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Abstract
Aerobic fitness is associated with white matter integrity
(WMI) in adults as measured by diffusion tensor imaging
(DTI). This study examined the effect of an 8-month exercise
intervention on WMI in children. Participants were 18 sedentary, overweight (BMI ≥85th percentile) 8- to 11-year-old
children (94% Black), randomly assigned to either an aerobic
exercise (n = 10) or sedentary attention control group (n =
8). Each group was offered an instructor-led after-school
program every school day for approximately 8 months. Before and after the program, all subjects participated in DTI
scans. Tractography was conducted to isolate the superior
longitudinal fasciculus and investigate whether the exercise
intervention affected WMI in this region. There was no group
by time interaction for WMI in the superior longitudinal fasciculus. There was a group by time by attendance interaction, however, such that higher attendance at the exercise
intervention, but not the control intervention, was associ-
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ated with increased WMI. Heart rate and the total dose of
exercise correlated with WMI changes in the exercise group.
In the overall sample, increased WMI was associated with
improved scores on a measure of attention and improved
teacher ratings of executive function. This study indicates
that participating in an exercise intervention improves WMI
in children as compared to a sedentary after-school program.
© 2014 S. Karger AG, Basel

Introduction

Aerobic fitness is associated with cognitive performance
across the life-span. In cross-sectional studies, higher-fit
individuals showed better performance than lower-fit
peers on measures of cognitive control, and higher-fit children demonstrated comparatively better academic achievement and parent and teacher ratings of behavior [1–5].
There is evidence that aerobic exercise plays a causal role
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higher FA and lower RD values are often interpreted as
primarily reflecting greater myelination [16, 17].
WMI was associated with fitness in several cross-sectional studies. Higher aerobic fitness in adults was associated with higher FA in the cingulum and corpus callosum,
possibly relating to motor planning and control [18–20].
Fitness was also associated with integrity of the uncinate
fasciculus, which is involved in memory [20]. In one of the
first investigations to date on the impact of a randomized
controlled exercise intervention on WMI, Voss et al. [21]
randomly assigned adults to 1 year of either an aerobic
exercise group or a flexibility and toning control group.
Increased aerobic fitness was associated with increases in
prefrontal, parietal, and temporal FA in the aerobic group.
While the literature indicates that exercise affects WMI in
adults, this topic has yet to be investigated in children.
Given evidence that exercise improved cognitive
control and altered associated frontoparietal brain activation in prior studies, we investigated whether an exercise intervention in overweight children improves WMI
in a tract that connects frontal and parietal regions: the
superior longitudinal fasciculus (SLF). Only overweight
participants were recruited for the current study since
sedentary, obese children are likely to show the greatest
benefits from exercise. Greater integrity of the SLF is related to better performance on several measures of cognitive control, such as working memory and attention
[16, 22, 23]. As the SLF does not completely mature until young adulthood [24], ongoing development makes
it an interesting target for investigation across the ages
included in the current study (children 8–11 years old).
The SLF may be particularly susceptible to intervention
effects due to its continuing maturation; it was altered
by another type of intervention in children. Five weeks
of spelling training decreased RD in the right SLF in
children 9–16 years of age [25]. In sum, the hypotheses
were generated based on the literature indicating that
exercise improves cognitive control, and that fitness is
associated cross-sectionally with higher WMI. Specifically, we hypothesized that a randomized controlled exercise intervention in children would increase WMI in
the SLF, particularly in children with good attendance.

Methods and Procedures
Participants
Participants (94% Black) were a subset of children in a larger
randomized trial [13] recruited from public schools around Augusta, Ga., USA. They were eligible if they were 8–11 years old,
overweight (BMI ≥85th percentile [26]), and inactive (no regular
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in improving cognition, as aerobic exercise training improves performance on a variety of cognitive tasks. Randomized controlled trials showed that both adults and children who were assigned to chronic exercise improved cognitive performance compared to their peers assigned to
control groups [6–8], with more improvement associated
with greater attendance [9]. While exercise benefits many
types of cognition, there is evidence that exercise-related
improvement is greater for cognitive control (higher-order
processes including inhibition, working memory, and attentional control) compared to lower-level tasks [10].
Cognitive control is supported by frontoparietal circuitry [11, 12]. Exercise interventions improved cognitive
control and altered frontal and parietal activation as assessed by functional MRI. Specifically, a 6-month exercise
intervention in older adults improved performance and
increased prefrontal and posterior parietal activation
during a flanker task in an exercise group as compared to
controls [7]. Regional alterations were also found in studies of children. Our group initially found that a 3-month
exercise intervention in 7- to 11-year-old children improved cognitive control performance [as measured by
the Planning scale of the Cognitive Assessment System
(CAS)] compared to controls [6]. The exercise group also
increased prefrontal and decreased posterior parietal activation during an antisaccade task compared to controls.
We recently extended these findings using an 8-month
intervention (the current study). We found that children
assigned to 8 months of exercise showed altered activation during antisaccade and flanker tasks as compared to
the sedentary attention control group [13].
With evidence that frontoparietal brain activation is
affected by exercise, one issue that warrants investigation
is whether exercise alters frontoparietal brain structure.
Altered white matter structure may be an underlying
cause of functional change, given evidence that inter-individual differences in brain activation reflect white matter integrity (WMI) [14]. WMI reflects axonal membrane
structure and myelination and can be assessed by diffusion tensor imaging (DTI), which measures the anisotropy (directional dependence) of water diffusion. Fractional anisotropy (FA) is a frequent measure of interest in
DTI and describes the anisotropy of water diffusion. FA
values range between 0 and 1, with 1 indicating fully
anisotropic diffusion. Higher values are generally interpreted as greater WMI (myelination and axonal membrane structure [15]). Another measure based on the
same tensor model is radial diffusivity (RD), which measures water diffusion perpendicular to axons (with higher
values indicating greater diffusion). Taken together,

Table 1. Baseline characteristics and attendance of participants included in the analysis

Characteristic

Exercise group
(n = 10)

Control group
(n = 8)

p value

Age, years
Female, %
Non-White, %
Left-handed, %
Parental education scale
CAS Full Scale score
CAS Planning Scale score
CAS Attention Scale score
BRIEF Global Executive Composite score
BRIEF Behavioral Regulation Index score
BRIEF Metacognition Index score
Attendance, %

9.9 ± 0.6
50
100
10
4.8 ± 1.0
94.2 ± 8.9
88.2 ± 11.7
98.4 ± 8.5
56.0 ± 11.8
54.3 ± 11.4
55.9 ± 12.0
60 ± 10

9.4 ± 0.8
50
88
25
4.3 ± 1.5
95.6 ± 9.5
89.5 ± 13.9
94.8 ± 7.5
47.9 ± 9.8
45.6 ± 3.7
49.1 ± 12.4
72 ± 8

0.17a
1b
0.25b
0.40b
0.37a
0.75a
0.83a
0.35a
0.16a
0.07a
0.27a
0.36a

Values are presented as mean ± SD or percentages unless indicated otherwise. a t test. b χ2 test.

Cognitive Measures
The CAS, a standardized individual assessment of children’s
cognitive processes [27], was administered, and standard scores
were analyzed for all 18 children at both baseline and posttest. The
Full Scale score of the CAS takes into account the 4 scales of the
test (Planning, Attention, Simultaneous, and Successive Processing), each of which include 3 subtests. For the CAS, higher scores
reflect better performance. The Behavioral Rating Inventory of Executive Function (BRIEF) was completed by up to 3 teachers per
child [28]. This questionnaire provides a standardized measure of
executive function behaviors in the school environment, with
higher scores reflecting worse performance. For each child, teachers completing the BRIEF were matched at baseline and posttest to
maintain consistency. t scores were obtained for 17 children at
baseline (10 exercise, 7 control) and 16 at posttest (9 exercise, 7

Exercise Attendance and White Matter

control), with 15 children having both baseline and posttest data
and thus being included in BRIEF analyses (9 exercise, 6 control).
The BRIEF was completed by an average of 1.6 teachers (SD = 0.8)
per child, with no significant difference in the number of teachers
between groups (t(13) = 1.02, p > 0.3).
Intervention
Participants were randomly assigned to 1 of 2 conditions: aerobic exercise or sedentary attention control. Randomization (balanced by race, sex, and school) was performed by the study statistician and concealed until after baseline testing was completed, at
which point the study coordinator informed the families. Both
groups were offered an after-school program every school day for
approximately 8 months (average number of days offered = 139,
SD = 9). All participants were offered daily bus transportation after
school to the Georgia Prevention Center where they spent half an
hour on supervised homework time and were given a snack. Lead
instructors were rotated between the 2 groups every 2 weeks and
assistants were rotated between the 2 groups every week.
The aerobic exercise group engaged in instructor-led aerobic
activities (e.g. tag and jump rope) for 40 min per day. They wore
heart rate monitors every day (S610i; Polar Electro, Oy, Finland)
with which they could monitor their own performance and from
which data were collected daily. Participants in the exercise group
had an average heart rate of 161 beats per minute (SD = 8) during
the intervention. The product of each child’s average heart rate and
their attendance provided an index of total energy expenditure
during the exercise intervention. The attention control group engaged in instructor-led sedentary activities (e.g. art and board
games).
DTI Procedure and Analysis
MRI Acquisition
Images were acquired at Georgia Regents University on a 3T
GE Signa Excite HDx MRI system (General Electric Medical Sys-
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physical activity program ≥1 h/week). Exclusions included any
medical condition that would limit physical activity or affect study
results (including neurological or psychiatric disorders). Children
and parents completed written informed assent and consent forms
in accordance with the Human Assurance Committee of Georgia
Regents University. Each child’s parent or guardian reported the
child’s age, sex, race, and health status. Parents also reported their
own educational attainment, used as an index of socioeconomic
status (1 = 7 or fewer years of school; 2 = 8–9 years of school; 3 =
10–11 years of school; 4 = 12 years of school; 5 = partial college;
6 = college graduate, and 7 = postgraduate). The study took place
at the Georgia Prevention Center at Georgia Regents University.
MRI was completed with DTI data available for 41 children at
baseline and 30 at posttest. Three of the 30 children scanned at
posttest had not been scanned at baseline. Of the 27 children with
both baseline and posttest data, 8 were excluded due to scanner
artifact or excessive motion, and 1 was excluded due to a neurological anomaly. Thus, the present study included 18 children (10
exercise, 8 control; see table 1).

Image Analysis
Raw diffusion images were converted from GE DICOM format to NIfTI format using the dcm2nii tool [29]. For each subject, volumes were visually inspected for motion artifacts; volumes distorted by motion were removed from the image series
and b value/vector tables (mean volumes removed = 2, SD = 2.7).
To test for inhomogeneity of gradient application due to volume
removal, volume gradient vectors were plotted on a sphere after
motion volumes were removed. If any surface of the sphere had
a gap greater than the free surface area of 6 noncollinear directions, the participant was excluded from analysis (2 participants
were thus excluded for excessive motion). Diffusion tensor image
preprocessing was conducted using the FMRIB software library
[30]. Nonbrain tissue was removed using the brain extraction
tool [31]. Diffusion images were corrected for eddy-current-induced distortions. Tractography was then conducted with wholebrain tensors in individual space for the bilateral SLF following
established anatomical markers [32] using the ExploreDTI software package [33]. Average values for each SLF (right and left)
were extracted for 4 measures of white matter microstructure, all
of which were included in analyses: FA, RD, mean diffusivity
(MD), and axial diffusivity (AD). High MD values are often
explained as disorganized development, immaturity, or other
structural anomalies in white matter, whereas high AD values are
thought to reflect a lower number of axonal fibers or smaller axonal diameter.
Statistical analyses of white matter variables were conducted
using SPSS Version 21 (IBM, Armonk, N.Y., USA). Repeated measures ANOVAs were conducted for each measure of WMI to examine effects of group, attendance, measurement time, and their
interactions on the outcome. Each model controlled for age and
gender. Group by time interactions were the primary tests of our
hypothesis. Time by group by attendance interactions tested
whether attendance was associated with change in WMI differently between groups. The same analyses also were conducted for
cognitive measures. Correlations between change in WMI and attendance were conducted separately for each group to examine
significant group by attendance interactions. For the exercise
group alone, correlations were conducted between change in WMI
and average heart rate at the intervention as well as the product of
average heart rate and attendance.
An exploratory analysis was conducted to investigate whether
improved WMI was associated with improved cognitive performance in the overall sample. For each white matter variable that
showed a significant time by group by attendance interaction, the
change from baseline to posttest was calculated for each individual, controlling for age and gender. These difference scores were
then entered into 2 separate k-means clustering analyses, 1 each
for the left and right SLF (k = 2, input: FA and RD for the hemisphere of interest; ≤10 iterations). t tests evaluated differences in
cognitive task performance between the resulting clusters.
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Results

Cognitive Measures
Participants attended an average of 3.3 days per week
(mean attendance = 65%, SD = 6%) and the groups did
not differ significantly in the percentage of days they attended the program out of the number of days offered
(t(16) = 0.95, p = 0.36). The groups did not differ significantly at baseline on any of the characteristics listed in
table 1. There was no significant group by time interaction in any cognitive measure, indicating that the exercise
intervention did not differentially affect cognition compared to the control condition. Time by group by attendance interactions were significant for BRIEF Global
Executive Composite and Metacognition Index scores,
F(1, 9) = 13.17, p < 0.01 and F(1, 9) = 8.49, p = 0.02, respectively. For both interactions, attendance at the exercise intervention was associated with more improvement
in scores as compared to attendance at the control group
session. Partial correlations between attendance and
change in BRIEF scores (controlling for age and gender)
were not significant for either group alone (a trend level
correlation was found between attendance and worse
Metacognition Index scores in the control group, r(2) =
0.94, p = 0.06).
White Matter Structure
There was no significant group by time interaction in
any WMI measure, indicating that the exercise intervention did not differentially affect WMI compared to the
control condition. Time by group by attendance interactions were significant in the left SLF for both FA (F(1, 12)
= 7.4, p = 0.02) and RD (F(1, 12) = 5.3, p = 0.04), in the
right SLF for RD (F(1, 12) = 5.4, p = 0.04), and at the trend
level for FA (F(1, 12) = 4.2, p = 0.06). For all group by time
by attendance interactions, the exercise group showed a
significant relationship between attendance and change
in WMI, with increased WMI associated with more frequent attendance (r(6) = 0.92, p < 0.01 for right SLF FA
and r(6) = –0.88, p < 0.01 for right SLF RD) or trend level (r(6) = 0.64, p = 0.06 for left SLF FA and r(6) = –0.69,
p = 0.06 for left SLF RD). The control group did not show
significant relationships between attendance and change
in WMI (all p values >0.10). Group by attendance interactions were not significant for MD or AD. For further
details, see figure 1.
In addition to attendance, the intensity and dose of
exercise were related to improved WMI in the exercise
group. Higher average heart rate in the exercise intervention was correlated with decreased MD (r(6) = –0.71, p <
Krafft et al.
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tems, Milwaukee, Wis., USA). During scanning, head position
was stabilized with a vacuum pillow and/or foam padding. Diffusion images were acquired using an echo planar imaging sequence (acquisition matrix = 128 × 128, 60 interleaved slices,
voxel size = 1 × 1 × 2.4 mm, FOV = 256 × 256 mm, TR = 15,500
ms, TE = min-full, 3 B0 images, 30 diffusion-weighted images,
b = 1,000 s/mm2).

Difference in right SLF FA (post – baseline)

0.01
0
–0.01
–0.02
–0.03
–0.04
0

20
40
60
80
100
Attendance (% attended of days offered)

0.00006
0.00004
0.00002
0
–0.00002
–0.00004
0

20
40
60
80
100
Attendance (% attended of days offered)

Difference in right SLF RD (post – baseline)

Difference in left SLF FA (post – baseline)
Difference in left SLF RD (post – baseline)

0.02

0.02
0.01
0
–0.01
–0.02
–0.03

Control group
Exercise group

–0.04
0

20
40
60
80
100
Attendance (% attended of days offered)

0

20
40
60
80
100
Attendance (% attended of days offered)

0.00006
0.00004
0.00002
0
–0.00002
–0.00004

Fig. 1. Time by group by attendance interactions. y-axes show white matter difference scores (changes in integrity from baseline to posttest) and x-axes show attendance. Each measure shown is a residual (controlled for age
and gender), which has been back-transformed to its original metric by adding its mean.

Exploratory k-Means Analyses
Cluster analyses were conducted to supplement the
main results by illustrating the overall relationship between change in WMI and change in cognitive performance. Analyses divided all participants into 2 groups
Exercise Attendance and White Matter

based on those who improved WMI (FA and RD) and
those who did not for each SLF (left and right). With 2
groups identified for each SLF, it was then possible to
compare alterations in cognitive measures (CAS and
BRIEF scores) between the improved and not-improved
SLF groups in order to investigate whether improved
WMI was associated with improved cognition in the
overall study.
Cluster Analysis 1: Left SLF
Two clusters were identified which significantly differed in the change in WMI from baseline to posttest.
Cluster membership did not significantly overlap with exercise/control group membership. The cluster that showed
greater improvement in WMI also showed better cognitive outcome as indicated by decreased BRIEF scores. SpeDev Neurosci 2014;36:1–9
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0.05) and RD (r(6) = –0.75, p < 0.05) in the left SLF. A
measure of the dose of exercise (the product of average
heart rate and attendance) was correlated with increased
FA in the left and right SLF (r(6) = 0.73, p = 0.04 and r(6)
= 0.93, p < 0.01, respectively), decreased MD in the right
SLF (r(6) = –0.75, p = 0.03), and decreased RD in the left
and right SLF (r(6) = –0.74, p = 0.04 and r(6) = –0.87, p <
0.01, respectively). There were no significant correlations
between age and any measure of WMI at either baseline
or posttest (all p values >0.07).
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Fig. 2. Illustrations of k-means cluster analyses. The scatterplots
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illustrate the 2 clusters identified for each analysis based on the
participants’ alterations in WMI (FA and RD) over time. These
show that for both analyses, cluster 1 had improved WMI (increased FA and decreased RD) compared to cluster 2. The bar
graphs illustrate the differences in cognition between the 2 clusters
obtained in each analysis. In cluster analysis 1, cluster 2 showed

worse teacher ratings of executive function as compared to cluster
1, indicated by increased BRIEF scores. In cluster analysis 2, cluster
1 showed improved attention scores as compared to cluster 2, indicated by increased CAS Attention Scale scores. The 2 clusters
obtained in each k-means analysis significantly differed in all measures shown. Measures shown are difference scores (change from
baseline to posttest).

cifically, cluster 1 (n = 11) was composed of participants
with improved left SLF WMI as indicated by increased FA
(t(16) = –6.1, p < 0.01) and decreased RD (t(16) = 3.7, p <
0.01) as compared to cluster 2 (n = 7). Cluster 1 was associated with more cognitive improvement, significantly
differing from cluster 2 in change in BRIEF scores over
time. Cluster 2 had significantly worse scores on the
BRIEF as compared to cluster 1, including the Global Executive Composite score (t(13) = 3.2, p < 0.01) as well as
both the Behavioral Regulation and Metacognition indices (t(13) = 2.5, p = 0.04 and t(13) = 3.04, p = 0.01, respectively). No differences were observed between the 2 clusters in CAS scores. For further details, see figure 2.

Cluster Analysis 2: Right SLF
Two clusters were identified which significantly differed in the change in WMI from baseline to posttest.
Cluster membership did not significantly overlap with
exercise/control group membership. The cluster showing
greater improvement in WMI also showed better cognitive outcome as indicated by increased CAS Attention
Scale scores. Specifically, cluster 1 (n = 11) was composed
of participants with improved right SLF WMI as indicated by increased FA (t(16) = 10, p < 0.01) and decreased
RD (t(16) = 2.5, p = 0.02) as compared to cluster 2 (n =
7). Cluster 1 was associated with more cognitive improvement, significantly differing from cluster 2 in changes
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Discussion

The current study hypothesized that SLF WMI would
be improved by an exercise intervention in overweight
children, particularly with greater attendance. This hypothesis was based on evidence that frontoparietal regions and the cognitive control processes that they support are altered by exercise. While no group by time interaction for the SLF was detected, a group by time by
attendance interaction indicated that improved WMI in
the SLF of overweight children was associated with attendance at an after-school exercise program as compared
to attendance at an after-school sedentary program. Specifically, higher attendance at the exercise program was
associated with increased WMI in the bilateral SLF (increased FA and decreased RD) as compared to the control
group, where attendance was not associated with change
in WMI. A dose-response gradient was observed not only
with attendance but also with aerobic intensity (heart
rate) and an index of total energy expenditure (heart rate
× attendance) in the exercise group, such that better attendance, higher intensity, and greater total dose of exercise were linked with greater improvements in SLF WMI.
In addition, attendance at the exercise intervention as
compared to attendance at the control group session was
associated with more improved teacher ratings of cognitive control as measured by the BRIEF. Finally, these results indicated that in the overall study sample, increasing
WMI in the SLF benefited cognitive control. Improved
WMI in the right SLF was associated with improved selective attention, while improved WMI in the left SLF was
associated with better teacher ratings of classroom behavior.
Improved WMI across both groups was associated
with better teacher ratings of executive function behaviors in the classroom as assessed by the BRIEF. WMI of
the left SLF was associated with a global assessment of
executive function and with 2 component scales. BehavExercise Attendance and White Matter

ioral Regulation includes items such as children’s ability
to control impulses and move freely from one situation to
the next. Metacognition includes items such as children’s
ability to initiate activities, hold information in working
memory, plan and organize future events, and monitor
their own performance. The association between increased WMI and improved teacher ratings indicates that
the SLF is important for cognitive control abilities in this
sample, as shown in previous studies [22, 23]. It also indicates that WMI is reflected in classroom conduct and
that it therefore may have implications for academic
achievement and social behavior.
The other measure which was associated with WMI
across both groups was the CAS Attention Scale, a composite measure based on 3 selective attention tasks: a variation of the Stroop test and 2 paper-and-pencil tests requiring children to find visual targets within fields of distracters. There is previous evidence to suggest that the
SLF is important in attention. FA in the SLF has been associated with similar measures in children, such as the
sensitivity index of a rapid visual information-processing
paradigm, which describes a subject’s ability to detect signals independent of answering strategy or bias [34]. SLF
FA also was related to visual search in adults (i.e. finding
targets among distracters [16]).
Higher FA is often interpreted as reflecting coherently
bundled, myelinated fibers, but it is somewhat nonspecific in that it can be affected by various tissue characteristics, including myelination, axon diameter, and fiber organization [35]. It is possible that decreasing RD in the
current study could reflect increasing myelination more
so than other alterations in axonal structure, for which
AD might be a more sensitive measure [17, 36]. Therefore, the changes in WMI described in the current study
may be more strongly related to myelination. This interpretation is made with caution, as the association of white
matter measures with specific tissue characteristics remains a topic of debate [37]. Nevertheless, the current
study indicates that FA and RD are affected by exercise
rather than AD, which is supported by a previous crosssectional study in adults showing that higher FA associated with fitness was primarily related to less RD, rather
than altered AD [18]. While this study is one of the first
to investigate how exercise affects white matter structure
in children, it is limited by a small sample size. This limited power to detect group by time effects and may be
susceptible to sample-specific results.
The current study suggests that children’s attendance
at an after-school exercise program, as compared to a sedentary program, improves WMI in a tract supporting
Dev Neurosci 2014;36:1–9
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in attention scores over time. Cluster 1 significantly improved scores on the CAS Attention Scale as compared to
cluster 2 (t(16) = 2.6, p = 0.02). No differences were observed between the 2 clusters in BRIEF scores. While both
cluster analyses (cluster analysis 1 and cluster analysis 2)
did identify similar groups of participants as indicated by
a χ2 test (χ2(1, n = 18) = 5.1, p = 0.02), they did not completely overlap with one another, with a total of 4 participants having different cluster membership between the 2
analyses. For further details, see figure 2.

cognitive control processes as well as teacher ratings of
children’s cognitive control behaviors in the classroom.
This sample is unique among neuroimaging investigations of exercise in children due to the stringent nature of
the control group. Because both groups attended afterschool programs, several potentially beneficial effects
were controlled for (e.g. social interaction, attention from
adults, and supervised homework time). Additional
strengths of this study include the 8-month length of the
interventions and the predominantly minority sample of
children. Across both groups, improved WMI was related
to 2 different measures of cognitive control – a measure
of selective attention and teacher ratings of classroom behavior. Increased integrity of the SLF with attendance at

an exercise intervention may contribute to improved cognitive control, with potential benefits not only for performance on a standardized cognitive task but also for ontask behavior and interpersonal interactions in the classroom. This may be important to protect school resources
for physical activity in the context of unprecedented levels of childhood obesity along with pressure on schools to
improve achievement [38, 39].
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