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results support the claim that the dorsal striatum is involved 
in cognitive control and response resolution and that these 
cognitive processes vary as a function of aerobic fitness. No 
relationship was found between aerobic fitness, the volume 
of the ventral striatum and flanker performance. The find-
ings suggest that increased childhood aerobic fitness is as-
sociated with greater dorsal striatal volumes and that this is 
related to enhanced cognitive control. Because children are 
becoming increasingly overweight, unhealthy and unfit, un-
derstanding the neurocognitive benefits of an active life-
style during childhood has important public health and edu-
cational implications.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Aerobic exercise and physical activity improve brain 
and cognitive health across the lifespan [Hillman et al., 
2008]. While the prefrontal cortex and the hippocampus 
are the focus of many human and animal studies of fit-
ness and neurocognition [Chaddock et al., 2010; Chad-
dock et al., in press; Colcombe and Kramer, 2003; Cot-
man and Berchtold, 2002; Erickson et al., 2009; Hillman 
et al., 2009; Lopez-Lopez et al., 2004; Neeper et al., 1995; 
van Praag et al., 1999, 2005; Vaynman et al., 2004], rodent 
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 Abstract 

 The present investigation is the first to explore the associa-
tion between childhood aerobic fitness and basal ganglia 
structure and function. Rodent research has revealed that 
exercise influences the striatum by increasing dopamine sig-
naling and angiogenesis. In children, higher aerobic fitness 
levels are associated with greater hippocampal volumes, su-
perior performance on tasks of attentional and interference 
control, and elevated event-related brain potential indices of 
executive function. The present study used magnetic reso-
nance imaging to investigate if higher-fit and lower-fit 9- and 
10-year-old children exhibited differential volumes of other 
subcortical brain regions, specifically the basal ganglia in-
volved in attentional control. The relationship between aer-
obic fitness, dorsal and ventral striatum volumes and perfor-
mance on an attention and inhibition Eriksen flanker task 
was also examined. The results indicated that higher-fit chil-
dren showed superior flanker task performance compared 
to lower-fit children. Higher-fit children also showed greater 
volumes of the dorsal striatum, and dorsal striatum volume 
was negatively associated with behavioral interference. The 
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research indicates that wheel running also influences the 
molecular architecture and behavior of the basal ganglia. 
The basal ganglia are a group of structures subdivided 
into the dorsal striatum, a subregion implicated in stim-
ulus-response challenges that require response selection 
demands, motor integration, response resolution, cogni-
tive flexibility and the execution of learned behaviors, 
and the ventral striatum, part of an affect and reward 
pathway involved in reinforcement learning and motiva-
tional states [Aron et al., 2009; Casey et al., 2008; Di Mar-
tino et al., 2008; Draganski et al., 2008; Graybiel, 2005, 
2008; Ragozzino et al., 2002]. Exercise has been shown to 
increase the production and secretion of striatal brain-
derived neurotrophic factor [Aguiar et al., 2008; Marais 
et al., 2009] and dopamine [Marques et al., 2008] as well 
as increase astrocyte proliferation [Li et al., 2005] and 
neural activity [Shi et al., 2004] in the striatum. In addi-
tion, exercise induces angiogenesis and reduces the dam-
aging effects of 6-hydroxydopamine to dopamine neu-
rons in the basal ganglia [Ding et al., 2004; Tillerson et 
al., 2001].

  The present study is the first to explore the association 
between aerobic fitness and striatum volume and func-
tion in humans. A preadolescent population was exam-
ined to add to an emerging literature that physical activ-
ity and high levels of aerobic fitness during childhood 
may enhance neurocognition [Buck et al., 2008; Castelli 
et al., 2007; Chaddock et al., 2010; Chaddock et al., in 
press; Chomitz et al., 2009; Hillman et al., 2005, 2008; 
Sibley and Etnier, 2003]. The investigation builds on our 
prior work which showed a positive association between 
aerobic fitness, hippocampal volume and memory per-
formance in preadolescent children [Chaddock et al., 
2010]. In the present study we investigate the relationship 
between fitness and additional brain regions, in particu-
lar the basal ganglia, to understand if higher aerobic fit-
ness in children can affect other regional brain volumes 
involved in cognitive task performance.

  To this end, the present investigation examined the 
relationship between aerobic fitness, the volume of the 
dorsal and ventral striatum, and flanker task perfor-
mance. A recent behavioral and event-related potential 
study by Hillman et al. [2008] suggested improved selec-
tive attention, interference control and action monitoring 
for higher-fit relative to lower-fit preadolescents during 
the flanker task [see Colcombe et al., 2004 for a similar 
observation with older adults]. Given that the basal gan-
glia have an important role in cognitive control (e.g. pre-
paring, initiating, inhibiting, switching responses) [Aron 
et al., 2009], a key skill involved in the performance of the 

flanker paradigm, it is possible that fitness differences in 
flanker task performance and event-related potential in-
dices are related to differences in the volume of the stria-
tum. In addition, the basal ganglia have been implicated 
as an important component of the neural circuitry in-
volved in the flanker paradigm [Casey et al., 2000; Wylie 
et al., 2009]. Thus, higher-fit and lower-fit participants 
were expected to show different striatal volume patterns 
that were related to differential flanker task performance.

  Method 

 Participants 
 Preadolescent 9- and 10-year-old children were recruited from 

East-Central Illinois. The children were screened for several fac-
tors that influence fitness or cognitive function. Relatively strict 
screening criteria were employed to help ensure that the fitness 
groups did not differ on variables that could potentially bias cog-
nitive function or basal ganglia volume. To begin, the Kaufman 
Brief Intelligence Test [Kaufman and Kaufman, 1990] was admin-
istered to each child to obtain a composite intelligence quotient 
(IQ) score including both crystallized and fluid intelligence mea-
sures. Subjects were excluded if their scores were  1 1 standard de-
viation below the mean (85%). Next, a guardian of the child com-
pleted the Attention Deficit Hyperactivity Disorder (ADHD) Rat-
ing Scale IV [DuPaul et al., 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 prepubescent participants at or below a 
score of 2 on a 5-point scale of developmental stages. In addition, 
socioeconomic status was determined by creating a trichotomous 
index based on 3 variables: participation in a free or reduced-price 
lunch program at school, the highest level of education obtained 
by the 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 (i.e. subjects with fitness levels between 
these 2 extremes were excluded from participation; see ‘Aerobic 
Fitness Assessment’ section), (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 medi-
cations that influenced central nervous system function, (5) have 
a corrected visual acuity of 20/20 and no color blindness, (6) suc-
cessfully perform a ‘mock MRI’ session to test for body size com-
patibility with an MRI machine and to screen for claustrophobia, 
and (7) sign an informed assent approved by the University of Il-
linois at Urbana-Champaign. A legal guardian also provided 
written informed consent in accordance with the Institutional 
Review Board of the University of Illinois at Urbana-Champaign. 
The subjects were compensated for participation.

  Aerobic Fitness Assessment 
 The aerobic fitness level of each child was determined by mea-

suring maximal oxygen consumption (VO 2  max.) using a com-
puterized indirect calorimetry system (ParvoMedics True Max 



 Basal Ganglia and Childhood Fitness Dev Neurosci 2010;32:249–256 251

2400) during a modified Balke protocol [American College of 
Sports Medicine, 2006]. Specifically, the participants ran on a mo-
tor-driven treadmill at a constant speed with increases in grade 
increments of 2.5% every 2 min until volitional exhaustion. Aver-
ages for oxygen uptake (VO 2 ) and respiratory exchange ratio (the 
ratio between carbon dioxide and oxygen percentage) were as-
sessed every 30 s. In addition, the heart rate was measured 
throughout the fitness test [using a Polar heart rate monitor (Po-
lar WearLink �  + 31, Polar Electro, Finland)], and ratings of per-
ceived exertion were assessed every 2 min using the children’s 
OMNI scale [Utter et al., 2002].

  VO 2  max. was defined when oxygen consumption remained 
at a steady state despite an increase in workload. The relative peak 
oxygen consumption was based upon maximal effort as evi-
denced by (1) a peak heart rate  1 185 beats per minute [American 
College of Sports Medicine, 2006] accompanied by a heart rate 
plateau (i.e. an increase in work rate with no concomitant increase 
in heart rate) [Freedson and Goodman, 1993], (2) respiratory ex-
change ratio  1 1.0 [Bar-Or, 1983], and/or (3) ratings on the chil-
dren’s OMNI scale of perceived exertion  1 8 [Utter et al., 2002]. 
The relative peak oxygen consumption was expressed in millili-
ters/kilogram/minute.

  Fitness group assignments (i.e. higher-fit and lower-fit) were 
based on whether a child’s VO 2  max. value fell above the 70th per-
centile 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. 

  Sample 
 Fifty-nine subjects were initially eligible for the present study 

(after exclusions due to Kaufman Brief Intelligence Test scores, 
ADHD, pubertal timing, VO 2  max. criteria, etc.). Additional sub-
jects were excluded due to poor scan quality because of excessive 
motion (n = 3) and basal ganglia volume outliers (n = 1). 

  Analyses were conducted on a total of 55 subjects, including 
25 higher-fit children (14 boys, 11 girls) with an average age of 10.0 
years (SD = 0.6; range 9–10) and 30 lower-fit children (11 boys, 19 
girls) with an average age of 10.0 years (SD = 0.6; range 9–10). No 
statistically reliable differences in age, gender, socioeconomic sta-
tus or Kaufman Brief Intelligence Test scores existed between the 
fitness groups.  Table 1  provides a list of demographic and fitness 
information for the final sample.

  MR Imaging Protocol and Image Processing 
 For all participants, high-resolution (1.3 mm  !  1.3 mm  !  1.3 

mm) T 1 -weighted structural brain images were acquired using a 
3D MPRAGE (magnetization prepared rapid gradient echo imag-
ing) protocol with 144 contiguous axial slices, collected in as-
cending fashion parallel to the anterior and posterior commis-
sures (echo time = 3.87 ms, repetition time = 1,800 ms, field of 
view = 256 mm, acquisition matrix 192 mm  !  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 stria-
tum (i.e. nucleus accumbens) and globus pallidus were performed 
using a semiautomated, model-based subcortical tool (FMRIB’s 
Integrated Registration and Segmentation Tool) in FMRIB’s Soft-
ware Library version 4.1.4 [Patenaude, 2007; Patenaude et al., 
2007a; Patenaude et al., 2007b]. To begin, a 2-stage affine registra-

tion to a standard space template (MNI space) with 1 mm resolu-
tion using 12 degrees of freedom and a subcortical mask to ex-
clude voxels outside the subcortical regions was performed on 
each subject’s MPRAGE. Next, the caudate nucleus, putamen, nu-
cleus accumbens and globus pallidus were segmented with 30, 40, 
50 and 40 modes of variation for each structure, respectively. 
Please refer to Erickson et al. [in press] and Patenaude et al. [2007a, 
b] for a description of the FIRST methodology. Previous studies 
have reported high test-retest reliability of this segmentation al-
gorithm [Erickson et al., in press].

  Segmentations were visually checked for errors, and no errors 
were noted. Finally, boundary correction was run, a process 
which classifies boundary voxels as belonging to the structure (or 
not) based on a statistical probability (z-score  1 3.00; p  !  0.001). 
The volume of each participant’s caudate nucleus, putamen, nu-
cleus accumbens and globus pallidus was measured in cubic mil-
limeters, and these values were used in all subsequent analyses. 
See  figure 1  for a sample FIRST segmentation of the basal ganglia.

  Flanker Task 
 The flanker task is a selective attention paradigm, often em-

ployed to examine interference control, one aspect of executive 
control [Eriksen and Eriksen, 1974; Kramer et al., 1994]. The event-
related task required individuals to respond as quickly as possible 
to the direction of a central arrow in an array of arrows presented 
on an MRI back-projection. A congruent trial consisted of  1  1  1  1  1  
and  !  !  !  !  !  arrow displays in which the target arrow was flanked 
by arrows of the same direction. An incongruent trial consisted of 
 1  1   !   1  1  and  !  !   1   !  !  displays in which the target arrow was 
flanked by the opposing arrow response. Trials in which the middle 
arrow pointed to the right (e.g.  1  1  1  1  1 ,  !  !   1   !  ! ) required a right 

Table 1.  Participant mean demographic and fitness data by aero-
bic fitness group

Variable Lower-fit Higher-fit

Participants 30 (11 male) 25 (14 male)
Age, years 10.0 (0.6) 10.0 (0.6)
VO2 max., ml/kg/min 36.5 (3.9)* 52.5 (4.8)*
K-BIT composite score (IQ) 114.6 (14.9) 114.4 (7.6)
K-BIT crystallized score 

(vocabulary) 110.8 (11.7) 109.4 (7.5)
K-BIT fluid score (matrices) 115.4 (17.6) 116.5 (9.2)
SES (median) 2.8 (0.6) 2.6 (0.6)
ADHD 5.9 (3.8) 7.1 (4.1)

F igures in parentheses represent SD. K-BIT = Kaufman Brief 
Intelligence Test [Kaufman and Kaufman, 1990]; SES = socioeco-
nomic status. SES was determined by the creation of a trichoto-
mous index based on 3 variables: child participation in a free or 
reduced-price lunch program at school, the highest level of educa-
tion obtained by the child’s mother and father, and the number of 
parents who worked full-time [Birnbaum et al., 2002]. ADHD: 
scores on the ADHD Rating Scale V [DuPaul et al., 1998]. 

* p < 0.001: significantly different.
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index finger button press (via an MRI-compatible response box), 
while trials in which the middle arrow pointed to the left (e.g. 
 !  !  !  !  ! ,  1  1   !   1  1 ) required a left index finger button press. 

  During the task, 20 trials of each of the 4 possible arrow pre-
sentations ( 1  1  1  1  1 ,  !  !  !  !  ! ,  !  !   1   !  ! ,  1  1   !   1  1 ) were shown in a 
random order. Each array of arrows was presented for 1,500 ms, 
and each stimulus array was separated by a fixation cross (+) pre-
sented for 1,500 ms. Forty additional fixation crosses that jittered 
between 1,500 and 6,000 ms were also randomly presented after 
the constant 1,500-ms fixation cross throughout the task. The jit-
ter prevented participants from expecting a specific frequency of 
responding. White arrows and white fixation crosses were pre-
sented on a black background. The participant was engaged in the 
task for about 6 min, in addition to a 1-min block of 20 practice 
trials (5 of each arrow arrays, presented randomly). Stimulus pre-
sentation, timing and task performance measures were controlled 
by E-Prime software.

  Results 

 Participant Demographics 
 Demographic and fitness data are provided in  table 1 . 

None of the demographic variables (i.e. age, IQ, socioeco-
nomic status, ADHD) differed between higher-fit and 
lower-fit groups. Higher-fit children had higher VO 2  
max. scores than lower-fit participants as revealed by an 
independent t test [t(53) = 13.69, p  !  0.001]. 

  Aerobic Fitness and Flanker Performance 
  Table  2  provides means (SD) for reaction time (RT) 

and response accuracy for congruent and incongruent 
conditions of the flanker task for higher-fit and lower-fit 
groups.

  To investigate the amount of behavioral interference 
engendered by incongruent flanking items, a percent in-
terference score was computed for each participant as the 
percent increase in RT to incongruent stimuli, over and 
above the average RT to congruent stimuli [i.e. ([(incon-
gruent – congruent)/congruent]  !  100)] [Colcombe et 
al., 2004]. This measure was derived to reflect interfer-
ence unbiased by differences in base RT. Only correct re-
sponses were included in the outcome measure.

  The results of an independent t test revealed that high-
er-fit children (M = 5.17%; SD = 7.44%) showed less per-
cent interference compared to lower-fit children (M = 
10.86%; SD = 11.58%) [t (53) = 2.20, p = 0.032] (see  table 2 ). 
This suggests that higher-fit children (5% interference) are 
more efficient at managing conflicting cues compared to 
lower-fit preadolescents (11% interference). There were no 
significant fitness-based differences in flanker accuracy 
(all p  1  0.15) (although an examination of the means in-
dicated that higher-fit children showed a trend for supe-
rior accuracy for congruent and incongruent trials).
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  Fig. 1.  FIRST segmentations of the bilateral caudate nucleus (blue), putamen (red), globus pallidus (yellow) and 
nucleus accumbens (green) on a structural brain reconstruction as well as basal ganglia volumes (adjusted by 
total intracranial volume) as a function of aerobic fitness group (error bars represent standard error).  *  p < 0.05  .   
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  Aerobic Fitness and Basal Ganglia Volumes 
 A multivariate analysis of variance indicated a signif-

icant effect of aerobic fitness group on basal ganglia vol-
ume [F (8, 46) = 2.89, p = 0.01]. This effect was significant 
with and without total intracranial volume (the sum of 
total gray matter, white matter and cerebrospinal fluid) 
as a covariate. To decompose the effects of the omnibus 
analysis, univariate ANCOVAs were conducted to com-
pare basal ganglia volumes as a function of aerobic fitness 
group, with total intracranial volume (cubic millimeters) 
as a covariate to control for variation in head size. The 
results of these ANCOVAs are reported below, and  table 3  
and  figure 1  provide mean basal ganglia volumes as a 
function of aerobic fitness group. Identical ANCOVA re-
sults were found when total gray matter volume was used 
as a covariate, when both total intracranial volume and 
total gray matter volume were inserted as covariates, and 
without covariates. Higher-fit and lower-fit children did 
not show differences in total gray matter volume, total 
white matter volume, total cerebrospinal fluid or total in-
tracranial volume (all t  1  0.07, p  1  0.46). In addition, there 
were no significant effects of gender on striatum volumes 
after total intracranial volume was controlled (all F  !  0.7, 
p  1  0.4).

   Caudate Nucleus.  Higher-fit children showed larger 
left caudate nucleus volumes compared to lower-fit chil-
dren [F(1, 52) = 4.24, p = 0.04]. No fitness-based differ-
ences in volume were found for the right caudate nucleus 
[F(1, 52) = 0.58, p = 0.45].

   Putamen.  Higher-fit children showed larger left puta-
men volumes [F(1, 52) = 13.80, p  !  0.0001] and larger right 
putamen volumes [F(1, 52) = 11.40, p = 0.001] compared 
to lower-fit children.

   Globus Pallidus.  Higher-fit children showed larger left 
globus pallidus volumes [F (1, 52) = 8.43, p = 0.005] and 

larger right globus pallidus volumes [F(1, 52) = 7.61, p = 
0.008] compared to lower-fit children.

   Nucleus Accumbens.  There were no fitness differences 
in left [F(1, 52) = 1.20, p = 0.28] or right [F(1, 52) = 0.03,
p = 0.85] nucleus accumbens volumes.

  Basal Ganglia Volume and Flanker Performance 
  Caudate Nucleus.  There were no significant Spearman 

correlations between left or right caudate nucleus vol-
umes and flanker performance (i.e. accuracy or response 
times) (all r  !  0.200, p  1  0.100).

   Putamen.  Left putamen volume was negatively corre-
lated with flanker percent interference (r = –0.333, p = 
0.01). The correlation between right putamen volume and 
percent interference was marginally significant (r = 
–0.247, p = 0.06). Right putamen volume was also posi-
tively correlated with accuracy during incongruent 
flanker task trials (r = 0.266, p = 0.05).

   Globus Pallidus.  Left (r = –0.261, p = 0.05) and right
(r = –0.350, p = 0.009) globus pallidus volumes were neg-
atively correlated with flanker percent interference.

   Nucleus Accumbens.  No significant correlations be-
tween nucleus accumbens volume and flanker task per-
formance were found (all r  !  0.210, p  1  0.100).

  Discussion 

 The results revealed an association between aerobic 
fitness, the volume of the dorsal striatum and flanker task 
performance. Specifically, children with higher aerobic 
fitness levels showed less behavioral interference to mis-

Table 2. T ask performance by aerobic fitness group for congruent 
and incongruent conditions of the flanker task

Measure Lower-fit Higher-fit

Mean congruent RT, ms 742.9 (97.1) 746.7 (64.0)
Mean incongruent RT, ms 821.4 (122.9) 786.1 (97.0)
Congruent response accuracy, % 88.3 (17.8) 93.6 (7.7)
Incongruent response accuracy, % 85.6 (15.7) 90.7 (15.2)
Percent interference RT, % 10.9 (11.6)* 5.2 (7.4)*

F igures in parentheses represent SD: * p < 0.05: significantly 
different.

Table 3.  Participant unadjusted mean basal ganglia volumes 
(square millimeters) by aerobic fitness group

Variable Lower-fit Higher-fit

Left caudate nucleus* 3,692.15 (722.13) 4,061.92 (464.82)
Right caudate nucleus 3,836.29 (716.60) 4,017.73 (568.31)
Left putamen* 4,570.68 (1,065.20) 5,554.15 (775.64)
Right putamen* 4,588.01 (1,046.08) 5,456.07 (734.18)
Left globus pallidus* 1,720.01 (303.33) 1,947.80 (243.23)
Right globus pallidus* 1,695.66 (283.44) 1,898.53 (229.29)
Left nucleus accumbens 486.87 (248.94) 566.59 (219.42)
Right nucleus accumbens 402.29 (192.07) 419.24 (200.19)

F igures in parentheses represent SD. * p < 0.05: significantly 
different.
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leading and irrelevant flanking cues, coupled with a larg-
er dorsal striatum (i.e. left caudate nucleus and bilateral 
putamen). By the same accord, putamen volumes of the 
dorsal striatum were negatively correlated with flanker 
percent interference scores. The results support the claim 
that the dorsal striatum is involved in cognitive control, 
motor integration and response resolution [Aron et al., 
2009], processes associated with the performance of the 
flanker task. That is, during the stimulus-response para-
digm, subjects must successfully prepare and initiate mo-
tor responses, flexibly switch between congruent and in-
congruent trials, and inhibit/filter incongruent and irrel-
evant information (provided by incongruent flanking 
cues). Furthermore, the results support studies which 
suggest that these cognitive processes are amenable to 
aerobic fitness across the lifespan [Hillman et al., 2009; 
Kramer et al., 1999].

  No association between aerobic fitness, task perfor-
mance and ventral striatum volume was observed. The 
nucleus accumbens is said to involve low-level limbic and 
reward processes, functions less involved during the se-
lective attention and interference control paradigm. That 
is, subjects were not provided feedback during the task 
and thus were unable to adjust response selection based 
on reinforcement.

  In addition, the results reveal a link between child-
hood aerobic fitness, globus pallidus volume and flanker 
task performance. After cortical and dopaminergic in-
puts have been integrated in the striatum, basal ganglia 
output converges in the globus pallidus [Aron et al., 2009; 
Di Martino et al., 2008; Draganski et al., 2008]. The pres-
ent results raise the possibility that aerobic fitness inter-
acts with both input and output basal ganglia regions, 
resulting in a direct effect on behavior.

  Human studies across the lifespan have predominant-
ly focused on the positive relation of aerobic fitness to 
executive control processes and prefrontal neural net-
works [Colcombe and Kramer, 2003; Hillman et al., 2008, 
but see Erickson et al., 2009]. The presence of cortex-stri-
atal loops emphasizes the tight functional and anatomi-
cal connections between the basal ganglia and frontal 
cortical systems involved in the cognitive control of at-
tention, response inhibition, working memory and ex-
ecutive function [Aron et al., 2009; Casey et al., 1997; Lis-
ton et al., 2006]. Given the well-established effect of aero-
bic fitness on prefrontal cortex structure and function, it 
is plausible that aerobic fitness also impacts subcortical 
regions connected to the frontal cortex. While the cur-
rent study is limited to conclusions about subcortical 
structures given the chosen brain segmentation tech-

nique, future investigations should examine the role of 
visual, parietal and frontal cortical areas as well as corti-
cal-striatal connectivity in the association between child-
hood fitness and flanker task performance. A study of the 
duration of fitness effects on childhood neurocognition 
as well as the effects of a physical activity intervention on 
basal ganglia structure and function are also important 
avenues for future research.

  Together, the behavioral and structural imaging re-
sults suggest that higher-fit children exhibit larger vol-
umes in specific subregions of the basal ganglia, which 
may impact flanker task performance. The results are im-
portant because they provide additional support suggest-
ing that cognitive enhancement through increased fit-
ness is directly related to differential volumes of brain 
regions involved in cognitive function [Hillman et al., 
2008; Chaddock et al., 2010]. In addition, it seems that 
childhood aerobic fitness not only impacts the hippo-
campus; it also affects the structure and function of the 
basal ganglia. Nevertheless, the results suggest that aero-
bic fitness does not have a general impact on the volume 
of all structures in the brain, but rather that there is some 
specificity, given that dorsal but not ventral striatal struc-
tures were associated with aerobic fitness.

  The results have important public health and educa-
tional implications, given the rise of childhood sedentary 
behaviors and obesity rates as well as the reduction and 
elimination of physical activity opportunities in schools 
[Baker et al., 2007; Hillman et al., 2008; Ludwig, 2007; 
Olshansky et al., 2005]. The present findings suggest that 
high levels of aerobic fitness in children can positively 
impact structural volumes of the basal ganglia involved 
in learning and cognitive control, two essential functions 
involved in academic success. Hopefully, the present 
findings will encourage modifications of educational and 
health care policies which emphasize the importance of 
physical activity on physical and cognitive health.
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