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Abstract.
BACKGROUND: A single bout of aerobic exercise can provide acute benefits to cognition and emotion in children. Yet, little
is known about how acute exercise may impact children’s underlying brain networks’ resting-state functional connectivity
(rsFC).
OBJECTIVE: Using a data-driven multivariate pattern analysis, we investigated the effects of a single dose of exercise on
acute rsFC changes in 9-to-13-year-olds.
METHODS: On separate days in a crossover design, participants (N = 21) completed 20-mins of acute treadmill walking
at 65–75% heart rate maximum (exercise condition) and seated reading (control condition), with pre- and post-fMRI scans.
Multivariate pattern analysis was used to investigate rsFC change between conditions.
RESULTS: Three clusters in the left lateral prefrontal cortex (lPFC) of the frontoparietal network (FPN) had significantly
different rsFC after the exercise condition compared to the control condition. Post-hoc analyses revealed that from before
to after acute exercise, activity of these FPN clusters became more correlated with bilateral lPFC and the left basal ganglia.
Additionally, the left lPFC became more anti-correlated with the precuneus of the default mode network (DMN). An opposite
pattern was observed from before to after seated reading.
CONCLUSIONS: The findings suggest that a single dose of exercise increases connectivity within the FPN, FPN integration
with subcortical regions involved in movement and cognition, and segregation of FPN and DMN. Such patterns, often
associated with healthier cognitive and emotional control, may underlie the transient mental benefits observed following
acute exercise in youth.
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INTRODUCTION

Existing research has established that physi-
cal activity promotes healthy overall development.
Alarmingly, this comes against a backdrop where
inadequate physical activity accounts for $117 bil-
lion in annual U.S. health care costs. [1, 2]. Notably,
reviews and meta-analyses have identified a positive
relationship between physical activity and cognitive
health in childhood and adolescence [3–11]. Acute
exercise, defined as a single instance of structured
physical activity, also described as a “dose” of exer-
cise [12], is believed to create a temporary state of
enhanced mood [13, 14] and cognitive performance
[15, 16]. Benefits are primarily studied for cardiores-
piratory activities at moderate-to-vigorous intensities
(65%+heart rate maximum) and are thought to have
the strongest effects 10–20 minutes after exercise,
beginning to wane thereafter [16]. Prior research has
provided valuable insights for public health recom-
mendations [11], illustrating that understanding the
cognitive effects of acute exercise can offer novel
information supporting youth development. How-
ever, an understanding of the relationship between
acute exercise and neurobiological changes remains
incomplete [17].

Noninvasive neuroimaging presents tools to dis-
sect this neurobiological relationship in human
development in vivo. Among neuroimaging features,
event-related brain potentials (ERP), evident in task-
based electroencephalography (EEG) recordings, are
the most well-documented in connection with acute
bouts of exercise in children and adolescents [18].
For example, Hillman et al. [19] studied acute
exercise, specifically aerobic treadmill walking, on
cognitive control in 9–10-year-olds. They observed
improved response accuracy and an amplified P300-
ERP component, suggesting enhanced attentional
control processing [20]. This effect of acute exer-
cise on neuroelectric brain function has been well
replicated in multiple studies [4, 12, 21] and across
populations [22–24], and are generally of a larger
effect size than observed benefits to cognitive perfor-
mance [25, 26]. Such research establishes that acute
exercise induces a temporary state that affords greater
allocation of neural resources supporting attentional
control [27].

While task-based measures are important for
understanding specific cognitive processes (e.g., cog-
nitive control), resting-state measures may better
describe more general characteristics of an exercise-
induced state. Consensus exists regarding a transient

rise in EEG alpha activity (7.5–12.5 Hz) following
an exercise bout, a phenomenon initially observed
by Beaussart et al. [28], which has been inter-
preted to reflect post-exercise improvements in
information processing [29]. In addition to alpha,
resting-state EEG changes have been observed in
theta (3.5–7.5 Hz), beta (12.5–35 Hz) and gamma
(>35 Hz) ranges [25], but there is no strong consen-
sus regarding the functional relevance of differing
frequency ranges in the exercise literature [30]. In
essence, while EEG studies confirm that acute exer-
cise enhances cognitive performance and associated
neural processes, EEG resting-state descriptions, to
date, have not offered a clear picture of brain-wide
changes induced by exercise.

Functional magnetic resonance imaging (fMRI)
complements EEG by providing regional speci-
ficity in studying the resting-state brain. Functional
connectivity, defined as temporal dependencies of
the blood oxygen-level dependent (BOLD) sig-
nal, reflects coherence between disparate brain
regions and networks of regions that support cog-
nition [31]. Classic work by Fox and Rachle
[32] showed that the BOLD signal reflects local
changes in blood flow relating neuronal aerobic gly-
colysis, indirectly indexing information processing
[33]. Resting-state functional connectivity (rsFC)
therefore reflects neural information processing via
intrinsic network interconnectedness, where within-
network rsFC combined with low out-network
rsFC ensures optimal functioning by maintaining
specialization of processes and reducing potential
interference [34]. Of note, the frontoparietal net-
work (FPN), including posterior parietal (PPC) and
lateral prefrontal cortices (lPFC), is critical for cog-
nitive control processes [35] like those shown to be
improved by acute exercise [16]. Prior fMRI research
establishes that with greater rsFC within the FPN,
individuals tend to perform better on tasks that require
goal-directed control of thoughts and actions [36].

Network rsFC changes in association with other
functional networks may also be important for
understanding cognitive performance. For exam-
ple, another functional network of regions termed
the default mode network (DMN) includes pos-
terior cingulate, precuneus, and medial prefrontal
cortices (mPFC). The DMN is most active dur-
ing a resting-state and is broadly associated
with introspective processes such as daydream-
ing, self-referential thought, and recalling past
experiences [37]. FPN-DMN between-network asso-
ciations change throughout childhood, moving from a
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relative lack of correlation (or even a positive correla-
tion) in childhood to a robust anti-correlation between
these networks in adulthood [38, 39]. Increased
FPN-DMN anti-correlations have been linked with
heightened cognitive performance, particularly in
tasks demanding complex working memory [40–
42]. Disruptions to FPN-DMN anti-correlations have
also been linked to various mental health conditions
in development [43], such as in a sample of 7-
year-olds, where lacking age-appropriate FPN-DMN
anti-correlation was predictive of attention deficit
symptoms four years later [44].

Critically, FPN-DMN rsFC anti-correlations can
be beneficially modulated through behavioral inter-
ventions. For example, Bauer et al. [45] studied
mindfulness training in 10-11-year-olds. They found
FPN-DMN anticorrelations were maintained for
those who practiced mindfulness over an 8-week
intervention but were reduced for those assigned
to a coding-training control group. Further, FPN-
DMN rsFC change in that sample was related
to an attentional control task, such that increased
anti-correlation was related to increased cognitive
performance. These findings supported the hypoth-
esis that mindfulness training can promote healthy
network rsFC and cognition in youth. Prior reviews
on neural plasticity have noted similarities between
meditation and physical activity [46]. Like exercise,
the neurobiological mechanisms of mediation are less
widely studied than cognitive effects, where a reoc-
curring practice of meditation is known to benefit to
cognitive control [47]. Moreover, even a single ses-
sion of meditation has been shown to acutely benefit
task performance [48]. It is therefore possible that
meditation-like FPN-DMN anti-correlations could be
observed following acute exercise in youth.

Evidence for the influence of acute exercise
on rsFC is currently primarily derived from adult
samples [49–53]. For example, studying healthy
younger and older adults, Weng et al. [53] found
that compared to a passive cycling control con-
dition, moderate-intensity cycling increased rsFC
within the affective-reward network, suggestive of
acute exercise effects on mood, and decreased rsFC
between regions of the FPN and a network corre-
lated with hippocampus activity. Additional research
by Schmitt et al. [51] in athletic adult males found
that compared to pre-high-intensity cycling, post-
high-intensity cycling showed increased rsFC within
the affective-reward network, supported by signifi-
cant corresponding exercise-induced positive affect.
They further observed decreased rsFC within the

somatomotor and dorsal attention networks, primar-
ily affecting different regions of the post-central
gyrus, consistent with effects of muscular fatigue.
Finally, compared to pre-low-intensity cycling, post-
low-intensity cycling showed increased rsFC within
the FPN [51]. The significance of acute exercise-
induced rsFC change is further underscored by Voss
et al. [52], who demonstrated that immediate rsFC
responses to an exercise bout, especially within
the DMN, predicted long-term rsFC adaptations in
response to a sustained exercise intervention among
healthy older adults. Previous research hypothesizes
that rsFC changes are mediated by norepinephrine
circuits originating in the locus coeruleus [53],
consistent with the catecholamine hypothesis for cog-
nitive performance benefits of acute exercise [54]. In
sum, acute exercise affects cortical networks impli-
cated in mood, cognitive performance, and motor
control by increasing within-network rsFC in service
of network coherence underlying temporary alter-
ations in cognitive state. However, regions of rsFC
change are widespread throughout the brain and peak
loci are inconsistent across acute exercise studies,
potentially due to substantial variation regarding seed
regions used for network analyses.

Our current research builds on previous studies
by assessing the impact of acute exercise on rsFC
in youth with multivariate pattern analysis, a data-
driven approach that allows simultaneous analysis
across the whole brain rsFC connectome [55, 56].
This innovative technique, not yet commonly used in
the exercise neuroimaging literature, offers a nuanced
understanding of rsFC changes associated with an
acute exercise intervention. Specifically, multivariate
pattern analysis estimates the entire connectome at
the resolution of individual voxels without reliance
on seed regions, constructing a model that best
explains the heterogeneity in rsFC related to exper-
imental properties [55]. This data-driven approach
allows whole-brain analysis by reducing dataset
dimensionality, focusing only on the most robust
sources of voxel-wise rsFC variance. Given prior
exercise rsFC research, we hypothesized that an
acute cardiorespiratory exercise intervention at a
moderate-to-vigorous intensity would increase rsFC
within networks important for mood and cognitive
performance (e.g., affective-reward network, DMN,
FPN), as well as modulation of within-network rsFC
among motor control regions (e.g., somatomotor net-
work). Further, we hypothesized that acute exercise
would decrease between-network rsFC, specifically
reflected in increased FPN-DMN anti-correlations,
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reminiscent of mindfulness training and a hallmark
of typical healthy development. Thus, we broadly
hypothesized that a single dose of acute exercise
would modulate cortical circuits implicated in mood
and cognitive performance.

MATERIALS AND METHODS

Participants

This study recruited 24 healthy youth following
their participation in a prior study ([57]; ClinicalTri-
als.gov NCT03592238). After voluntary withdrawal
of one participant and fMRI data exclusion from two
participants due to excessive motion, the final sample
consisted of 21 youth, 9 to 13 years-old. (see Table 1;
additional supporting information may be found in
the Supplemental Material).

In prior recruitment [57], participant exclusion
criteria included non-consent from guardian or non-
assent from participant, presence of contraindicators
for physical exercise as assessed by the Physical
Activity Readiness Questionnaire [58], an IQ < 85 on
the Kaufman Brief Intelligence Test-2 [59], reported
diagnosis of physical or cognitive disability, use of
psychiatric medication, vision not correctable to the
minimum 20/20 standard, and not fluent in English.
For this study, participants with known claustropho-
bia or dental work potentially causing MRI artifacts
were also excluded during the recruitment process.
For this study, all participants provided addition writ-
ten assent, and their legal guardians provided written
informed consent in accordance with the Institutional
Review Board of Northeastern University.

Table 1
Participant characteristics

N 21
Age, years (mean (sd)) 11.4 (1.08)
Sex, female (n (%)) 9 (43%)
Aerobic fitness, relative VO2max
(mean (sd))

44.3 (5.69)

Socioeconomic status, mother’s
years in school (mean (sd))

16.7 (3.25)

Race/ethnicity (n (%))
White or Caucasian 8 (38.1%)
Hispanic or Latino 5 (23.1%)
Black or African 4 (19%)
Asian 2 (9.5%)
Mixed or other 2 (9.5%)

Experimental procedure

In prior research with these participants [57],
cardiorespiratory fitness was assessed as maximum
volume of oxygen (VO2max) utilized per minute per
kilogram of body mass, collected with a modified
Balke protocol consistent with the American Col-
lege of Sports Medicine guidelines [60]. Specifically,
participants warmed up by walking at a comfortable
pace for 2.5 minutes, before being brought to a con-
stant running speed. The speed was determined by an
experimenter based on participant running preference
and technique. After 3 minutes, intensity increased
by graded incline of 2.5%, which reoccurred every 2
minutes until volitional fatigue.

In this study, we employed a single-blinded,
within-participant crossover pretest-posttest com-
parison [12]. Participants visited the lab on two
occasions, at least one week apart (Mean = 19 ± 14.8
days), after prior data collection [57]. During both
visits, participants completed resting-state fMRI
scans before and after (pre and post) an interven-
tion of two possible conditions (acute exercise and
seated reading control). The interventions lasted 20
minutes each, were counterbalanced across labora-
tory visits, and blinded from participants until after
pre-intervention fMRI. To minimize residual physio-
logical effects of acute exercise, participants waited
at least 10 minutes after interventions to return to
within 10% of resting heart rate, which was included
in both conditions. The only physiological and cog-
nitive change measures that we collected during the
interventions were heart rate percentage (HR%), used
by the experimenter to ensure target intensity dur-
ing exercise, feeling scale (FS) [61], and rating of
perceived exertion (RPE) [62]. The FS and RPE
respectively measure affective pleasantness and per-
ception of expended effort, and are among the most
common measures in the acute exercise literature
[63]. Participants rated FS and RPE every 2 minutes
while the experimenter recorded HR% every minute
throughout both interventions (see qualitative analy-
sis in supplement).

Acute exercise condition

The acute exercise condition included physical
activity at a sustained heart rate of 65–75% of par-
ticipants’ own maximal heart rate achieved during
cardiorespiratory fitness testing. Specifically, partic-
ipants engaged in 20 minutes of aerobic walking
on a motor-driven treadmill, including a 1-minute
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warmup. Most of the time (i.e., 19 minutes) was spent
exercising with HR% at target intensity. An exper-
imenter monitored participants and after warm-up,
adjusted the treadmill speed and incline to achieve
target walking intensity, recording heart rate every
minute. This exercise stimulus is consistent with the
American College of Sports Medicine [60] guidelines
for improving aerobic capacity. The acute exer-
cise condition occurred first for a random selection
of 10 of 21 participants. Participants began post-
intervention resting-state fMRI 14.1 ± 3.0 minutes
after acute exercise; HR% was within 10% of pre-
intervention for all participants.

Seated reading control condition

The seated reading control condition consisted of
sedentary cognitive engagement at a sustained rest-
ing heart rate. Specifically, participants engaged in
20 minutes of reading in a seated position, includ-
ing a 1-minute period to select reading material
from a collection provided by the experimenter.
Most of the time (i.e., 19 minutes) was spent read-
ing age-appropriate non-fiction while seated. An
experimenter monitored participants throughout the
intervention, recording HR% every minute. This con-
trol stimulus is consistent with the plurality of control
conditions used in exercise research [12]. The con-
trol condition occurred first for a random selection of
11 of 21 participants in the final sample. Participants
began post-intervention resting-state fMRI approxi-
mately 13.9 ± 2.9 minutes after seated reading.

MRI acquisition

MRI data were collected before and after each
intervention condition on a 3T Siemens MAG-
NETOM Prisma whole-body MRI scanner with a
64-channel head coil (Siemens Healthcare, Erlangen,
Germany). Each imaging session, we acquired two
spin-echo images with opposite anterior/posterior
(AP and PA) phase encoding direction to gener-
ate a field map and one 8-minute resting-state scan
with posterior-to-anterior phase encoding direction
using a T2*-weighted EPI sequence (TR = 800 ms,
TE = 37 ms, flip angle = 52◦, matrix size = 104×104,
2 mm isotropic, multiband acceleration factor = 8).
During the resting-state scan, participants were
instructed to relax and fixate on a white crosshair on
a black screen. We also acquired a 0.8 isotropic T1-
weighted MPRAGE with Volumetric Navigators [64]
for prospective motion correction (TR = 2500 ms,

TI = 1000 ms, flip angle = 8◦, matrix size = 30 × 320;
see additional acquisition details in supplement).

MRI preprocessing and denoising

Data processing and analysis were performed
using the CONN-toolbox v.21a [65] relying on
SPM12 (Wellcome Department of Imaging Neuro-
science, UCL, London, UK) in MATLAB 2020b
(The MathWorks Inc, Natick, MA, USA). First, field
inhomogeneity distortions were estimated from field
maps data using FSL’s Topup (FMRIB Software
Library’s Tool for Unified Platform) and later applied
to the resting-state data to perform susceptibility dis-
tortion correction [66, 67]. Functional resting-state
data were realigned, unwrapped, corrected for dis-
tortions [68], and coregistered and resampled to the
first scan. Outlier volumes were identified using Arti-
fact Detection Tools [69] and defined as volumes
with framewise displacement above 0.5 mm or global
BOLD signal change above 3 standard deviations
[70]. Functional and structural data were indirectly
normalized to MNI152 space [71]. Structural data
were segmented into grey matter, white matter (WM),
and cerebrospinal fluid (CSF) tissue classes [72].
Lastly, functional data were smoothed with an 8 mm
Gaussian kernel.

Functional data were denoised using the CONN
default fMRI denoising pipeline [73]. This pipeline
comprises three main sequential steps. First, prin-
cipal components of WM and CSF masks were
extracted using a component analysis-based cor-
rection (aCompCor) method [74, 75]. Then linear
regression was used to remove confounding effects
specific to WM (top 5 components) and CSF
(top 5 components), six realignment parameters
and their first order derivatives (12 components),
participant-specific outlier scans (149 components),
and condition (pre- and post- exercise and con-
trol) including convolved first order derivative (8
components). Finally, band-pass filtering (0.008Hz-
0.09 Hz) removed frequencies outside the expected
range for neural-derived components in the BOLD
signal. A minimum of 5 minutes of scanning time
was achieved for all participants in each resting-state
data collection session and did not significantly dif-
fer across sessions. Quality assurance was conducted
in accordance with recent recommendations [76].
Before preprocessing, raw data were examined for
acquisition artifacts. After preprocessing, data were
inspected for adequate normalization, realignment,
and registration. After denoising, data were inspected
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for denoising success and participants were consid-
ered for exclusion. At this stage, two participants
were removed from further analysis due to excessive
mean motion, constituting less than 10% of the total
sample (see supplement). For context, fMRI research
in this age group often excludes at least 10% of
total participants due to in-scanner motion and other
participant-caused artifacts [77].

Statistical analyses

Resting-state data were analyzed via multivari-
ate pattern analysis to investigate within-participant
differences following acute exercise, relative to the
seated reading control condition, on rsFC patterns
across the whole brain. We analyzed 64 within-
voxel dimensions and the first factor extracted from
21 participants across four scanning sessions, corre-
sponding to a conservative 20 : 1 participant-factor
ratio which is commonly used in multivariate pattern
analysis of rsFC [55, 77–81]. Additionally, analy-
sis of the first factor is independently interpretable
because this is the principal pattern best character-
izing the observed rsFC variance across participants
and conditions [55]. We can therefore interpret our
results as the most robust within-participant effect
that exists in the dataset as a function of intervention
condition.

We applied a General Linear Model (GLM) anal-
ysis to the data derived from our multivariate pattern
analysis. Our GLM was constructed around four
conditions (2×2), which combined two intervention
conditions (acute exercise or control) and two points
in time (pre- and post-intervention). In accordance
with prior literature [77], a height-level statistical
threshold of p < 0.001, false discovery rate (FDR)-
corrected cluster threshold of p < 0.05, and cluster
size k ≥ 50 were used to adetermine significant clus-
ters [65]. This second-level analysis modeled the first
multivariate factor, a statistical construct representing
whole-brain variance in rsFC across all participants
and conditions, as predicted by intervention condi-
tion. We therefore used a priori confound selection
[82], including six covariates of no interest in the
GLM: age, sex, socioeconomic status (mother’s edu-
cation), aerobic fitness (VO2-max), the intervention
condition on the first lab visit (i.e., counterbalancing),
and mean framewise displacement. Prior research
with a known effect size found a similar whole-
brain multivariate procedure to boast the greatest
power of all tested alternative [83]. We evaluated
using a t(14) statistic ((exercise-post > exercise-

pre)>(control-post > control-pre)), which allowed us
to examine within-participant changes in whole-brain
rsFC associated with intervention condition. To deter-
mine functional network membership, statistically
significant clusters were related to whole-brain mean
rsFC and to an influential functional parcellation [84].
Additionally, sensitivity analyses evaluated both the
number of multivariate factors and a priori covariate
selections (see supplement).

Clusters identified in the multivariate pattern
analysis GLM were then used as seeds in a post-
hoc seed-to-voxel analyses with the same GLM
parameters (exercise-post > exercise-pre), (control-
post > control-pre). This was done because multivari-
ate pattern analysis GLM can describe the location of
brain regions that differ in rsFC but cannot inform
as to where these connection differences occur.
Because post-hoc significance testing provides only
an arbitrary threshold wherein significance should
not be independently interpreted, uncorrected cluster
threshold of p < 0.05 was used with a height-level
statistical threshold of p < 0.001 and k ≥ 50 to aid
interpretation of multivariate pattern analysis in post-
hoc analyses [55, 85]. This describes a pattern of
regions that exhibited within-participant rsFC change
associated with intervention condition.

Pearson-product moment correlations were used to
compare (post > pre) changes in rsFC between each
cluster to changes in FS and RPE in the respective
intention condition (acute exercise, seated reading;
FDR-corrected, q = 0.05). Intervention effects on
these measures were additionally compared between
intervention conditions with paired t-tests to describe
the mean differences and Levene’s tests to describe
interindividual differences in measure variance.

RESULTS

Multivariate pattern analysis

Statistically significant clusters identified by
multivariate pattern analysis of whole brain rsFC
for the ((exercise-post > exercise-pre)>(control-
post > control-pre)) contrast are displayed in Fig. 1
and tabulated in Table 2.

The within-participant crossover pretest-posttest
comparison revealed three clusters differentially
affected by the intervention conditions located in
the left lPFC along the inferior frontal sulcus: infe-
rior frontal gyrus pars triangularis (cluster 1), middle
frontal gyrus (cluster 2), and inferior frontal gyrus
pars opercularis (cluster 3). These regions were
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Fig. 1. Multivariate analysis of resting-state functional connectivity results. Three clusters in the left FPN were associated with pre-to-post
connectivity changes between the acute exercise and seated reading control conditions: inferior frontal gyrus pars triangularis (cluster 1),
middle frontal gyrus (cluster 2), inferior frontal gyrus pars opercularis (cluster 3). Opaque gold clusters represent significant differences in
rsFC change (voxel p < 0.001; FDR-corrected cluster threshold p < 0.05; k ≥ 50). Shaded red (positive) and blue (negative) clusters show
the broader pattern of rsFC change (post > pre; exercise > control) with an uncorrected significance threshold (voxel/cluster p < 0.05).

Table 2
Resting-state functional connectivity results

Cluster Peak
coordinate
(MNI)

Anatomical region Network Cluster
size

T Value

Cluster 1 −50 + 36 −02 Left inferior frontal gyrus pars triangularis Frontoparietal network+Default
mode network

73 5.57

Cluster 1a +50 + 36 −04 Right frontal pole extending into inferior
frontal gyrus

Frontoparietal network+Default
mode network

87 –

Cluster 1b −56 + 22 + 14 Left inferior frontal gyrus pars triangularis
extending into pars opercularis

Frontoparietal network+Default
mode network

67 –

Cluster 2 −42 + 24 + 22 Left middle frontal gyrus extending into
inferior frontal gyrus

Frontoparietal network 68 6.56

Cluster 2a −14 + 06 + 06 Left caudate extending into putamen – 85 –

Cluster 3 −50 + 14 + 26 Left inferior frontal gyrus pars opercularis
extending into middle frontal gyrus

Frontoparietal network 52 5.77

Cluster 3a −08 −64 + 20 Left precuneus Default mode network 112 –

Cluster 3b +54 + 28 + 00 Right inferior frontal gyrus pars triangularis
extending into frontal pole

Frontoparietal network+Default
mode network

87 –

highly intercorrelated during both pre-intervention
resting state scans and predominately included voxels
belonging to the FPN [84], additionally including the

DMN at the most anterior aspect of cluster 1. Broadly,
this pattern of results indicated that the largest rsFC
change associated with intervention condition was
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centered on the ventral left lPFC along the inferior
frontal sulcus, primarily within the FPN extending to
the anterior FPN-DMN network border. This is espe-
cially noteworthy because our multivariate pattern
analysis focused on change in the first rsFC factor,
which is the principal pattern best characterizing the
observed rsFC variance across participants and con-
ditions [55]. When we consider the whole brain, we
found the left lPFC of the FPN was most affected by
acute exercise relative to seated reading.

Post hoc seed-to-voxel analyses to lateral
prefrontal cortex, basal ganglia, and precuneus

Seed-to-voxel results using the multivariate pattern
analysis derived clusters are displayed in Fig. 2 and
tabulated in Table 2.

We observed a pattern of increased rsFC asso-
ciated with the exercise bout in all FPN clusters
identified by multivariate pattern analysis. For clus-
ter 1, acute exercise was associated with positive
pre-to-post rsFC change to the right lPFC (cluster
1a; pre: r = 0.03, SE = 0.20; post: r = 0.55, SE = 0.23)
and to the left lPFC (cluster 1b; pre: r = –0.21,
SE = 0.27; post: r = 0.13, SE = 0.23), while seated
reading was associated with negative pre-to-post
rsFC change to the right lPFC (cluster 1a; pre:
r = 0.85, SE = 0.25; post: r = 0.14, SE = 0.24) and to
the left lPFC (cluster 1b; pre: r = 0.47, SE = 0.21;
post: r = –0.43, SE = 0.23). The rsFC change was
especially pronounced for seated reading between
clusters 1 and 1b. A similar anterior FPN pattern
was observed for cluster 3; acute exercise was asso-
ciated with positive pre-to-post rsFC change to the
right lPFC (cluster 3b; pre: r = –0.04, SE = 0.25; post:
r = 0.66, SE = 0.24), while seated reading was asso-
ciated with negative pre-to-post rsFC change to the
right lPFC (cluster 3b; pre: r = 0.40, SE = 0.27; post:
r = –0.13, SE = 0.24). Anatomically, the clusters iden-
tified with post-hoc seed to voxel analyses sat over
the left and right inferior frontal gyrus pars triangu-
laris, extending into the right frontal pole, and left
inferior frontal gyrus pars opercularis. Functionally,
these clusters displayed positive mean rsFC with seed
clusters (rx̄=0.17) and predominately included vox-
els belonging to the FPN [84], additionally including
the DMN at the most anterior aspects. This suggests
that seated reading and acute exercise differed in their
effects on within-FPN rsFC change, especially along
the anterior bilateral lPFC network border of FPN and
DMN.

For cluster 2, acute exercise was associated with
positive pre-to-post rsFC change in the subcortex
(cluster 2a; pre: r = –0.24, SE = 0.12; post: r = 0.25,
SE = 0.11), while seated reading was associated with
negative pre-to-post rsFC change within the same
region (cluster 2a; pre: r = 0.28, SE = 0.13; post: r = –
0.19, SE = 0.15); the rsFC change was especially
pronounced for acute exercise. Anatomically, this
cluster sat over the left caudate of the basal ganglia,
extending into the putamen. Functionally, this clus-
ter displayed positive mean rsFC with seed clusters
(rx̄=0.10) and included voxels belonging to DMN,
FPN, and somatomotor networks [86]. That is, this
heteromodal subcortical region did not clearly belong
to any specific resting-state network. This suggests
that seated reading and acute exercise differed in their
effects on FPN integration with the widely-connected
basal ganglia.

We observed a pattern of decreased rsFC asso-
ciated with exercise in one FPN cluster identified
by multivariate pattern analysis. For cluster 3, acute
exercise was associated with negative pre-to-post
rsFC change within the left precuneus (cluster 3a;
pre: r = 0.41, SE = 0.28; post: r = –0.54, SE = 0.21),
while seated reading was associated with positive
pre-to-post rsFC change within the left precuneus
(cluster 3a; pre: r = –0.46, SE = 0.21; post: r = –0.10,
SE = 0.13); the rsFC change was especially pro-
nounced for acute exercise. Anatomically, this cluster
was entirely consumed by the left precuneus. Func-
tionally, this cluster displayed negative mean rsFC
with seed clusters (rx̄=-0.17) and only included vox-
els belonging to the DMN [84]. This suggests that
seated reading and acute exercise differed in their
effects on FPN-DMN anticorrelation, especially for
the precuneus region of the DMN.

Post hoc analyses on rating of perceived exertion
and feeling scale changes

We observed no significant correlation between
rsFC change and changes in RPE or FS during the
acute exercise bout that survived FDR-correction (see
supplement).

Paired-sample t-test of RPE indicated that
the acute exercise condition was perceived as
more exerting than seated reading (acute exercise:
M = 4.0, SE = 2.6; seated reading: M = 2.0, SE = 1.9;
t(20) = 2.0, p < 0.001). In contrast, FS did not sig-
nificantly differ between conditions (acute exercise:
M = 3.5, SE = 1.6; seated reading: M = 3.9, SE = 1.1;
t(20)=0.3, p = 0.08), suggesting similar overall self-
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Fig. 2. (Continued)
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reported feeling. Therefore, we found no evidence
indicating that exercise induced a state of posi-
tive affect in our study. Additionally, Levene’s test
showed that both RPE and FS varied more dur-
ing the acute exercise condition than during seated
reading (RPE: F(1, 880)=19.5, p < 0.001; FS: F(1,
880) = 10.4, p < 0.05), indicating greater interindi-
vidual variability during acute exercise than during
seated reading. This suggests a relatively uniform
response between participants due to seated reading
relative to acute exercise.

DISCUSSION

The goal of this study was to investigate how a
single bout of acute aerobic exercise affects whole-
brain rsFC among 9–13-year-old youth. To this end,
we employed a single-blinded, within-participant,
crossover, pre-test/post-test design, incorporating
acute exercise and control conditions that have been
commonly used in similar research [12]. Multivariate
pattern analysis revealed that the left lPFC exhibited
the greatest heterogeneity in rsFC variance across
conditions. Post-hoc analyses showed that rsFC in the
lPFC changed along three axes: within-FPN, between
FPN-subcortex, and between FPN-DMN. Specifi-
cally, following exercise, the left lPFC increased rsFC
correlation within itself as well as the homologous
right lPFC within the FPN; increased rsFC corre-
lation with the left basal ganglia (primarily in the
caudate); and increased anti-correlation with the left
precuneus of the DMN. Further, the seated reading
control condition was associated with an opposite pat-
tern of rsFC change in all identified regions. While
significant clusters are small, they represent only the
tips of an in underlying pattern identified by our mul-
tivariate pattern analysis of rsFC [55]. Overall, this
study provides novel evidence of the underlying brain
networks impacted by acute exercise research.

Acute exercise and increased within-FPN rsFC

Our data-driven multivariate pattern analysis of
rsFC across the whole brain identified that the left

lPFC was significantly affected by acute exercise rel-
ative to seated reading. Thus, we present novel insight
for increased within-FPN rsFC change after acute
exercise, consistent with prior acute exercise inves-
tigations [49, 51, 53]. Specifically, following acute
exercise in 9-13-year-olds, we observed increased
rsFC between the left and bilateral lPFC. Bilater-
ally, the lPFC, located on the side of the frontal lobes
from the central sulcus to the anterior pole, encom-
passes the inferior frontal, the middle frontal, and the
superior frontal gyri. The lPFC are best recognized
as key regions of the FPN, known for their role in
cognitive control [87]. Exercise-induced changes in
regions of the FPN are often observed in neurobio-
logical investigations of exercise effects on cognition
[3, 6], interpreted to underlie enhanced cognitive per-
formance following acute exercise [16]. For example,
in a chronic exercise intervention for 8-9-year-olds,
Chaddock- Heyman et al. (2013) found decreased
task-based activation in the anterior FPN following
a 9-month physical activity intervention, relative to a
wait-list control group. This pattern of results indi-
cated more efficient neural processing in the FPN
following the physical activity intervention, as this
activation pattern was more akin to a group of young
adults used as a comparison group in the same study
and was accompanied by greater task performance at
post-test (Chaddock-Heyman et al., 2013). Accord-
ingly, our findings are consistent with prior research
finding exercise-induced changes in the FPN. There-
fore, our within-FPN rsFC findings suggest that a
single bout of exercise provides greater coherence
within a network that underlies cognitive control.

Acute exercise and increased FPN-subcortical
rsFC

In addition to increased within-network rsFC
change, we present novel evidence for increased
FPN integration with the basal ganglia after acute
exercise. Specifically, following acute exercise, we
observed increased rsFC between the FPN and the
functionally heteromodal basal ganglia, primarily in
the left caudate. Together, the caudate nucleus and

Fig. 2. Post-hoc seed to voxel results for clusters within the FPN reveal specific rsFC changes. A) Cluster 1 significantly changed rsFC with
the right and left lPFC in the FPN (clusters 1a and 1b, respectively); Cluster 2 with a heteromodal area in left basal ganglia (cluster 2a);
Cluster 3 with the precuneus in the DMN (cluster 3a) and the right lPFC in the FPN (cluster 3b). Red (positive) and blue (negative) regions
represent rsFC changes associated with acute exercise relative to the seated reading control condition (post > pre; exercise > control). B)
Unthresholded results are shown in coronal slices for difference of rsFC change between conditions, represented as Fischer Z-transformed
regressor coefficients. B) Bar graphs express mean rsFC at each time point in each intervention (x-axis) represented regressor coefficients
(y-axis), with bar color (red positive, blue negative) indicating the direction of pre-to-post intervention rsFC change. Error bars depict 95%
confidence intervals for regressor coefficients. Significant main effects were observed for the seated reading control condition between
clusters 1 and 1b, and for the acute exercise condition between clusters 2 and 2a and between clusters 3 and 3a.
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putamen make up the dorsal striatum and play a
pivotal role in cognitive and motor functions (Choi
et al., 2010) such as coordinating habit and goal-
directed actions [88]. Notably, the FPN feeds into
the basal ganglia along the dorsal striatum to begin
the cortico-basal ganglia-thalamo-cortical loop in
service of excitation/inhibition of voluntary move-
ment [89]. Interestingly, [50] observed that rsFC
between the thalamus and cortical regions of the
somatomotor network (i.e., pre/postcentral gyri, sec-
ondary somatosensory area) increased after acute
exercise, relative to a passive control condition.
While their study involved 20-35-year-olds, we sup-
port such thalamo-cortical rsFC change findings with
cortico-basal ganglia rsFC change. Therefore, our
FPN-subcortical rsFC findings suggest that a single
bout of exercise provides greater coherence between
a network that underlies cognitive control and a sub-
cortical region involved in integration of thought and
motor control. Collectively, our increased rsFC find-
ings may reflect candidate mechanisms that underlie
how single doses of exercise provide temporary
improvements in cognitive performance.

Acute exercise and increased FPN-DMN rsFC
anti-correlations

We present novel evidence for increased FPN-
DMN anti-correlations after acute exercise. Specif-
ically, following acute exercise, we observed
increased anti-correlation in rsFC between the FPN
and the left precuneus, a key region of the DMN.
While no prior research has observed FPN-DMN
anti-correlations after acute exercise, our findings
compliment previous investigations. For example, the
robust rise in EEG alpha activity following acute
exercise, which is thought to reflect post-exercise
improvements in information processing [29], has
been suggested by Schneider et al. [90, 91] to arise
from both the PFC and precuneus. Additionally, in
an 8-month exercise intervention, Krafft et al. (2014)
found that overweight 8–11-year-olds in the exer-
cise group exhibited lower rsFC between the FPN
and the posterior cingulate extending into the bilat-
eral precuneus, relative to a wait-list control group.
It is noteworthy that the posterior cingulate region
identified by [92] overlapped with their FPN seed,
which was created through independent component
analysis before the exercise intervention, suggesting
that this region began positively coupled to the FPN
before rsFC decreased due to chronic exercise. Con-
verging evidence therefore implicates the precuneus

as a brain region with functional relevance to exercise
interventions. In contrast, Bauer et al. (2020) focused
on the mPFC, not the precuneus, when investigat-
ing mindfulness training as a behavioral intervention
to modulate cognitive performance and FPN-DMN
anti-correlation. This raises the speculative prospect
that exercise and mindfulness training target sepa-
rable aspects (anterior vs. posterior) of FPN-DMN
anti-correlation in youth, which could indicate a syn-
ergistic effect with combined use.

The precuneus is located in the superior parietal
lobule and has a broad functional role, implicated
in episodic memory retrieval, visuospatial process-
ing, and self-processing [93]. The precuneus and
adjacent posterior cingulate (posterior aspects of the
DMN) have even been suggested to be an inte-
gration hub for FPN and DMN in the service of
affective and emotional control [94]. For example,
failure to suppress the posterior cingulate (as well
as the left dorsal lPFC) during an emotional con-
trol task has been correlated with depression severity
in clinically depressed patients [95]. This is remi-
niscent of how lacking FPN-DMN anti-correlation
has been associated with developing mental health
symptoms [44]. Importantly, the beneficial effect of
chronic exercise on mental health is well known [5,
96], such that regular exercise is thought to mitigate
the risk of developing anxiety [97] and depression
[98] across age groups, which may be observed
in the transient effects of acute exercise on mood
[13, 14]. Therefore, our finding that acute exercise
increased FPN-DMN anti-correlation in the young
brain bridges a conceptual gap between acute exer-
cise effects on neurobiological processes and chronic
effects of exercise on mental health. Given that dis-
ruptions to FPN-DMN anti-correlation are associated
with mental health disorders [43], it is possible that
these immediate changes to brain networks induced
by acute exercise are precursory steps in a process
that, with repetition of chronic exercise, leads to the
long-term mental health benefits observed in prior
studies [99].

Seated reading control and inverse pattern of
rsFC change

Our full model identified three regions within the
FPN, in the left lPFC along the inferior frontal sul-
cus, that exhibited significant heterogeneity in rsFC
variance across conditions. While we expected no
rsFC change to be specifically associated with the
seated reading control condition, post-hoc analyses
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showed that the control was associated with an oppo-
site pattern of rsFC change as acute exercise. This
was especially pronounced in the more anterior clus-
ter that overlapped the FPN and DMN. While there
is sparce literature surrounding single sessions of a
reading intervention on rsFC change, broader review
leads to the intriguing possibility that the seated read-
ing intervention, as a type of sedentary cognitive
engagement which is a common control condition
in the acute exercise literature [12], was of critical
importance to our findings.

Anatomically, this clusters sat over the left inferior
frontal gyrus pars triangularis (BA 45), a subdivi-
sion of Broca’s area that is known to be important for
language processing [100]. For example, task-based
fMRI has consistently shown that the left inferior
frontal gyrus is active during the processing of written
language [101, 102], potentially acting as a locus for
cognitive control over semantic information [103].
Therefore, it is possible that our seated reading con-
trol condition fatigued associated regions, leading to
decreased rsFC after the intervention [104]; a find-
ing requiring further investigation. It is not clear if
this pattern of rsFC change is specific to seated read-
ing or is generalizable to other control conditions. In
rsFC analysis spanning 9–25-year-olds, Vogel et al.
[105] showed that the regions active during reading
are broadly distributed across “task-positive” resting-
state networks. It is therefore plausible that other
forms of sedentary cognitive engagement elicit simi-
lar rsFC change in respective cognitive regions. Our
post-hoc analyses of cognitive measures reported dur-
ing both conditions (RPE and FS) characterized the
response to seated reading as less variable than to
acute exercise, with a significantly lower (although
not absent) average perceived exertion, and a non-
significant difference in overall pleasant feelings.
Unfortunately, no significant relationships between
changes in these measures and rsFC change in either
condition survived correction for multiple compar-
isons (see supplement). Thus, we were unable to
further evaluate the differential rsFC changes that
we observed after acute exercise and seated reading.
An investigation of acute intervention control condi-
tions could add to this study by better contextualizing
the observed inverse pattern of rsFC change between
condition.

Limitations

Our primary innovation was the use of multivari-
ate pattern analysis to investigate whole-brain rsFC
change associated with acute exercise; however, this

method does come with limitations. While multi-
variate pattern analysis reduces input features that
may include spurious correlations [56], all uses of a
data-driven approach increase the potential for mod-
eling chance. Indeed, we observed baseline rsFC
differences despite randomization and blinding par-
ticipants to their intervention condition prior to when
it began. However, condition order was not related to
rsFC change in sensitivity analyses that further dis-
played a consistent pattern of rsFC change across a
priori covariate selection. Sensitivity analyses also
revealed our model was robust to the number multi-
variate factors selected, showing a significant pattern
of rsFC change in the left lPFC consistent across anal-
yses. There is the possibility that the relatively high
socioeconomic status of our sample was important to
our results, as prior research has shown a diverse pat-
tern of FPN-DMN anti-correlations associated with
cognitive performance in different socioeconomic
groups [42].

An additional limitation of our research was a
relative lack of pre-post cognitive and physiologi-
cal measures. In the present study, we longitudinally
measured only overall pleasant feeling, perceived
exertion, and heart rate. Future studies should include
a greater variety of measures taken before, during, and
after acute exercise to better understand specific pat-
terns of rsFC change. While statistical power in our
analysis benefited from dimension reduction through
multivariate pattern analysis and a within-participant
design, our results can only be interpreted with
respect to our modest sample size. Future research
should replicate our data-driven approach with clas-
sical inferential statistics in an independent sample,
ideally enriched with a large sample size and deep
phenotyping to better understand potential moderat-
ing effects. Finally, sensitivity analyses indicated that
in-scanner head motion as the most robust confound
in second-level analyses, despite our stringent motion
correction. However, no MRI denoising strategy is
perfect [106]. Future research should carefully con-
trol head motion in this population, especially after
extended periods of body movements, such as exer-
cise. Our results therefore stand as a critical first step
towards characterizing the neural network changes
associated with acute exercise in youth.

CONCLUSION

In summary, we found acute exercise in youth led
to connectivity change in resting-state functional net-
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works across the whole brain, with increased rsFC
within the FPN, between the FPN and basal gan-
glia, and heightened anti-correlation between the
FPN and DMN. The seated reading control condition
demonstrated contrasting rsFC changes, suggesting
a distinct effect of the common control condition on
neural network architecture. Our findings underscore
the value of acute exercise as a modulator of rsFC pat-
terns in the developing brain, suggesting an avenue
through which physical activity may contribute to
cognitive and mental health outcomes. While our
research represents an early exploration into the
topic, we offer a promising steppingstone for future
investigations. As future research expands upon our
findings, acute exercise could be utilized alone or
with other behavioral interventions as an effective and
accessible tool to optimize brain function, supporting
cognitive and academic performance, neural devel-
opment, and potentially buffering against threats to
mental health.
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