fit children
showed lower accuracy on the incompatible condi-
tion (mean="74.0%, s,=2.7%) relative to the
compatible condition (mean=79.8%, s5,=2.1%)
(t15=2.3, P=0.032).

A main effect of time (F;30=5.6, P=0.024)
indicated higher accuracy at follow-up testing
(mean =83.8%, s,=1.6%) compared with initial
testing (mean=78.1%, s5,=2.6%). A congruen-
cy x time interaction (F30=38.3, P=0.007) indi-
cated significant differences between incongruent
accuracy at initial testing (mean = 73.9%, s, =2.9%)
and follow-up testing (mean=281.0%, s,=1.9%)
(t3,=2.9, P=0.008) but no differences between
congruent trials at initial testing (mean = 82.4%,
52=2.3%) and follow-up testing (mean=86.7%,
s, =1.5%) (t3,=2.0, P=0.053).

Reaction ime. A main effect of congruency indicated
longer reaction times for incongruent trials (mean-
571.9 ms, s,=16.2 ms) than for congruent trials
(mean=524.0 ms, s,=14.4ms) (I 30=74.0,
P < 0.0001). This main effect was superseded by a
compatibility X congruency interaction (I 30=
13.5, P < 0.0001), which further demonstrated
longer reaction times for incongruent, compatible
trials (mean=571.3 ms, s,=16.4 ms) compared
with congruent, compatible trials (mean = 509.4 ms,
s,=14.1 ms) (3,=9.7, P < 0.0001) as well as for
incongruent, incompatible trials (mean=572.5 ms,
s, =18.2 ms) compared with congruent, incompati-
ble trials (mean =538.5 ms, s, = 16.9 ms) (z3, = 4.9,
P < 0.0001). Participants showed longer reaction

times for congruent, incompatible trials compared
with congruent, compatible trials (z3,=2.7,
P=0.01), and no differences between incongruent
reaction times for compatible and incompatible trials
(t3,=0.18, P=0.86).

A main effect of fitness (F;30=5.8, P=0.02,
effect size=0.6) indicated that higher-fit children
(mean=511.6 ms, s, =22.6 ms) had shorter reac-
tion times than lower-fit children (mean =584.3 ms,
sy=19.9 ms). A fitness x time interaction (F30=
4.2, P=0.05) superseded the fitness main effect and
indicated that higher-fit children and lower-fit
children only differed in reaction time at the
follow-up test, with higher-fit children (mean-
494.3 ms, s, = 28.3 ms) demonstrating shorter reac-
tion times than lower-fit children (mean =617.0 ms,
S, =24.9 ms) (13, =3.4, P=0.002, effect size =0.8).
Furthermore, lower-fit children became slower and
higher-fit children faster over the course of the year
between initial and follow-up testing on the flanker
task.

Aerobic fitness, basal ganglia volume, and flanker task
performance

Higher-fit children (mean = 11536.3 mm’,
s,=411.1 mm?) had larger bilateral putamen vo-
lumes of the dorsal striatum than lower-fit children
(mean=9681.1 mm>, s5,=362.0 mm’) (Fj0=
11.4, P=0.002, effect size = 0.8). Higher-fit children
(mean =4006.7 mm°>, s,=119.9 mm>) also had
larger bilateral globus pallidus volumes than lower-
fit children (mean=3571.9 mm?>, s,=105.6 mm?)
(F1,20="17.3, P=0.011, effect size =0.7). There were
no fitness group differences in bilateral caudate
volumes or bilateral nucleus accumbens volumes
(both F < 1.2, both P> 0.2).

Table III presents all Spearman correlations
between basal ganglia volumes and flanker task
performance at initial and follow-up testing. In
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Table III. Spearman correlations (r) between bilateral basal ganglia volumes and modified flanker task performance (i.e., accuracy and

reaction time).

Test Caudate Putamen Globus pallidus Nucleus accumbens
Initial test

Compatible congruent accuracy (%) 0.14 0.09 0.13 0.18
Compatible incongruent accuracy (%) 0.23 0.19 0.17 0.18
Incompatible congruent accuracy (%) 0.17 0.35% 0.31 0.23
Incompatible incongruent accuracy (%) 0.33 0.39% 0.38* 0.22
Compatible congruent RT (ms) 0.21 —0.04 0.02 0.07
Compatible incongruent RT (ms) 0.10 —0.13 —0.08 —0.04
Incompatible congruent RT (ms) 0.25 0.05 0.06 0.11
Incompatible incongruent RT (ms) 0.15 —0.02 —0.01 0.06
Follow-up test

Compatible congruent accuracy (%) —0.03 0.42*% 0.25 0.38*
Compatible incongruent accuracy (%) —0.10 0.28 0.09 0.23
Incompatible congruent accuracy (%) —0.23 0.18 0.11 0.33
Incompatible incongruent accuracy (%) —0.08 0.41* 0.18 0.23
Compatible congruent RT (ms) —0.09 —0.43% —0.49* —0.24
Compatible incongruent RT (ms) 0.01 —0.38* —0.43* —0.24
Incompatible congruent RT (ms) —0.10 —0.37*% —0.37* —0.14
Incompatible incongruent RT (ms) —0.13 —0.41* —0.39% —0.20

Note: RT =reaction time.
*Significantly different at P < 0.05.

particular, at initial test, putamen and globus pallidus
volumes were positively correlated with incompatible
accuracy. At follow-up test, putamen volumes were
related to compatible and incompatible accuracy and
reaction time, and globus pallidus volumes were
associated with compatible and incompatible reac-
tion times.

Discussion

We extended previous research by demonstrating
that children classified as aerobically fit still outper-
form their lower-fit peers on the cognitive challenge
approximately one year later. These results parallel
similar observations in young adults (Aberg et al.,
2009) and older adults (Barnes et al., 2003; Laurin
et al., 2001; Middleton et al., 2011) and suggest that
aerobic fitness in a pre-adolescent population can
predict later cognitive abilities.

In the present study, higher-fit children exhibited
increased accuracy across compatibility conditions
during both test sessions, coupled with shorter
compatible and incompatible response times at
follow-up testing, compared with lower-fit children.
Furthermore, across test sessions, higher-fit partici-
pants maintained accuracy during compatible and
incompatible trials while lower-fit participants
showed performance decrements during the task
conditions requiring greater amounts of inhibition.
The results suggest that higher-fit participants have a
superior capability to flexibly allocate cognitive
control processes and alter their strategies to
effectively meet task demands both at the time of

fitness classification as well as approximately one
year later. Moreover, while all participants showed
increased accuracy across test sessions, possibly due
to practice, higher-fit children maintained greater
accuracy and gained a speed benefit at follow-up
testing, relative to their lower-fit peers. It is possible
that higher-fit children gained additional task per-
formance benefits (i.e. in terms of accuracy and
reaction time) with learning and/or maturation. In
support of this idea, the aerobic fitness (VOspmay) of
each child at initial test predicted his or her follow-up
reaction time.

Our results suggest that aerobic fitness predicts
future cognitive performance on a test of cognitive
control and that volumetric measurements of the
basal ganglia are associated with flanker task perfor-
mance at both test sessions. In particular, bilateral
putamen volume was associated with incompatible
task performance at initial testing and compatible
and incompatible performance at follow-up testing.
Bilateral globus pallidus volume predicted incompa-
tible, incongruent accuracy at initial testing as well as
compatible and incompatible response times at
follow-up testing. The associations were coupled
with the finding that higher-fit children had larger
volumes of the bilateral putamen and globus pallidus
compared with lower-fit children at initial testing.
No relationship was found between aerobic fitness
and ventral striatum volume. The MRI data support
Chaddock and colleagues’ (2010b) observation of a
relationship between fitness, specific basal ganglia
volumes, and inhibitory control and extend these
results to suggest that basal ganglia volume can
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predict children’s cognitive control abilities approxi-
mately one year later. We extend Chaddock and
colleagues’ (2010b) compatible-only flanker task
findings by showing an association between basal
ganglia volumes and incompatible flanker task trials
that require increased cognitive control. It is possible
that larger basal ganglia volumes in higher-fit
children are a factor in the ability to flexibly employ
cognitive control strategies approximately one year
later. Moreover, the brain—performance correlations
raise the possibility that basal ganglia volume plays a
role in the reaction time benefit specifically for
higher-fit children at follow-up test.

Our study was designed to test whether baseline
aerobic fitness and brain volume measurements in
children can predict later cognitive performance.
However, this prospective framework raises the
possibility that changes in other variables (e.g.
development, fitness, puberty, dexterity, nutrition)
may play a role as well. Although our demographic
variables were not correlated with follow-up testing
performance, future investigations should measure
additional developmental, brain, and environmental
factors to clarify the mechanisms underlying the
fitness—brain—cognition relationships. It would be
interesting to classify the children as higher-fit
and lower-fit at follow-up testing to see how the
maintenance and/or change in fitness relate to
performance.

In the future, researchers should continue to
explore the level of response conflict in which
lower-fit children are unable to maintain perfor-
mance levels and allocate attentional resources
effectively in response to increased task demands.
Our results support studies using a compatible-only
flanker task that showed an association between
aerobic fitness, task performance (Hillman et al.,
2009), and brain volume (Chaddock et al., 2010b).
In addition, our study further illuminates fitness-
related differences in cognitive control via the
incompatible stimulus-response task manipulation
(Friedman et al., 2009; Pontifex et al., 2011).
Nevertheless, while participants showed significantly
lower accuracy rates and longer response times for
incompatible trials compared with compatible trials
at both test sessions (Friedman et al., 2009; Pontifex
et al.,, 2011), future investigations are needed to
decompose the relationship between compatibility
and congruency as a function of cognitive control
requirements and childhood fitness.

In conclusion, we have provided additional sup-
port for the need to modify public health and
educational policy to encourage a physically active
lifestyle in children. Increased aerobic fitness and
physical activity have been shown to relate to
increased academic performance in mathematics
and reading (Castelli et al., 2007; Chomitz et al.,

2009; Coe, Pivarnik, Womack, Reeves, & Malina,
2006; Trudeau &, Shephard, 2008). It is possible
that higher cognitive control, as exhibited by higher-
fit children in the present study, helps to optimize
important skills needed inside and outside the
classroom. That is, children with higher cognitive
control may show superior selective attention,
inhibition of inappropriate or interfering responses,
flexible thinking, and maintenance of information in
working memory. Furthermore, our results suggest
that aerobic fitness and specific brain volumes are
associated with cognitive health at the initial time of
fitness testing as well as play a role in future cognitive
performance.
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