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Abstract

IMPORTANCE Pediatric overweight and obesity are highly prevalent across the world, with
implications for poorer cognitive and brain health. Exercise might potentially attenuate these
adverse consequences.

OBJECTIVES To investigate the effects of an exercise program on brain health indicators, including
intelligence, executive function, academic performance, and brain outcomes, among children with
overweight or obesity and to explore potential mediators and moderators of the main effects of
exercise.

DESIGN, SETTING, AND PARTICIPANTS All preexercise and postexercise data for this 20-week
randomized clinical trial of 109 children aged 8 to 11 years with overweight or obesity were collected
from November 21, 2014, to June 30, 2016, with neuroimaging data processing and analyses
conducted between June 1, 2017, and December 20, 2021. All 109 children were included in the
intention-to-treat analyses; 90 children (82.6%) completed the postexercise evaluation and
attended 70% or more of the recommended exercise sessions and were included in per-protocol
analyses.

INTERVENTIONS All participants received lifestyle recommendations. The control group continued
their usual routines, whereas the exercise group attended a minimum of 3 supervised 90-minute
sessions per week in an out-of-school setting.

MAIN OUTCOMES AND MEASURES Intelligence, executive function (cognitive flexibility,
inhibition, and working memory), and academic performance were assessed with standardized tests,
and hippocampal volume was measured with magnetic resonance imaging.

RESULTS The 109 participants included 45 girls (41.3%); participants had a mean (SD) body mass
index of 26.8 (3.6) and a mean (SD) age of 10.0 (1.1) years at baseline. In per-protocol analyses, the
exercise intervention improved crystallized intelligence, with the exercise group improving from
before exercise to after exercise (mean z score, 0.62 [95% CI, 0.44-0.80]) compared with the
control group (mean z score, –0.10 [95% CI, –0.28 to 0.09]; difference between groups, 0.72 SDs
[95% CI, 0.46-0.97]; P < .001). Total intelligence also improved significantly more in the exercise
group (mean z score, 0.69 [95% CI, 0.48-0.89]) than in the control group (mean z score, 0.07 [95%
CI, –0.14 to 0.28]; difference between groups, 0.62 SDs [95% CI, 0.31-0.91]; P < .001). Exercise also
positively affected a composite score of cognitive flexibility (mean z score: exercise group, 0.25 [95%
CI, 0.05-0.44]; control group, –0.17 [95% CI, –0.39 to 0.04]; difference between groups, 0.42 SDs
[95% CI, 0.13-0.71]; P = .005). These main effects were consistent in intention-to-treat analyses and
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Abstract (continued)

after multiple-testing correction. There was a positive, small-magnitude effect of exercise on total
academic performance (mean z score: exercise group, 0.31 [95% CI, 0.18-0.44]; control group, 0.10
[95% CI, –0.04 to 0.24]; difference between groups, 0.21 SDs [95% CI, 0.01-0.40]; P = .03), which
was partially mediated by cognitive flexibility. Inhibition, working memory, hippocampal volume,
and other brain magnetic resonance imaging outcomes studied were not affected by the exercise
program. The intervention increased cardiorespiratory fitness performance as indicated by longer
treadmill time to exhaustion (mean z score: exercise group, 0.54 [95% CI, 0.27-0.82]; control group,
0.13 [95% CI, –0.16 to 0.41]; difference between groups, 0.42 SDs [95% CI, 0.01-0.82]; P = .04), and
these changes in fitness mediated some of the effects (small percentage of mediation
[approximately 10%-20%]). The effects of exercise were overall consistent across the moderators
tested, except for larger improvements in intelligence among boys compared with girls.

CONCLUSIONS AND RELEVANCE In this randomized clinical trial, exercise positively affected
intelligence and cognitive flexibility during development among children with overweight or obesity.
However, the structural and functional brain changes responsible for these improvements were not
identified.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCT02295072

JAMA Network Open. 2022;5(8):e2227893. doi:10.1001/jamanetworkopen.2022.27893

Introduction

The prevalence of overweight and obesity among youths has more than quadrupled worldwide from
1975 to 2016 (from 4% to 18%).1 Evidence suggests that obesity might negatively affect brain health
(ie, cognitive and brain development).2-4 It is therefore necessary to identify effective strategies to
attenuate these adverse consequences. Physical exercise is a candidate to produce such positive
stimuli because it provides multisystemic benefits to human organs, including the brain.5,6 Existing
exercise-based interventions have mostly targeted executive functions and other dimensions of
cognition (eg, processing speed and language),7-9 yet, to our knowledge, evidence regarding the
effect of exercise on intelligence and its components (ie, crystallized intelligence and fluid
intelligence)10 is lacking. Against traditional beliefs, the notion that intelligence is “malleable” despite
its high heritability is gaining support,11 yet more research is warranted.

Although most previous studies focused on behavioral outcomes (eg, executive function and
other dimensions of cognition), only a few randomized clinical trials (RCTs) for children have
investigated the effects of exercise on brain structure and function.12-20 There is a need for high-
quality RCTs that combine behavioral and brain imaging outcomes, as well as a better
characterization of the exercise dose administered in the interventions.21,22 Moreover, previous
studies of animals23 and older adults23-25 have pointed to hippocampal volume as a critical brain
outcome affected by exercise. Although the hippocampus is not a brain region directly associated
with intelligence, it is a central hub in networks that support executive function and memory. The
effects of exercise on this brain region during a period of brain growth remain underinvestigated, to
our knowledge. Furthermore, a comprehensive investigation, including a broader set of magnetic
resonance imaging (MRI) outcomes, is needed to understand the overall effect of exercise on brain
structure and function.

The ActiveBrains RCT26 included a broad set of both behavioral and brain MRI outcomes and
was designed to test the effects of exercise on brain health among children with overweight or
obesity. Our primary aim (a priori planned) was to investigate the effects of a 20-week exercise
program on behavioral outcomes, including intelligence, executive function (ie, cognitive flexibility,
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inhibition, and working memory), and academic performance as well as on hippocampal volume as a
primary region of interest in children with overweight or obesity.

In secondary analyses (a posteriori planned), we explored potential mediators and moderators
of the main exercise effects observed in this intervention. First, we investigated cardiorespiratory
fitness (CRF) as the main candidate mediator,27-38 and we explored other specific brain regions of
interest (eg, the prefrontal cortex because of its relationship with intelligence and cognitive
flexibility39-41) and broader brain structural and functional changes (hypothesis-free analyses) as
potential mediators. Second, we tested potential moderators (sex, age, maturation, socioeconomic
status, and baseline performance) of the intervention effects.42 Third, we interrogated potential
compensatory and contamination effects on daily activity levels, which were assessed with
accelerometers. Fourth, we analyzed the exercise dose (ie, the actual volume and intensity of the
intervention, assessed via heart rate monitoring) because this dose might have a direct effect on the
magnitude of intervention effects.

Methods

A brief description of the material and methods is discussed. The trial protocol and statistical analysis
plan are provided in Supplement 1. All methodological details are provided in the eMethods in
Supplement 2.

Study Design and Participants
The ActiveBrains trial26 is a parallel-group RCT conducted among children aged 8 to 11 years with
overweight or obesity. The recruitment occurred mainly at the pediatric units of the 2 main hospitals
in Granada, Spain. A total of 109 participants were randomly assigned (simple randomization
conducted with SPSS, version 25.0 [IBM Corp]) to a control group or an exercise group. The flowchart
of the study is presented in Figure 1. All preexercise and postexercise data were collected from
November 21, 2014, to June 30, 2016. The parents or legal guardians of the children provided written
informed consent to participate in the trial. The ActiveBrains project was approved by the ethics
committee of the University of Granada, and it was registered on ClinicalTrials.gov (NCT02295072).
This trial followed the Consolidated Standards of Reporting Trials (CONSORT) reporting guideline.

Power and Sample Size
Our study was powered to detect small- to medium-sized effects (ie, Cohen d = 0.3), with an α error
of 5% and a power of 80% with the inclusion of 90 participants. After adjustement for an estimated
10% estimated dropout rate (a similar rate has been observed in previous trials43), 100 participants
were needed for sufficient power.

Intervention and Control
The participants in the control group continued their usual routines. Both the control and exercise
groups were provided with information about healthy nutrition and recommendations for physical
activity at the beginning of the study. The exercise group was instructed to attend at least 3 (of 5
offered) supervised exercise sessions per week. Sessions lasted 90 minutes (60 minutes of aerobic
exercises plus 30 minutes of resistance exercises). To increase motivation and adherence, exercise
sessions were based on games and playful activities that involved coordinative exercises.

Outcome Measurements
Intelligence, Executive Function, and Academic Performance
All outcomes were assessed before and after the intervention. Crystallized intelligence, fluid
intelligence, and total (ie, crystallized plus fluid) intelligence were assessed by the Spanish version of
the Kaufman Brief Intelligence Test.44 Cognitive flexibility was assessed using the Design Fluency
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Test and the Trail Making Test. Inhibition was evaluated with a modified version of the Stroop Color-
Word Test (paper-pencil version).45-47 Working memory was measured by a modified version of the
Delayed Non-Match-to-Sample computerized task.48 Academic performance was assessed by the
Spanish version of the Woodcock-Johnson III Tests of Achievement.49

Brain MRI Outcomes
The structural and functional MRI outcomes studied are summarized in eFigure 1 in Supplement 2.
The MRI acquisition and the specific processing steps for each analysis are individually detailed in the
eMethods in Supplement 2.

Cardiorespiratory Fitness, Biological Maturation, and Socioeconomic Status
Cardiorespiratory fitness was evaluated using a gas analyzer (General Electric Corp) while the
participant was performing a maximal incremental treadmill test (ergometer; h/p/cosmos sports &
medical gmbh).43 Peak height velocity, a common indicator of maturity in children and

Figure 1. CONSORT Flow Diagram

115 Participants assessed for eligibility

112 Accepted in the study

109 Included in ITT analyses

90 Included in per-protocol analyses

3 Excluded
1 Normal weight
1 With ADHD
1 Did not understand Spanish properly

19 Excluded from per-protocol analyses
13 Did not complete the postintervention

assessments on intelligence, executive
function, academic performance,
or brain structure

6 Did not meet exercise condition
(ie, at least 70% of the recommended
sessions)

3 Chose not to continue

109 Randomized

52 In control group
9 In first wave

23 In second wave
20 In third wave

57 In exercise group
10 In first wave
22 In second wave
25 In third wave

52 In control group
9 In first wave

23 In second wave
20 In third wave

57 In exercise group
10 In first wave
22 In second wave
25 In third wave

43 In control group
5 In first wave

19 In second wave
19 In third wave

47 In exercise group
9 In first wave

17 In second wave
21 In third wave

For final intention-to-treat (ITT) analyses, participants
who left the study during the intervention or who did
not complete the postexercise program assessments
were imputed (see Statistical Analysis section). The
actual number for each variable can be seen in
eTables 1 to 22 in Supplement 2. ADHD indicates
attention-deficit/hyperactivity disorder.
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adolescents,50 was calculated through the equations of Moore et al.51 Parents self-reported their
highest educational level attained and current occupation, as described elsewhere.26,52

Overall Physical Activity Assessment Before and During the Intervention
Activity patterns at baseline and during the intervention (week 10) were assessed with hip- and wrist-
worn accelerometers (GT3X+; ActiGraph LLC), as described elsewhere.53

Statistical Analysis
Neuroimaging data processing and analyses were conducted from June 1, 2017, to December 20,
2021. We report the findings from the per-protocol analyses in the main article and the intention-to-
treat analyses in the eAppendix and eTables 19 to 21 in Supplement 2 based on 2 reasons: (1) we
aimed to study the efficacy of the program rather than its effectiveness, and (2) in neuroimaging, it is
technically difficult to apply imputation methods on images, and rarely done. The analyses of the
effects of the intervention were tested using analysis of covariance, with behavioral outcomes and
several MRI outcomes (hippocampal volume as the primary region of interest) as dependent
variables in separate models, group (exercise vs control) as a fixed factor, and the baseline of the
study outcome as a covariate. The intervention effects are presented as z scores of change, indicating
that the SDs of the postexercise program values changed from the baseline mean and SD values (ie,
the standardized effect size of the change54). This effect size can be interpreted according to the
standard benchmarks (ie, approximately 0.2 SDs is considered a small effect size, approximately 0.5
SDs is considered a medium effect size, and approximately 0.8 SDs is considered a large effect
size).55 Results in the raw units of measure are also provided in eTables 1 to 22 in Supplement 2. All P
values were from 2-sided tests and results were deemed statistically significant at P < .05. In
addition, we applied multiple testing corrections on the primary outcomes following the false
discovery rate method proposed by Benjamini and Hochberg.56 A posteriori–planned analyses
consisted of exploring potential mediators and moderators. Our mediation analyses are in line with
the A Guideline for Reporting Mediation Analyses (AGReMA) statement. The statistical procedures
were performed using SPSS software, version 25.0 (IBM Corporation) and R software, version 3.1.2
(R Group for Statistical Computing).

Results

The baseline characteristics of the participants are presented in eTable 1 in Supplement 2. Of the 109
randomized participants (45 girls [41.3%]; mean [SD] body mass index [calculated as weight in
kilograms divided by height in meters squared] of 26.8 [3.6] and mean [SD] age of 10.0 [1.1] years at
baseline), 96 completed the trial (11.9% attrition rate), and 90 met the criteria for the per-protocol
analyses (82.6% of the original sample). A graphical illustration of the a priori–planned and a
posteriori–planned analyses of brain health outcomes is presented in eFigure 1 in Supplement 2.
Additional details are provided in the eAppendix in Supplement 2.

A Priori–Planned Analyses
The a priori–planned analyses included the effects of the exercise intervention on intelligence,
executive function, academic performance, and hippocampal volume. The largest effect size
observed in the ActiveBrains exercise program was for crystallized intelligence, with the exercise
group improving from before exercise to after exercise (mean z score, 0.62 [95% CI, 0.44-0.80])
compared with the control group (mean z score, –0.10 [95% CI, –0.28 to 0.09]; difference between
groups, 0.72 SDs [95% CI, 0.46-0.97]; P < .001) (Figure 2; eTable 2 in Supplement 2). Total
intelligence also improved significantly more among the exercise group (mean z score, 0.69 [95% CI,
0.48-0.89]) than among the control group (mean z score, 0.07 [95% CI, –0.14 to 0.28]; difference
between groups, 0.62 SDs [95% CI, 0.31-0.91]; P < .001). In addition, exercise positively affected a
composite score of cognitive flexibility, derived from 2 cognitive flexibility tests (mean z score:
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exercise group, 0.25 [95% CI, 0.05-0.44]; control group, –0.17 [95% CI, –0.39 to 0.04]; difference
between groups, 0.42 SDs [95% CI, 0.13-0.71]; P = .005). Within this composite, the largest
improvement was observed for performance on cognitive flexibility test 1 (ie, the Design Fluency
Test) (mean z score: exercise group, 0.65 [95% CI, 0.44-0.86]; control group, 0.18 [95% CI, –0.04 to
0.39]; difference between groups, 0.48 SDs [95% CI, 0.17-0.78]; P = .003). The exercise program
had a null effect on inhibition (mean z score: exercise group, –0.51 [95% CI, –0.72 to –0.30]; control
group, –0.48 [95% CI, –0.70 to –0.25]; difference between groups, 0.04 SDs [95% CI, –0.27 to
0.34]; P = .82) and working memory (mean z score: exercise group, 0.01 [95% CI, –0.20 to 0.22];
control group, 0.05 [95% CI, –0.17 to 0.27]; difference between groups, –0.04 SDs [95% CI, –0.35 to
0.27]; P = .80).

For academic performance, exercise improved total academic performance (mean z score:
exercise group, 0.31 [95% CI, 0.18-0.44]; control group, 0.10 [95% CI, –0.04 to 0.24]; difference
between groups, 0.21 SDs [95% CI, 0.01-0.40]; P = .03) and, particularly, mathematics (mean z
score: exercise group, 0.35 [95% CI, 0.15-0.55]; control group, 0.04 [95% CI, –0.17 to 0.25];
difference between groups, 0.32 SDs [95% CI, 0.02-0.60]; P = .04), problem solving (mean z score:
exercise group, 0.41 [95% CI, 0.24-0.59]; control group, 0.05 [95% CI, –0.13 to 0.24]; difference
between groups, 0.36 SDs [95% CI, 0.10-0.62]; P = .007), and academic skills (mean z score:
exercise group, 0.27 [95% CI, 0.11-0.43]; control group, 0.01 [95% CI, –0.16 to 0.17]; difference
between groups, 0.27 SDs [95% CI, 0.03-0.49]; P = .03) (Figure 2; eTable 3 in Supplement 2). The
exercise program had a small, nonsignificant effect on reading and writing skills and a null effect on

Figure 2. Per-Protocol Effects of the ActiveBrains Exercise Program on the Main Brain Health Outcomes

–0.4 0.2 1.00.6 0.80 0.4
z Score (95% CI)

–0.2

Favors
control

Favors
exerciseBrain health outcome

Intelligence

z Score
(95% CI)

Crystallized intelligence 0.72 (0.46 to 0.97)a

Fluid intelligence 0.20 (-0.15 to 0.57)
Total intelligence 0.62 (0.31 to 0.91)a

Executive function
Cognitive flexibility test 1 0.48 (0.17 to 0.78)a

Cognitive flexibility test 2 0.26 (-0.12 to 0.65)
Cognitive flexibility composite 0.42 (0.13 to 0.71)a

Inhibition 0.04 (-0.27 to 0.34)
Working memory –0.04 (-0.35 to 0.27)
Executive function composite 0.21 (-0.06 to 0.50)

Academic performance
Academic skills 0.27 (0.03 to 0.49)a

Brain structure
Hippocampal volume 0.06 (–0.12 to 0.24)

Academic fluency –0.02 (–0.26 to 0.21)
Problem solving 0.36 (0.10 to 0.62)a

Reading 0.15 (–0.07 to 0.37)
Mathematics 0.32 (0.02 to 0.60)a

Writing 0.19 (–0.05 to 0.45)
Total academic performance 0.21 (0.01 to 0.40)a

Dots indicate the between-groups difference in z scores of change (ie, postexercise
outcomes with respect to the baseline mean [SD] value). Bars indicate 95% CIs. Each
analysis was adjusted for baseline outcomes. The cognitive flexibility composite z score
was calculated as the renormalized mean of the z scores for cognitive flexibility test 1 and
cognitive flexibility test 2. The executive function composite z score was calculated as
the renormalized mean of the z scores for cognitive flexibility, inhibition, and working
memory. Academic skills are the sum of components based on basic skills, such as
reading decoding, mathematics calculation, and spelling. Academic fluency is the sum of
tests based on reading, calculation, and writing fluency. Problem solving is the sum of
the components based on solving academic problems in reading, mathematics, and

writing. Total academic performance is the overall measure of academic performance
based on reading, mathematics, and writing. Two of the cognitive tests (ie, the cognitive
flexibility test 2 [Trail Making Test] and the inhibition test [Stroop Color-Word Test]) were
originally expressed inversely, which means that lower scores indicate better
performance. To simplify the visual interpretation of the main findings, we inverted
these 2 scores so that they can be interpreted in the same fashion as the rest of the
outcomes (ie, higher score indicates better performance). These cognitive tests are
expressed in their original units and not inverted in eTables 2 and 19 in Supplement 2.
a Significant effect at P < .05 (or by the 95% CI not including zero).
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academic fluency. In exploratory analyses, the positive effect of exercise on total academic
performance, mathematics, and academic skills was mediated (30%-39% of mediation) by exercise-
induced improvements in cognitive flexibility (eFigure 2A-C in Supplement 2). The improvements in
academic problem solving were mediated (15% of mediation) by exercise-induced improvements in
fluid intelligence (eFigure 2D in Supplement 2). However, the exercise program did not have an effect
on overall hippocampal volume (mean z score: exercise group, 0.19 [95% CI, 0.07-0.32]; control
group, 0.13 [95% CI, 0.00-0.27]; difference between groups, 0.06 SDs [95% CI, –0.12 to 0.24];
P = .50; Figure 2; eTable 4 in Supplement 2).

After correction for multiple comparisons of the primary outcomes (the 17 outcomes shown in
Figure 2), the larger effects on crystallized intelligence (mean z score, 0.72 [95% CI, 0.46-0.97];
P � .001), total intelligence (mean z score, 0.62 [95% CI, 0.31-0.91]; P � .001), and the cognitive
flexibility composite (mean z score, 0.42 [95% CI, 0.13-0.71]; P = .02) persisted. Likewise, the effects
on problem solving continued to be significant (mean z score, 0.36 [95% CI, 0.10-0.62]; corrected
P = .02), whereas the effects became nonsignificant for mathematics (mean z score, 0.32 [95% CI,
0.02-0.60]; corrected P = .07), academic skills (mean z score, 0.27 [95% CI, 0.03-0.49]; corrected
P = .07), and total academic performance (mean z score, 0.21 [95% CI, 0.01-0.40];
corrected P = .07).

A Posteriori–Planned Analyses of Brain MRI Outcomes
As shown in eFigure 1 in Supplement 2, we explored the effects of the intervention on a set of brain
MRI outcomes, including volumetric analyses of hippocampus subregions and the prefrontal cortex
(eTables 4-5 in Supplement 2); the cortical thickness, surface area, and subregions of the prefrontal
cortex (eTables 6-7 in Supplement 2); and the functional connectivity between the hippocampus and
prefrontal cortex (eTables 8-13 in Supplement 2). We also studied the effects of the intervention
using a broader brain approach, including gray matter volumes of subcortical brain structures
(eTable 14 in Supplement 2), morphologic (shape) analysis of subcortical brain structures (eFigure 3
in Supplement 2), total brain volumes (eTable 15 in Supplement 2), whole-brain voxelwise volumetric
analysis, and whole-brain structural covariance network analysis (eFigure 4, eTable 16 in
Supplement 2). Our intervention did not have a significant effect on any of these MRI outcomes.

Effects of the Intervention on CRF and Its Role as Mediator
The exercise program improved CRF as indicated by treadmill time to exhaustion (mean z score:
exercise group, 0.54 [95% CI, 0.27-0.82]; control group, 0.13 [95% CI, –0.16 to 0.41]; difference
between groups, 0.42 SDs [95% CI, 0.01-0.82]; P = .04) (eTable 17 in Supplement 2). A consistent
improvement, although smaller and nonsignificant, was observed in peak oxygen consumption,
expressed in milliliters per kilogram per minute (mean z score: exercise group, 0.39 [95% CI,
0.13-0.65]; control group, 0.10 [95% CI, –0.18 to 0.37]; difference between groups, 0.29 SDs [95%
CI, –0.08 to 0.67]; P = .13). The effects of the exercise program on crystallized intelligence, problem
solving, and total academic performance were significantly mediated by improvements in CRF (ie,
time to exhaustion), with a mediation effect of 10% to 20% (Figure 3).

Moderators of the Intervention Effects
Figure 4 shows that the effect sizes of the exercise program were consistent across sex, age, and
maturation for most of the primary outcomes studied, except for crystallized intelligence, for which
the exercise program was more effective for boys, younger participants, and less mature
participants. The sex differences observed could be partially explained by the finding that boys spent
more time at high-intensity zones (ie, over their individualized anaerobic threshold monitored with
heart rate) (eTable 18 in Supplement 2). We also observed that children with lower socioeconomic
status showed larger improvements in fluid and total intelligence, as did children with a lower
performance at baseline on the intelligence test (eFigure 5 in Supplement 2).
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Exploratory Analyses Related to the Interpretation of the Intervention Effects
Intention-to-Treat and Dropout Analyses
The main effects of this intervention observed on intelligence and cognitive flexibility remained
significant in intention-to-treat analyses (eTables 19-21 in Supplement 2), indicating the robustness
of the main findings (further details in the eAppendix in Supplement 2). Participants who withdrew
during the trial did not differ from those completing the study in any of the behavioral outcomes
studied (eTable 22 in Supplement 2).

Compensatory and Contamination Effects
The children in the exercise group significantly increased their activity levels during the time of day
in which they were participating in the exercise program, without reductions (ie, no compensation)
during other times of the day (results from the hip-attached accelerometer in Figure 5; results from
the wrist-attached accelerometer in eFigure 6 in Supplement 2). The children in the control group
kept the same levels of daily activity (ie, no contamination).

Figure 3. Cardiorespiratory Fitness Change Mediation Models of the Intervention Effects (ie, Exercise vs Control) on Crystallized Intelligence and Academic
Performance Outcomes in Children With Overweight or Obesity

Group
(exercise vs control)

Equation 2

B = 8.921
ß = 0.349
P <.001

Change in cardiorespiratory
fitness

Group
(exercise vs control)

Crystallized intelligence
at postexercise program

Crystallized intelligence
at postexercise program

Crystallized intelligenceA

Equation 3’

Indirect effect: B = 0.857 (95% CI, 0.111-2.212)a

ß = 0.034 (95% CI, 0.004-0.087)
% of the total effect = 9.6%

B =  8.064
ß = 0.315
P <.001

Equation 1
B = 1.448
ß = 0.269
P =.01

Equation 3
B =  0.592
ß = 0.125
P =.07

Group
(exercise vs control)

Equation 2

B = 3.276
ß = 0.190
P =.007

Change in cardiorespiratory
fitness

Group
(exercise vs control)

Problem solving
at postexercise program

Problem solving
at postexercise program

Problem solvingB

Equation 3’

Indirect effect: B = 0.669 (95% CI, 0.081-1.494)a

ß = 0.039 (95% CI, 0.005-0.086)
% of the total effect = 20.4%

B = 2.608
ß = 0.151
P =.03

Equation 1
B = 1.305
ß = 0.242
P =.03

Equation 3
B = 0.512
ß = 0.160
P =.02

Group
(exercise vs control)

Equation 2

B = 3.386
ß = 0.156
P =.04

Change in cardiorespiratory
fitness

Group
(exercise vs control)

Mathematics
at postexercise program

Mathematics
at postexercise program

MathematicsC

Equation 3’

Indirect effect: B = 0.459 (95% CI, –0.215 to 2.052)
ß = 0.021 (95% CI, –0.010 to 0.095)

% of the total effect = 13.6%

B =  2.928
ß = 0.135
P =.07

Equation 1
B = 1.256
ß = 0.233
P =.03

Equation 3
B =  0.365
ß = 0.091
P =.23

Group
(exercise vs control)

Equation 2

B = 2.481
ß = 0.109
P =.03

Change in cardiorespiratory
fitness

Group
(exercise vs control)

Total academic performance
at postexercise program

Total academic performance
at postexercise program

Total academic performanceD

Equation 3’

Indirect effect: B = 0.423 (95% CI, 0.029-1.219)a

ß = 0.019 (95% CI, 0.001-0.054)
% of the total effect = 17.1%

B = 2.058
ß = 0.091
P =.09

Equation 1
B = 1.349
ß = 0.250
P =.02

Equation 3
B = 0.314
ß = 0.075
P =.15

Each analysis was adjusted by the respective intelligence or academic performance
outcomes at baseline. Change in cardiorespiratory fitness expresses the change in total
completion time (minutes) of the treadmill test at postexercise program with respect to
the total completion time (minutes) at baseline because it was the main
cardiorespiratory fitness outcome influenced by the exercise program. Problem solving
is the sum of the components based on solving academic problems in reading,

mathematics, and writing. Total academic performance is the overall measure of the
academic performance based on reading, mathematics, and writing. B indicates
unstandardized regression coefficient; β, standardized regression coefficient.
a Significant indirect effect at P < .05.
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Volume and Intensity of the Exercise Program
We observed a mean (SD) heart rate intensity of 138 (8) beats per minute per session, indicating that
the children trained for more than 1 hour at 70% of their maximum heart rate. The children
accumulated, on average, 38% of the session time (ie, 25 minutes) at high intensities above 80% of
their maximum heart rate (eFigure 7 in Supplement 2). The distribution of the attendance to the
exercise sessions is presented in eFigure 8 in Supplement 2.

Discussion

Overview of the Main Findings
The ActiveBrains trial contributes to the existing literature with several novel findings. First, a
20-week aerobic and resistance exercise program including coordinative exercises, performed at
relatively high intensity for more than 1 hour, 3 times per week, improved total and crystallized
intelligence, cognitive flexibility, and academic performance among children with overweight or
obesity. We rely mainly on the observed effects on intelligence, particularly on crystallized
intelligence, as well as on cognitive flexibility, given the effect sizes and significance observed.57 In
fact, the effects on intelligence and cognitive flexibility outcomes were consistent and robust,
persisting after applying multiple testing corrections to the per-protocol and intention-to-treat

Figure 5. Comparison of the 24-Hour Physical Activity Patterns Derived From Aggregated Raw Accelerations Measured With an Accelerometer Attached at the Right
Hip at Baseline and in the Middle of the Exercise Program
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analyses. However, the exercise program had a null effect on other executive functions, such as
inhibition and working memory, as well as on hippocampal volume. Second, we did not observe any
significant effects of exercise on the brain MRI outcomes studied (a posteriori–planned analyses) and
therefore could not investigate whether changes in brain structure or function mediated the effects
observed on behavioral outcomes. Third, the effects of the exercise program on crystallized
intelligence, total academic performance, and problem solving were partially mediated by exercise-
induced improvements in CRF (10%-20%; small mediation effect). Improvements in most academic
performance indicators were largely mediated (approximately 30%-39% of mediation) by exercise-
induced changes in cognitive flexibility. Fourth, the exercise effects were rather consistent across
sex, age, socioeconomic status, and baseline level subgroups for most of the study outcomes, except
for intelligence outcomes that improved more for boys than for girls. The interpretation of the results
should be made in conjunction with the characteristics of the exercise intervention. The eAppenix in
Supplement 2 includes an extended discussion on: (1) the potential compensatory or contamination
effects, (2) the combination of aerobic and resistance training that additionally included a
coordinative component and cognitive demands, (3) a thorough analysis of the intensity of the
exercise program, and (4) an interpretation of the different cognitive flexibility tests used in this
study and the mediators and moderators of the main exercise effects (secondary analyses).

Findings in the Context of Previous Studies
To our knowledge, only 3 previous intervention studies have tested the long-term effects of exercise
on intelligence in a pediatric population. The first study tested the effects of a yoga program but did
not include a control group.58 The second study, a cluster school–based RCT, investigated the effects
of daily physical education sessions, yet half of the “control” group also received daily physical
education for half of the intervention period.59 The third study was a school-based pilot study
conducted by our group among only 17 to 20 children per study group, which investigated the effects
of increasing the intensity and the number of physical education sessions per week.60 The
conclusions from these 3 studies suggest the potential benefits of exercise. Given the preliminary
nature of these findings and the limitations associated with the study design and sample size, the
ActiveBrains RCT provides the strongest evidence thus far regarding a causal effect of physical
exercise on intelligence, particularly crystallized intelligence, which is denoted by a large effect (ie,
�9 points in the typical punctuation of the test, equivalent to 0.7 SDs, with larger improvements in
the exercise group). Although previous evidence for the long-term effects of exercise on intelligence
is limited, more evidence is available for the short-term effects of exercise.61 The 2018 Physical
Activity Guidelines Scientific Advisory Report concluded that there is evidence supporting an
improvement in crystallized intelligence in children after a single bout of moderate-to-vigorous
physical activity,8,61 which supports our findings.

Our exercise program demonstrated a medium-sized effect on cognitive flexibility and null
effects for the other executive functions tested. Systematic reviews and meta-analyses of children
and adolescents have reported a significant effect of exercise on overall executive function,62-66 with
mixed conclusions among reviews when referring to the specific dimensions of this complex
cognitive construct. The diversity of cognitive tasks used and the different characteristics of the
exercise interventions (ie, mode, frequency, duration of session, intensity, and length of intervention)
across studies might explain the discrepancies among the individual studies. However, the recently
synthesized cumulative evidence supports a positive effect of exercise on the 3 core executive
functions: working memory, inhibition, and cognitive flexibility.66

Our findings are in line with existing literature concerning academic performance, in which
exercise has specifically improved mathematics to a higher extent than other academic subjects,
including language.67,68 In our study, the positive effect of exercise on mathematics was partly
explained by exercise-induced improvements in fluid intelligence, and the positive effect of exercise
on total academic performance, problem solving, and academic skills was partly mediated by
exercise-induced improvements in cognitive flexibility. These findings suggest that this particular
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executive function plays an important role in academic performance69-71 and contributes to our
understanding of the cognitive processes by which exercise improves academic performance.

Our exercise program had no significant effects on any of the MRI outcomes studied. Further
discussion on whether the intervention length or sample size could have influenced these null
findings is in the eAppendix in Supplement 2. Previous studies (4 trials conducted in the US and 1 in
Canada) conducted among children observed positive effects of exercise on white matter
integrity,12,14,20 task-based functional MRI findings,16-18 and resting-state synchrony.15 We believe
that some brain outcomes must have changed in our participants in the exercise group to explain the
observed changes in intelligence and cognitive flexibility. Those changes change could have occurred
at a molecular or cellular level or could have been due to some other features that were undetected
with the neuroimaging techniques used herein. The continuous advances in the neuroimaging field
will open new avenues for the study of the effects of exercise on the human brain.

Limitations
This study has some limitations. It is unknown whether longer interventions are needed to elicit
structural or functional changes in the brain (eAppendix in Supplement 2). Furthermore, although
several protocols were adopted to reduce the risk of bias in the evaluations (eg, randomization after
baseline assessment and the use of physical trainers not involved in the evaluations), some of the
project staff involved in the postexercise evaluations were not blinded to the group allocation for
practical reasons. Even assuming an attenuation of the effect sizes after correcting for potential bias,
we believe that the main exercise effects on intelligence and cognitive flexibility would remain
significant given their magnitude, making an attenuation of the effect size unlikely to change the
study conclusions. Additionally, the extent to which the findings from our study conducted among
children with overweight or obesity applies to other populations is unknown.

Conclusions

The findings of this RCT support that intelligence and cognitive flexibility are improved after 20
weeks of exercise of relatively high intensity for more than 1 hour, 3 times per week, and during a
sensitive period of life (ie, childhood) when the brain is growing and developing. We failed to detect
which structural or functional changes in the brain may underlie these exercise effects on behavioral
outcomes. We also observed that exercise-induced changes in CRF explain some of the exercise
benefits, although not most of them. Moreover, our exercise program had small effects on academic
performance indicators (ie, mathematics, problem solving, and total academic performance) that
were mediated by exercise-induced improvements in cognitive flexibility and fluid intelligence; these
effects were consistent with those described in the existing literature. Finally, the intervention
effects were generally consistent across the moderators studied, except for larger improvements in
intelligence outcomes among boys compared with girls. This trial provides a comprehensive
investigation of the effects of exercise on cognitive outcomes and academic performance during
childhood in the presence of overweight or obesity. However, the brain mechanisms underlying
those effects remain unknown.

ARTICLE INFORMATION
Accepted for Publication: July 5, 2022.

Published: August 30, 2022. doi:10.1001/jamanetworkopen.2022.27893

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2022 Ortega FB
et al. JAMA Network Open.

Corresponding Author: Francisco B. Ortega, PhD, Department of Physical Education and Sports, Faculty of Sport
Sciences, University of Granada, Carretera de Alfacar s/n, Granada 18071, Spain (ortegaf@ugr.es).

JAMA Network Open | Pediatrics Effects of an Exercise Program on Brain Health Outcomes for Children With Overweight or Obesity

JAMA Network Open. 2022;5(8):e2227893. doi:10.1001/jamanetworkopen.2022.27893 (Reprinted) August 30, 2022 12/18

Downloaded From: https://jamanetwork.com/ by a Universidad de Granada User  on 09/23/2022

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.27893&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.27893
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.27893&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.27893
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.27893&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.27893
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.27893
mailto:ortegaf@ugr.es


Author Affiliations: PROFITH “PROmoting FITness and Health Through Physical Activity” Research Group, Sport
and Health University Research Institute (iMUDS), Department of Physical Education and Sports, Faculty of Sport
Sciences, University of Granada, Granada, Spain (Ortega, Mora-Gonzalez, Cadenas-Sanchez, Esteban-Cornejo,
Migueles, Solis-Urra, Rodriguez-Ayllon, Molina-Garcia, Ruiz, Erickson); Faculty of Sport and Health Sciences,
University of Jyväskylä, Jyväskylä, Finland (Ortega); Department of Biosciences and Nutrition, Karolinska
Institutet, Huddinge, Sweden (Ortega, Migueles, Ruiz); Department of Health, Medicine and Caring Sciences,
Linköping University, Linköping, Sweden (Migueles); Faculty of Education and Social Sciences, Universidad Andres
Bello, Viña del Mar, Chile (Solis-Urra); Department of Personality, Assessment and Psychological Treatment and
Mind, Brain, and Behavior Research Center (CIMCYC), University of Granada, Granada, Spain (Verdejo-Román);
Laboratory of Cognitive and Computational Neuroscience (UCM-UPM), Centre for Biomedical Technology (CTB),
Madrid, Spain (Verdejo-Román); Department of Epidemiology, Erasmus MC University Medical Center, Rotterdam,
the Netherlands (Rodriguez-Ayllon); Biohealth Research Institute, Physical Medicine and Rehabilitation Service,
Virgen de las Nieves University Hospital, Granada, Spain (Molina-Garcia); Instituto de Investigación Biosanitaria,
ibs.Granada, Granada, Spain (Ruiz); Health and Social Research Center, Universidad de Castilla La Mancha, Cuenca,
Spain (Martinez-Vizcaino); Faculty of Health Sciences, Universidad Autónoma de Chile, Talca, Chile
(Martinez-Vizcaino); Department of Psychology, Northeastern University, Boston, Massachusetts (Hillman,
Kramer); Department of Physical Therapy, Movement and Rehabilitation Sciences, Northeastern University,
Boston, Massachusetts (Hillman); Brain Aging & Cognitive Health Lab, Department of Psychology, University of
Pittsburgh, Pittsburgh, Pennsylvania (Erickson); College of Science, Health, Engineering, and Education, Murdoch
University, Perth, Western Australia (Erickson); Beckman Institute, University of Illinois at Urbana-Champaign,
Champaign (Kramer); Department of Health Sciences and Institute for Innovation & Sustainable Food Chain
Development (IS-FOOD), Public University of Navarra, Pamplona, Spain (Labayen); IdiSNA, Navarra Institute for
Health Research, Pamplona, Spain (Labayen); School of Psychology, University of Granada, Granada,
Spain (Catena).

Author Contributions: Drs Ortega and Mora-Gonzalez had full access to all of the data in the study and take
responsibility for the integrity of the data and the accuracy of the data analysis. Drs Ortega and Mora-Gonzalez
contributed equally as co–first authors.

Concept and design: Ortega, Cadenas-Sanchez, Esteban-Cornejo, Migueles, Ruiz, Martínez-Vizcaíno,
Labayen, Catena.

Acquisition, analysis, or interpretation of data: Ortega, Mora-Gonzalez, Cadenas-Sanchez, Esteban-Cornejo,
Migueles, Solis-Urra, Verdejo-Román, Rodriguez-Ayllon, Molina-Garcia, Hillman, Erickson, Kramer, Catena.

Drafting of the manuscript: Ortega, Mora-Gonzalez, Cadenas-Sanchez, Esteban-Cornejo, Migueles, Rodriguez-
Ayllon.

Critical revision of the manuscript for important intellectual content: Cadenas-Sanchez, Esteban-Cornejo, Migueles,
Solis-Urra, Verdejo-Román, Rodriguez-Ayllon, Molina-Garcia, Ruiz, Martínez-Vizcaíno, Hillman, Erickson, Kramer,
Labayen, Catena.

Statistical analysis: Ortega, Mora-Gonzalez, Cadenas-Sanchez, Esteban-Cornejo, Migueles, Solis-Urra, Verdejo-
Román, Rodriguez-Ayllon, Molina-Garcia, Martínez-Vizcaíno, Catena.

Obtained funding: Ortega, Ruiz.

Administrative, technical, or material support: Ortega, Mora-Gonzalez, Verdejo-Román, Molina-Garcia, Ruiz,
Kramer, Catena.

Supervision: Ortega, Esteban-Cornejo, Martínez-Vizcaíno, Hillman, Labayen, Catena.

Conflict of Interest Disclosures: None reported.

Funding/Support: This study was supported by grants from the Spanish Ministry of Economy and
Competitiveness (DEP2013-47540, DEP2016-79512-R, and DEP2017-91544-EXP), European Regional
Development Fund (ERDF), the European Commission (667302), and by the Alicia Koplowitz Foundation.
Additional funding was obtained from the Andalusian Operational Programme supported with ERDF (FEDER in
Spanish, B-CTS-355-UGR18). This study was additionally supported by the University of Granada, Plan Propio de
Investigación, Visiting Scholar grants and Excellence actions: Units of Excellence; Unit of Excellence on Exercise,
Nutrition and Health (UCEENS) and by the Junta de Andalucía, Consejería de Conocimiento, Investigación y
Universidades and the ERDF (SOMM17/6107/UGR). This study was further supported by the EXERNET Research
Network on Exercise and Health (DEP2005-00046/ACTI) and by the High Council of Sports (09/UPB/19). Dr
Mora-Gonzalez was supported by grants from the Spanish Ministry of Science and Innovation (FPU 14/06837) and
the Junta de Andalucía. Dr Cadenas-Sanchez has been supported by grants from the Spanish Ministry of Science
and Innovation (FPI-BES-2014-068829 and FJC2018-037925-I). Dr Esteban-Cornejo is supported by the Spanish
Ministry of Science and Innovation (FJCI-2014-19563, IJCI-2017-33642, and RYC2019-027287-I). Dr Migueles has
been supported by the Spanish Ministry of Science and Innovation (FPU15/02645). Dr Solis-Urra was supported by

JAMA Network Open | Pediatrics Effects of an Exercise Program on Brain Health Outcomes for Children With Overweight or Obesity

JAMA Network Open. 2022;5(8):e2227893. doi:10.1001/jamanetworkopen.2022.27893 (Reprinted) August 30, 2022 13/18

Downloaded From: https://jamanetwork.com/ by a Universidad de Granada User  on 09/23/2022



a grant from the National Agency for Research and Development (ANID)/BECAS Chile/72180543. Dr Verdejo-
Román is supported by the Spanish Ministry of Science and Innovation (FJCI-2017-33396, IJC2019-041916-I). Dr
Rodriguez-Ayllon has been supported by the Ramón Areces Foundation. This work is part of a PhD thesis
conducted in the Doctoral Programme in Biomedicine of the University of Granada, Granada, Spain.

Role of the Funder/Sponsor: The funding sources had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Meeting Presentation: This paper was presented at the 27th Annual Congress of the European College of Sports
Science; August 31, 2022; Seville, Spain.

Data Sharing Statement: See Supplement 3.

Additional Contributions: The authors want to thank other members who have contributed to the ActiveBrains
project: Abel Plaza-Florido, PhD, Alejandra Mena-Molina, MSc, Esther Ubago-Guisado, PhD, Ignacio Merino-De
Haro, MD, PhD, Jose J. Gil-Cosano, PhD, Juan Pablo Zavala-Crichton, PhD, Lucia V. Torres-Lopez, PhD, Luis Gracia-
Marco, PhD, and Miguel Martín-Matillas, PhD, University of Granada, for their participation in the evaluations or
intervention in this project; Gala María Enriquez, MSc, José Gómez-Vida, MD, José Maldonado, MD, PhD, María
José Heras, MSc, and María Victoria Escolano-Margarit, MD, PhD, “San Cecilio” and “Virgen de las Nieves”
Hospitals, for assistance with recruitment and screening of participants; Carlos de Teresa, MD, PhD, Rosa María
Lozano, MSc, and Socorro Navarrete, MD, Centro Andaluz de Medicina del Deporte (CAMD), for medical support
and realization of physical health evaluations; María Elisa Merchan, PhD, Victoria Muñoz-Hernández, PhD, and
Wendy Daniela Martínez-Ávila, PhD, University of Granada, for their support with the dietary and nutritional
evaluations of the project; Ángel Gil, PhD, Belén Pastor-Villaescusa, PhD, Concepción M. Aguilera, PhD, and Maria
Cruz Ruiz, MSc, Centre for Biomedical Research, University of Granada, for their support with the blood sampling
processing and storing; and Antonio Verdejo-García, PhD, Monash University, Catherine Davis, PhD, Medical
College of Georgia, and Jose C. Perales, PhD, the University of Granada, for their input to the project design and
conception, particularly in the initial phases. All of these individuals were not compensated for their contributions.
We also thank all of the children and their families for participating in this clinical trial.

REFERENCES
1. World Health Organization. Obesity and overweight: key facts. Accessed November 1, 2021. https://www.who.
int/news-room/fact-sheets/detail/obesity-and-overweight

2. Ou X, Andres A, Pivik RT, Cleves MA, Badger TM. Brain gray and white matter differences in healthy normal
weight and obese children. J Magn Reson Imaging. 2015;42(5):1205-1213. doi:10.1002/jmri.24912

3. Bauer CCC, Moreno B, González-Santos L, Concha L, Barquera S, Barrios FA. Child overweight and obesity are
associated with reduced executive cognitive performance and brain alterations: a magnetic resonance imaging
study in Mexican children. Pediatr Obes. 2015;10(3):196-204. doi:10.1111/ijpo.241

4. Esteban-Cornejo I, Ortega FB, Catena A. Neural perspectives on cognitive control development during
childhood and adolescence should take into account how obesity affects brain development. Acta Paediatr. 2018;
107(4):720-721. doi:10.1111/apa.14200

5. Pareja-Galeano H, Garatachea N, Lucia A. Exercise as a polypill for chronic diseases. Prog Mol Biol Transl Sci.
2015;135:497-526. doi:10.1016/bs.pmbts.2015.07.019

6. Pedersen BK, Saltin B. Exercise as medicine—evidence for prescribing exercise as therapy in 26 different chronic
diseases. Scand J Med Sci Sports. 2015;25(suppl 3):1-72. doi:10.1111/sms.12581

7. Donnelly JE, Hillman CH, Castelli D, et al. Physical activity, fitness, cognitive function, and academic
achievement in children: a systematic review. Med Sci Sports Exerc. 2016;48(6):1197-1222. doi:10.1249/MSS.
0000000000000901

8. Erickson KI, Hillman C, Stillman CM, et al; 2018 Physical Activity Guidelines Advisory Committee. Physical
activity, cognition, and brain outcomes: a review of the 2018 Physical Activity Guidelines. Med Sci Sports Exerc.
2019;51(6):1242-1251. doi:10.1249/MSS.0000000000001936

9. Hillman CH, Erickson KI, Kramer AF. Be smart, exercise your heart: exercise effects on brain and cognition. Nat
Rev Neurosci. 2008;9(1):58-65. doi:10.1038/nrn2298

10. Horn JL. Organization of abilities and the development of intelligence. Psychol Rev. 1968;75(3):242-259. doi:
10.1037/h0025662

11. Sauce B, Matzel LD. The paradox of intelligence: heritability and malleability coexist in hidden gene–
environment interplay. Psychol Bull. 2018;144(1):26-47. doi:10.1037/bul0000131

12. Chaddock-Heyman L, Erickson KI, Kienzler C, et al. Physical activity increases white matter microstructure in
children. Front Neurosci. 2018;12:950. doi:10.3389/fnins.2018.00950

JAMA Network Open | Pediatrics Effects of an Exercise Program on Brain Health Outcomes for Children With Overweight or Obesity

JAMA Network Open. 2022;5(8):e2227893. doi:10.1001/jamanetworkopen.2022.27893 (Reprinted) August 30, 2022 14/18

Downloaded From: https://jamanetwork.com/ by a Universidad de Granada User  on 09/23/2022

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.27893&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.27893
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://dx.doi.org/10.1002/jmri.24912
https://dx.doi.org/10.1111/ijpo.241
https://dx.doi.org/10.1111/apa.14200
https://dx.doi.org/10.1016/bs.pmbts.2015.07.019
https://dx.doi.org/10.1111/sms.12581
https://dx.doi.org/10.1249/MSS.0000000000000901
https://dx.doi.org/10.1249/MSS.0000000000000901
https://dx.doi.org/10.1249/MSS.0000000000001936
https://dx.doi.org/10.1038/nrn2298
https://dx.doi.org/10.1037/h0025662
https://dx.doi.org/10.1037/bul0000131
https://dx.doi.org/10.3389/fnins.2018.00950


13. Krafft CE, Schaeffer DJ, Schwarz NF, et al. Improved frontoparietal white matter integrity in overweight
children is associated with attendance at an after-school exercise program. Dev Neurosci. 2014;36(1):1-9. doi:10.
1159/000356219

14. Schaeffer DJ, Krafft CE, Schwarz NF, et al. An 8-month exercise intervention alters frontotemporal white
matter integrity in overweight children. Psychophysiology. 2014;51(8):728-733. doi:10.1111/psyp.12227

15. Krafft CE, Pierce JE, Schwarz NF, et al. An eight month randomized controlled exercise intervention alters
resting state synchrony in overweight children. Neuroscience. 2014;256:445-455. doi:10.1016/j.neuroscience.
2013.09.052

16. Chaddock-Heyman L, Erickson KI, Voss MW, et al. The effects of physical activity on functional MRI activation
associated with cognitive control in children: a randomized controlled intervention. Front Hum Neurosci.
2013;7:72. doi:10.3389/fnhum.2013.00072

17. Davis CL, Tomporowski PD, McDowell JE, et al. Exercise improves executive function and achievement and
alters brain activation in overweight children: a randomized, controlled trial. Health Psychol. 2011;30(1):91-98. doi:
10.1037/a0021766

18. Krafft CE, Schwarz NF, Chi L, et al. An 8-month randomized controlled exercise trial alters brain activation
during cognitive tasks in overweight children. Obesity (Silver Spring). 2014;22(1):232-242. doi:10.1002/oby.20518

19. Xiong X, Zhu LN, Dong XX, Wang W, Yan J, Chen AG. Aerobic exercise intervention alters executive function
and white matter integrity in deaf children: a randomized controlled study. Neural Plast. 2018;2018:3735208. doi:
10.1155/2018/3735208

20. Riggs L, Piscione J, Laughlin S, et al. Exercise training for neural recovery in a restricted sample of pediatric
brain tumor survivors: a controlled clinical trial with crossover of training versus no training. Neuro Oncol. 2017;19
(3):440-450.

21. Wassenaar TM, Williamson W, Johansen-Berg H, et al. A critical evaluation of systematic reviews assessing the
effect of chronic physical activity on academic achievement, cognition and the brain in children and adolescents:
a systematic review. Int J Behav Nutr Phys Act. 2020;17(1):79. doi:10.1186/s12966-020-00959-y

22. Valkenborghs SR, Noetel M, Hillman CH, et al. The impact of physical activity on brain structure and function
in youth: a systematic review. Pediatrics. 2019;144(4):e20184032. doi:10.1542/peds.2018-4032

23. Rendeiro C, Rhodes JS. A new perspective of the hippocampus in the origin of exercise-brain interactions.
Brain Struct Funct. 2018;223(6):2527-2545. doi:10.1007/s00429-018-1665-6

24. Firth J, Stubbs B, Vancampfort D, et al. Effect of aerobic exercise on hippocampal volume in humans:
a systematic review and meta-analysis. Neuroimage. 2018;166:230-238. doi:10.1016/j.neuroimage.2017.11.007

25. Wilckens KA, Stillman CM, Waiwood AM, et al. Exercise interventions preserve hippocampal volume: a meta-
analysis. Hippocampus. 2021;31(3):335-347. doi:10.1002/hipo.23292

26. Cadenas-Sánchez C, Mora-González J, Migueles JH, et al. An exercise-based randomized controlled trial on
brain, cognition, physical health and mental health in overweight/obese children (ActiveBrains project): rationale,
design and methods. Contemp Clin Trials. 2016;47:315-324. doi:10.1016/j.cct.2016.02.007

27. Chaddock L, Erickson KI, Prakash RS, et al. Basal ganglia volume is associated with aerobic fitness in
preadolescent children. Dev Neurosci. 2010;32(3):249-256. doi:10.1159/000316648

28. Chaddock L, Erickson KI, Prakash RS, et al. A neuroimaging investigation of the association between aerobic
fitness, hippocampal volume, and memory performance in preadolescent children. Brain Res. 2010;1358:172-183.
doi:10.1016/j.brainres.2010.08.049

29. Santana CCA, Azevedo LB, Cattuzzo MT, Hill JO, Andrade LP, Prado WL. Physical fitness and academic
performance in youth: a systematic review. Scand J Med Sci Sports. 2017;27(6):579-603. doi:10.1111/sms.12773

30. Marques A, Santos DA, Hillman CH, Sardinha LB. How does academic achievement relate to cardiorespiratory
fitness, self-reported physical activity and objectively reported physical activity: a systematic review in children
and adolescents aged 6-18 years. Br J Sports Med. 2018;52(16):1039. doi:10.1136/bjsports-2016-097361

31. Esteban-Cornejo I, Cadenas-Sánchez C, Contreras-Rodriguez O, et al. A whole brain volumetric approach in
overweight/obese children: examining the association with different physical fitness components and academic
performance: the ActiveBrains project. Neuroimage. 2017;159:346-354. doi:10.1016/j.neuroimage.2017.08.011

32. Esteban-Cornejo I, Mora-Gonzalez J, Cadenas-Sanchez C, et al. Fitness, cortical thickness and surface area in
overweight/obese children: the mediating role of body composition and relationship with intelligence.
Neuroimage. 2019;186:771-781. doi:10.1016/j.neuroimage.2018.11.047

33. Esteban-Cornejo I, Stillman CM, Rodriguez-Ayllon M, et al. Physical fitness, hippocampal functional
connectivity and academic performance in children with overweight/obesity: the ActiveBrains project. Brain
Behav Immun. 2021;91:284-295. doi:10.1016/j.bbi.2020.10.006

JAMA Network Open | Pediatrics Effects of an Exercise Program on Brain Health Outcomes for Children With Overweight or Obesity

JAMA Network Open. 2022;5(8):e2227893. doi:10.1001/jamanetworkopen.2022.27893 (Reprinted) August 30, 2022 15/18

Downloaded From: https://jamanetwork.com/ by a Universidad de Granada User  on 09/23/2022

https://dx.doi.org/10.1159/000356219
https://dx.doi.org/10.1159/000356219
https://dx.doi.org/10.1111/psyp.12227
https://dx.doi.org/10.1016/j.neuroscience.2013.09.052
https://dx.doi.org/10.1016/j.neuroscience.2013.09.052
https://dx.doi.org/10.3389/fnhum.2013.00072
https://dx.doi.org/10.1037/a0021766
https://dx.doi.org/10.1002/oby.20518
https://dx.doi.org/10.1155/2018/3735208
https://www.ncbi.nlm.nih.gov/pubmed/27555603
https://www.ncbi.nlm.nih.gov/pubmed/27555603
https://dx.doi.org/10.1186/s12966-020-00959-y
https://dx.doi.org/10.1542/peds.2018-4032
https://dx.doi.org/10.1007/s00429-018-1665-6
https://dx.doi.org/10.1016/j.neuroimage.2017.11.007
https://dx.doi.org/10.1002/hipo.23292
https://dx.doi.org/10.1016/j.cct.2016.02.007
https://dx.doi.org/10.1159/000316648
https://dx.doi.org/10.1016/j.brainres.2010.08.049
https://dx.doi.org/10.1111/sms.12773
https://dx.doi.org/10.1136/bjsports-2016-097361
https://dx.doi.org/10.1016/j.neuroimage.2017.08.011
https://dx.doi.org/10.1016/j.neuroimage.2018.11.047
https://dx.doi.org/10.1016/j.bbi.2020.10.006


34. Cadenas-Sanchez C, Migueles JH, Erickson KI, Esteban-Cornejo I, Catena A, Ortega FB. Do fitter kids have
bigger brains? Scand J Med Sci Sports. 2020;30(12):2498-2502. doi:10.1111/sms.13824

35. Mora-Gonzalez J, Esteban-Cornejo I, Cadenas-Sanchez C, et al. Physical fitness, physical activity, and the
executive function in children with overweight and obesity. J Pediatr. 2019;208:50-56. doi:10.1016/j.jpeds.2018.
12.028

36. Ortega FB, Campos D, Cadenas-Sanchez C, et al. Physical fitness and shapes of subcortical brain structures in
children. Br J Nutr. 2019;122(s1):S49-S58. doi:10.1017/S0007114516001239

37. Cadenas-Sanchez C, Migueles JH, Esteban-Cornejo I, et al. Fitness, physical activity and academic achievement
in overweight/obese children. J Sports Sci. 2020;38(7):731-740. doi:10.1080/02640414.2020.1729516

38. Etnier JL, Nowell PM, Landers DM, Sibley BA. A meta-regression to examine the relationship between aerobic
fitness and cognitive performance. Brain Res Rev. 2006;52(1):119-130. doi:10.1016/j.brainresrev.2006.01.002

39. Roth G, Dicke U. Evolution of the brain and intelligence. Trends Cogn Sci. 2005;9(5):250-257. doi:10.1016/j.
tics.2005.03.005

40. Kane MJ, Engle RW. The role of prefrontal cortex in working-memory capacity, executive attention, and
general fluid intelligence: an individual-differences perspective. Psychon Bull Rev. 2002;9(4):637-671. doi:10.
3758/BF03196323

41. Kim C, Johnson NF, Cilles SE, Gold BT. Common and distinct mechanisms of cognitive flexibility in prefrontal
cortex. J Neurosci. 2011;31(13):4771-4779. doi:10.1523/JNEUROSCI.5923-10.2011

42. Ludyga S, Gerber M, Pühse U, Looser VN, Kamijo K. Systematic review and meta-analysis investigating
moderators of long-term effects of exercise on cognition in healthy individuals. Nat Hum Behav. 2020;4(6):
603-612. doi:10.1038/s41562-020-0851-8

43. Davis CL, Pollock NK, Waller JL, et al. Exercise dose and diabetes risk in overweight and obese children:
a randomized controlled trial. JAMA. 2012;308(11):1103-1112. doi:10.1001/2012.jama.10762

44. Kaufman A, Kaufman N. Kaufman Brief Intelligence Test Manual. American Guidance Service; 1990.

45. Delis D, Kaplan E, Kramer J. Delis-Kaplan Executive Function System (D-KEFS). The Psychological Corporation;
2001.

46. Homack S, Lee D, Riccio CA. Test review: Delis-Kaplan Executive Function System. J Clin Exp Neuropsychol.
2005;27(5):599-609. doi:10.1080/13803390490918444

47. Swanson J. The Delis-Kaplan Executive Function System: a review. Can J Sch Psychol. 2005;20(1-2):117-128. doi:10.
1177/0829573506295469

48. Robinson JL, Bearden CE, Monkul ES, et al. Fronto-temporal dysregulation in remitted bipolar patients: an
fMRI delayed-non-match-to-sample (DNMS) study. Bipolar Disord. 2009;11(4):351-360. doi:10.1111/j.1399-5618.
2009.00703.x

49. McGrew K, Woodcock R. Woodcock-Johnson III: Technical Manual. Riverside Publishing Co; 2001.

50. Malina RM, Rogol AD, Cumming SP, Coelho e Silva MJ, Figueiredo AJ. Biological maturation of youth athletes:
assessment and implications. Br J Sports Med. 2015;49(13):852-859. doi:10.1136/bjsports-2015-094623

51. Moore SA, McKay HA, Macdonald H, et al. Enhancing a somatic maturity prediction model. Med Sci Sports
Exerc. 2015;47(8):1755-1764. doi:10.1249/MSS.0000000000000588

52. Merino-De Haro I, Mora-Gonzalez J, Cadenas-Sanchez C, et al; PREFIT Project Group. Higher socioeconomic
status is related to healthier levels of fatness and fitness already at 3 to 5 years of age: the PREFIT Project. J Sports
Sci. 2019;37(12):1327-1337. doi:10.1080/02640414.2018.1558509

53. Migueles JH, Cadenas-Sanchez C, Tudor-Locke C, et al. Comparability of published cut-points for the
assessment of physical activity: implications for data harmonization. Scand J Med Sci Sports. 2019;29(4):566-574.
doi:10.1111/sms.13356

54. Sink KM, Espeland MA, Castro CM, et al; LIFE Study Investigators. Effect of a 24-month physical activity
intervention vs health education on cognitive outcomes in sedentary older adults: the LIFE randomized trial.
JAMA. 2015;314(8):781-790. doi:10.1001/jama.2015.9617

55. Nakagawa S, Cuthill IC. Effect size, confidence interval and statistical significance: a practical guide for
biologists. Biol Rev Camb Philos Soc. 2007;82(4):591-605. doi:10.1111/j.1469-185X.2007.00027.x

56. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to multiple
testing. J R Stat Soc B. 1995;57(1):289-300. doi:10.1111/j.2517-6161.1995.tb02031.x

57. Benjamin DJ, Berger JO, Johannesson M, et al. Redefine statistical significance. Nat Hum Behav. 2018;2
(1):6-10. doi:10.1038/s41562-017-0189-z

JAMA Network Open | Pediatrics Effects of an Exercise Program on Brain Health Outcomes for Children With Overweight or Obesity

JAMA Network Open. 2022;5(8):e2227893. doi:10.1001/jamanetworkopen.2022.27893 (Reprinted) August 30, 2022 16/18

Downloaded From: https://jamanetwork.com/ by a Universidad de Granada User  on 09/23/2022

https://dx.doi.org/10.1111/sms.13824
https://dx.doi.org/10.1016/j.jpeds.2018.12.028
https://dx.doi.org/10.1016/j.jpeds.2018.12.028
https://dx.doi.org/10.1017/S0007114516001239
https://dx.doi.org/10.1080/02640414.2020.1729516
https://dx.doi.org/10.1016/j.brainresrev.2006.01.002
https://dx.doi.org/10.1016/j.tics.2005.03.005
https://dx.doi.org/10.1016/j.tics.2005.03.005
https://dx.doi.org/10.3758/BF03196323
https://dx.doi.org/10.3758/BF03196323
https://dx.doi.org/10.1523/JNEUROSCI.5923-10.2011
https://dx.doi.org/10.1038/s41562-020-0851-8
https://jama.jamanetwork.com/article.aspx?doi=10.1001/2012.jama.10762&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.27893
https://dx.doi.org/10.1080/13803390490918444
https://dx.doi.org/10.1177/0829573506295469
https://dx.doi.org/10.1177/0829573506295469
https://dx.doi.org/10.1111/j.1399-5618.2009.00703.x
https://dx.doi.org/10.1111/j.1399-5618.2009.00703.x
https://dx.doi.org/10.1136/bjsports-2015-094623
https://dx.doi.org/10.1249/MSS.0000000000000588
https://dx.doi.org/10.1080/02640414.2018.1558509
https://dx.doi.org/10.1111/sms.13356
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2015.9617&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.27893
https://dx.doi.org/10.1111/j.1469-185X.2007.00027.x
https://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://dx.doi.org/10.1038/s41562-017-0189-z


58. Chaya MS, Nagendra H, Selvam S, Kurpad A, Srinivasan K. Effect of yoga on cognitive abilities in schoolchildren
from a socioeconomically disadvantaged background: a randomized controlled study. J Altern Complement Med.
2012;18(12):1161-1167. doi:10.1089/acm.2011.0579

59. Reed JA, Maslow AL, Long S, Hughey M. Examining the impact of 45 minutes of daily physical education on
cognitive ability, fitness performance, and body composition of African American youth. J Phys Act Health. 2013;
10(2):185-197. doi:10.1123/jpah.10.2.185

60. Ardoy DNN, Fernández-Rodríguez JMM, Jiménez-Pavón D, Castillo R, Ruiz JRR, Ortega FBB. A physical
education trial improves adolescents’ cognitive performance and academic achievement: the EDUFIT study. Scand
J Med Sci Sports. 2014;24(1):e52-e61. doi:10.1111/sms.12093

61. US Department of Health and Human Services. 2018 Physical Activity Guidelines Advisory Committee
scientific report. Accessed November 1, 2021. https://health.gov/sites/default/files/2019-09/PAG_Advisory_
Committee_Report.pdf

62. Xue Y, Yang Y, Huang T. Effects of chronic exercise interventions on executive function among children and
adolescents: a systematic review with meta-analysis. Br J Sports Med. 2019;53(22):1397-1404. doi:10.1136/
bjsports-2018-099825

63. Martin A, Booth JN, Laird Y, Sproule J, Reilly JJ, Saunders DH. Physical activity, diet and other behavioural
interventions for improving cognition and school achievement in children and adolescents with obesity or
overweight. Cochrane Database Syst Rev. 2018;3:CD009728.

64. de Greeff JW, Bosker RJ, Oosterlaan J, Visscher C, Hartman E. Effects of physical activity on executive
functions, attention and academic performance in preadolescent children: a meta-analysis. J Sci Med Sport. 2018;
21(5):501-507. doi:10.1016/j.jsams.2017.09.595

65. Álvarez-Bueno C, Pesce C, Cavero-Redondo I, Sánchez-López M, Martínez-Hortelano JA, Martínez-Vizcaíno V.
The effect of physical activity interventions on children’s cognition and metacognition: a systematic review and
meta-analysis. J Am Acad Child Adolesc Psychiatry. 2017;56(9):729-738. doi:10.1016/j.jaac.2017.06.012

66. Liu S, Yu Q, Li Z, et al. Effects of acute and chronic exercises on executive function in children and adolescents:
a systemic review and meta-analysis. Front Psychol. 2020;11:554915. doi:10.3389/fpsyg.2020.554915

67. Singh AS, Saliasi E, van den Berg V, et al. Effects of physical activity interventions on cognitive and academic
performance in children and adolescents: a novel combination of a systematic review and recommendations from
an expert panel. Br J Sports Med. 2019;53(10):640-647. doi:10.1136/bjsports-2017-098136

68. Álvarez-Bueno C, Pesce C, Cavero-Redondo I, Sánchez-López M, Garrido-Miguel M, Martínez-Vizcaíno V.
Academic achievement and physical activity: a meta-analysis. Pediatrics. 2017;140(6):e20171498. doi:10.1542/
peds.2017-1498

69. Diamond A, Lee K. Interventions shown to aid executive function development in children 4 to 12 years old.
Science. 2011;333(6045):959-964. doi:10.1126/science.1204529

70. Best JR, Miller PH, Naglieri JA. Relations between executive function and academic achievement from ages 5
to 17 in a large, representative national sample. Learn Individ Differ. 2011;21(4):327-336. doi:10.1016/j.lindif.2011.
01.007

71. Diamond A. Executive functions. Annu Rev Psychol. 2013;64:135-168. doi:10.1146/annurev-psych-113011-
143750

SUPPLEMENT 1.
Trial Protocol and Statistical Analysis Plan

SUPPLEMENT 2.
eMethods.
eAppendix.
eReferences.
eFigure 1. Graphical Illustration of the a Priori Planned Main Analyses of the Study, as Well as the a Posteriori
Planned Exploratory Analyses Conducted on Different Brain Health Outcomes
eFigure 2. Cognitive Flexibility and Fluid Intelligence Mediation Models of the Intervention Effects (ie, Exercise vs
Control) on Academic Performance Outcomes in Children With Overweight or Obesity
eFigure 3. An Illustration of the Shape Analysis of Subcortical Brain Structures
eFigure 4. Structural Covariance Networks Delineated by Non-Negative Matrix Factorization Analysis
eFigure 5. Per-Protocol Effects of the ActiveBrains Exercise Program on the Main Brain Health Outcomes by
Parental Educational Levels (A), Parental Occupational Levels (B), and Baseline Levels (C)

JAMA Network Open | Pediatrics Effects of an Exercise Program on Brain Health Outcomes for Children With Overweight or Obesity

JAMA Network Open. 2022;5(8):e2227893. doi:10.1001/jamanetworkopen.2022.27893 (Reprinted) August 30, 2022 17/18

Downloaded From: https://jamanetwork.com/ by a Universidad de Granada User  on 09/23/2022

https://dx.doi.org/10.1089/acm.2011.0579
https://dx.doi.org/10.1123/jpah.10.2.185
https://dx.doi.org/10.1111/sms.12093
https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf
https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf
https://dx.doi.org/10.1136/bjsports-2018-099825
https://dx.doi.org/10.1136/bjsports-2018-099825
https://www.ncbi.nlm.nih.gov/pubmed/29499084
https://www.ncbi.nlm.nih.gov/pubmed/29499084
https://www.ncbi.nlm.nih.gov/pubmed/29499084
https://dx.doi.org/10.1016/j.jsams.2017.09.595
https://dx.doi.org/10.1016/j.jaac.2017.06.012
https://dx.doi.org/10.3389/fpsyg.2020.554915
https://dx.doi.org/10.1136/bjsports-2017-098136
https://dx.doi.org/10.1542/peds.2017-1498
https://dx.doi.org/10.1542/peds.2017-1498
https://dx.doi.org/10.1126/science.1204529
https://dx.doi.org/10.1016/j.lindif.2011.01.007
https://dx.doi.org/10.1016/j.lindif.2011.01.007
https://dx.doi.org/10.1146/annurev-psych-113011-143750
https://dx.doi.org/10.1146/annurev-psych-113011-143750


eFigure 6. Comparison of the 24 h Physical Activity Patterns Derived From Aggregated Raw Accelerations (ie,
Euclidean Norm Minus One Accelerations) Measured With an Accelerometer Attached at the Nondominant Wrist
at Baseline (ie, Black Line) and in the Middle of the Exercise Program (ie, Orange Line) in Exercise and Control
Groups
eFigure 7. Violin Plots Characterizing the Intensity of the Exercise Program as Measured by Heart Rate (HR)
Monitors
eFigure 8. Box Plot Showing the Distribution of the Attendance to the Exercise Program
eTable 1. Descriptive Baseline Characteristics of the ActiveBrains Participants Meeting Intention-to-Treat Criteria
eTable 2. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw and z-Score Post-Exercise (ie, z-Score
of Change From Baseline) Intelligence and Executive Function Outcomes
eTable 3. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (Standard Score) and z-Score Post-
Exercise (z-Score of Change From Baseline) Academic Performance Outcomes (Woodcock-Muñoz Standardized
Test)
eTable 4. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (mm3) and z-Scores of Post-Exercise
Hippocampal Volume
eTable 5. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (mm3) and z-Scores of Post-Exercise
Prefrontal Cortex Gray Matter Volume Outcomes
eTable 6. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (mm) and z-Scores of Post-Exercise
Prefrontal Cortex Cortical Thickness Outcomes
eTable 7. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (mm2) and z-Scores of Post-Exercise
Prefrontal Cortex Surface Area Outcomes
eTable 8. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (β Values) and z-Scores of Post-
Exercise Left Hippocampal Functional Connectivity With Prefrontal Cortex Subregions
eTable 9. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (β Values) and z-Scores of Post-
Exercise Left Anterior Hippocampal Functional Connectivity With Prefrontal Cortex Subregions
eTable 10. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (β Values) and z-Scores of Post-
Exercise Left Posterior Hippocampal Functional Connectivity With Prefrontal Cortex Subregions
eTable 11. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (β Values) and z-Scores of Post-
Exercise Right Hippocampal Functional Connectivity With Prefrontal Cortex Subregions
eTable 12. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (β Values) and z-Scores of Post-
Exercise Right Anterior Hippocampal Functional Connectivity With Prefrontal Cortex Subregions
eTable 13. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (β Values) and z-Scores of Post-
Exercise Right Posterior Hippocampal Functional Connectivity With Prefrontal Cortex Subregions
eTable 14. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (mm3) and z-Scores of Post-Exercise
Subcortical Brain Volumes Other Than the Hippocampus
eTable 15. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (cm3) and z-Scores of Post-Exercise
Total Brain Volumes
eTable 16. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (Loadings) and z-Scores of Post-
Exercise Structural Covariance Network
eTable 17. Per-Protocol Effects of the ActiveBrains Exercise Program on Raw (Loadings) and z-Scores of Post-
Exercise Cardiorespiratory Fitness
eTable 18. Sex Differences in Intensity Monitored by Heart Rate During the Exercise Sessions
eTable 19. Intention-to-Treat Effects of the ActiveBrains Exercise Program on Raw and z-Scores of Post-Exercise
Intelligence and Executive Function Outcomes
eTable 20. Intention-to-Treat Effects of the ActiveBrains Exercise Program on Raw (Standard Score) and z-Scores
of Post-Exercise Academic Performance Outcomes (Woodcock-Muñoz Standardized Test)
eTable 21. Intention-to-Treat Effects of the ActiveBrains Exercise Program on Raw (mm3) and z-Scores of Post-
Exercise Hippocampal Gray Matter Volume
eTable 22. Descriptive Characteristics of the ActiveBrains Participants That Completed The Study (ie,
Nondropouts) and Those That Did Not Complete The Study (ie, Dropouts) at Baseline

SUPPLEMENT 3.
Data Sharing Statement

JAMA Network Open | Pediatrics Effects of an Exercise Program on Brain Health Outcomes for Children With Overweight or Obesity

JAMA Network Open. 2022;5(8):e2227893. doi:10.1001/jamanetworkopen.2022.27893 (Reprinted) August 30, 2022 18/18

Downloaded From: https://jamanetwork.com/ by a Universidad de Granada User  on 09/23/2022


