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Cognitive benefits

of higher cardiorespiratory
fitness in preadolescent
children are associated

with increased connectivity
within the cingulo-opercular
network
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Higher cardiorespiratory fitness has been associated with improved cognitive control in preadolescent
children, with various studies highlighting related brain health benefits. This cross-sectional study
aimed to provide novel insights into the fitness-cognition relationship by investigating task-related
changes in effective connectivity within two brain networks involved in cognitive control: the
cingulo-opercular and fronto-parietal networks. Twenty-four higher-fit and twenty-four lower-fit
preadolescent children completed a modified flanker task that modulated inhibitory control demand
while their EEG and task performance were concurrently recorded. Effective connectivity for correct
trials in the theta band was estimated using directed transfer function. The results indicate that
children with higher fitness levels demonstrated greater connectivity in specific directions within the
cingulo-opercular network (average effect size, d=0.72). Brain-behavior correlations demonstrated a
positive association between the majority of these connections and general task accuracy, which was
also higher in higher fit children (average correlation coefficient, p =0.34). The findings further support
a positive relationship between fitness and cognitive performance in children. EEG findings offer novel
insights into the potential brain mechanisms underlying the fitness-cognition relationship. The study
suggests that increased task-related connectivity within the cingulo-opercular network may mediate
the cognitive benefits associated with higher fitness levels in preadolescent children.
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In modern societies, the growing prevalence of physical inactivity among children is a significant public health
concern'. Inadequate physical activity levels not only increase the risk of chronic diseases® but also pose a risk
for poorer cognitive functioning®. On the other hand, accumulating evidence highlights the positive associa-
tions between higher physical activity levels and cognitive performance. However, the underlying brain mecha-
nisms are still not fully understood*-°. This study aimed to shed more light on the possible mechanisms linking
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cardiorespiratory fitness (related to physical activity levels), cognitive performance, and brain outcomes in
children. To achieve this aim, we employed a novel approach to unravel task-related communication of brain
networks that might subserve cognitive control in lower-fit and higher-fit children.

Cognitive control refers to an individual’s capacity to adapt to environmental demands and maintain behavio-
ral goals over extended periods”®. An important aspect of cognitive control is inhibition, which involves filtering
out task-irrelevant information and overriding prepotent incorrect responses in favor of a correct one*'’. Inhibi-
tion is commonly investigated through interference tasks such as flanker tasks'!. During this task, participants
react to a centrally located target while gating out the potentially conflicting surrounding flanking stimuli. The
task requires modulation of top-down attention to targets and inhibition of flankers. The flankers can either
match the target (congruent condition) or differ from it (incongruent condition). Compared with the congruent
condition, the incongruent condition results in longer reaction times and less accurate responses. Successful
task performance is indicated by a greater ability to manage interference associated with the flanking stimuli and
improved general behavioral performance (shorter reaction times, higher accuracy)'.

Successful inhibition plays a crucial role in academic settings in developing populations. It enables children
to inhibit impulsive behavior and stay on task!*!%. Children who score well on inhibition tasks (as well as in other
cognitive control tasks) tend to achieve greater academic success'>'. Therefore, understanding factors that might
enhance children’s cognitive control is important to support their development.

Research supports the idea that cardiorespiratory fitness, which depends on physical activity levels, positively
correlates with improved inhibition and focused attention in children'®. Higher-fit children exhibit better task
performance and lower interference costs (the difference between congruent and incongruent trials) than their
lower-fit counterparts'>!®. These behavioral benefits often coincide with favorable differences in brain function
(detailed below), which may underlie the fitness-cognition relationship.

Despite numerous studies on the relationship between fitness and cognition in children, the mechanisms
underlying this connection are, to date, not fully understood. To elucidate the neural mechanisms involved,
previous investigations primarily relied on event-related brain potential studies>'”'8. Collectively, these find-
ings suggest that higher-fit children exhibit enhanced attentional allocation capabilities (as evidenced by larger
P3 amplitude and shorter P3 latency>', and smaller N2 amplitude™'® (indicating reduced interference at the
neural level).

Functional magnetic resonance imaging (fMRI) studies provided further insight into the fitness-inhibition
relationship by providing knowledge of differential patterns of brain activation in lower-fit and higher-fit children.
Voss et al.® revealed that higher fitness levels in children were linked to more efficient activation in brain networks
responsible for inhibition, task-set maintenance, and top-down regulation, processes that play a crucial role in
cognitive control. More specifically, children with higher levels of fitness exhibited increased activity in control-
related brain structures, which positively correlated with task performance (both in congruent and incongruent
conditions). Other studies have employed a functional connectivity approach to study the coordinated activity
of brain networks that might underlie the fitness-cognition relationship. The functional connectivity approach
identifies patterns of synchronized activity between different brain regions during rest (without an explicit cogni-
tive task being performed, i.e., resting-state) or during a task (task-induced). Most studies thus far have assessed
resting-state functional connectivity and suggested that greater fitness levels in children might be associated with
enhanced connectivity within brain networks responsible for cognitive control, including inhibition'*-?* (for a
contrasting finding of reduced connectivity, see?®).

Enhanced connectivity within cognitive networks is generally considered advantageous as it may indicate
more efficient information processing, leading to better executive functioning. However, while an increase in
resting-state functional connectivity in the brain may indicate positive changes related to cognition, it does not
always translate into improved task performance'®. To gain a more targeted understanding of the neural net-
works involved in specific cognitive tasks, researchers have employed task-induced functional connectivity. This
approach allows for manipulating and comparing different task conditions, facilitating more systematic investi-
gations into functional connectivity. However, there appears to be limited research on the relationship between
children’s fitness levels and task-induced functional connectivity, with only one electroencephalography (EEG)
study conducted by Kamijo et al.*. This study investigated EEG functional connectivity patterns in children with
different fitness levels who performed two conditions of a visual search task: identifying targets among distractors
that either shared or did not share a basic feature with the target. Higher-fit children exhibited higher response
accuracy relative to lower-fit children across two task conditions. Moreover, higher-fit children showed increased
frontoparietal functional connectivity during a task condition that required heightened top-down control modu-
lation (searching for targets among distractors that shared some similar features), whereas lower-fit children
faced challenges in upregulating top-down control mechanisms. These findings suggest that higher-fit children
perform better in a visual tasks and might be characterized by increased task-related functional connectivity in
more demanding tasks conditions. Still, additional research is necessary to understand the associations between
children’s fitness and task-induced connectivity during cognitive control tasks.

To gain further insights into the potential neural mechanisms underlying the association between fitness and
cognitive control in children, we conducted an investigation focusing on task-induced connectivity within two
specific regional systems that have been widely recognized for their significance in cognitive control**-*. One
of these systems is the cingulo-opercular network (CON), which plays a vital role in domain-independent task
performance and encompasses anterior regions of the cingulate cortex, insula, and prefrontal cortex*»*”. This
network exhibits sustained activity throughout the entire duration of a goal-directed task and likely regulates
goal-directed behavior by maintaining stable task sets. The other system is the frontoparietal network (FPN),
consisting of the dorsolateral prefrontal cortex and intraparietal sulcus, which adapts control on a trial-by-trial
basis, enabling flexible modulation and control in response to ongoing performance®**®. Both networks are
strongly intraconnected and quite separate from each other. Although both networks serve cognitive control,
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they carry out dissociable control functions and affect cognitive processing either on a trial-by-trial basis (FPN)
or in a more stable fashion CON?%. Overall, given the crucial roles of the CON and FPN in sustained attention,
task-set maintenance, and flexible cognitive control, these networks provide an interesting platform to gain a
nuanced understanding of how fitness may be related to cognitive control in children.

This study employed a novel approach in the field of health neuroscience that assessed effective connectivity
within the FPN and CON networks. Unlike functional connectivity, which examines the temporal correlation of
activation across brain regions, effective connectivity focuses on understanding the causal interactions among
brain regions®. In other words, while functional connectivity examines whether two brain regions activate
simultaneously, effective connectivity goes further by evaluating the temporal direction and strength of influ-
ence one region exerts on another. Moreover, utilizing effective connectivity analysis on EEG signals offers the
advantage of directly measuring neuronal activity, contrasting with fMRI connectivity, which primarily relies on
BOLD-mediated signals. Amongst different effective connectivity methods, we utilized a well-established method
called the directed transfer function (DTF). DTF is based on Granger causality principles and multivariate
autoregressive modeling (MVAR)**~*2 and allowed us to determine the direction and strength of the information
flow within CON and FPN cortical regions in lower-fit and higher-fit children. By adopting this approach, we
aimed to provide a more nuanced understanding of the relationship between children’s fitness levels and brain
connectivity during an inhibition task. We focused on interactions between structures within CON and FPN
networks in the theta band. Power changes in theta activity have been consistently linked to cognitive control,
interference detection, and top-down processes****-%.

Overall, previous connectivity findings have consistently indicated higher resting-state and task-induced
connectivity in higher-fit children®*'*-?!. In line with these findings, we expect to observe greater general (across
conditions) task-induced connectivity within the cingulo-opercular (CON) and frontoparietal (FPN) networks
in higher-fit children, as these networks play a crucial role in executing cognitive control tasks®. This effect
would reflect improvement in general task performance across congruent and incongruent conditions. Previous
studies utilizing inhibition tasks have also shown lower interference costs in higher fit children, as illustrated, for
instance, by reduced congruent versus incongruent N2 component™'®. Consequently, we expect that higher-fit
children will exhibit reduced interference-related connectivity within both the CON and FPN networks. This
deactivation would indicate reduced interference costs and a decreased need for cognitive control adjustments.

Methods

The analyses presented herein were conducted on a subset of previously published data®. Our decision to utilize
this pre-existing dataset stemmed from the pioneering nature of our analyses. To verify the relationships between
effective connectivity patterns and children’ fitness, we opted for a well-documented cross-sectional dataset fea-
turing extreme fitness groups and pronounced behavioral differences across lower- and higher-fit children. The
study by Pontifex et al.” investigated the relationship between cardiorespiratory fitness and cognitive control in
preadolescent children categorized into higher-fit and lower-fit groups. It revealed behavioral and event-related
brain potential benefits for higher-fit children. While Pontifex et al.’. employed both compatible (respond to
the direction of the target stimulus) and incompatible (respond opposite the direction of the target stimulus)
stimulus-response versions of the flanker task, we focused exclusively on the conventional, compatible subset
of the dataset (which contains both congruent and incongruent trials) to explore the connection between fitness
and effective connectivity using a more established task. This study aimed to follow the STROBE (Strengthening
the Reporting of Observational Studies in Epidemiology) guidelines®”. For more methodological details, please
refer to Pontifex et al>.

Cardiorespiratory fitness assessment

Cardiorespiratory fitness data are described in the participants section. Maximal oxygen consumption (VO,max)
was evaluated using a computerized indirect calorimetry system (ParvoMedics True Max 2400, Sandy, UT). Oxy-
gen uptake (VO,) and respiratory exchange ratio (RER) were averaged every 20 s. A modified Balke protocol**was
used, involving a motor-driven treadmill set. Participants walked/ran at a constant speed with incline increases
of 2.5% every 2 min until the participant reached volitional exhaustion. Heart rate (HR) was monitored (Polar
WearLink + 31; Polar Electro, Lake Success, NY), and ratings of perceived exertion (RPE) were recorded every
2 min utilizing the children’s OMNI scale®. Relative peak oxygen consumption was expressed in ml/kg/min,
based on maximal effort. Criterion for achieving maximal effort included achieving one or more of the follow-
ing: (1) a peak heart rate of > 185 bpm and a heart rate plateau*; (2) an RER of > 1.0*';and/or (3) a rating on the
children’s OMNI scale of perceived exertion of > 8%.

Participants

Forty-eight preadolescent children from the east-central Illinois region were recruited for the study. All par-
ticipants provided written assent, and their legal guardians provided written informed consent. The study’s
experimental procedures complied with the directives of the Helsinki Declaration and were approved by the
Institutional Review Board of the University of Illinois at Urbana-Champaign. Prior to testing, legal guardians
completed a health history and demographics questionnaire, reporting that their child was free of neurological
diseases, or physical disabilities; and indicated normal or corrected-to-normal vision. Participants were bifurcated
into higher-fit (n =24, 13 girls) and lower-fit (n=24, 10 girls) groups based on their VO, max, with the higher-fit
group having VO,max values above the 70th percentile and the lower-fit group having values below the 30th
percentile according to normative data provided by Shvartz and Reibold*?. The mean age of the participants was
10.1 years (SD =0.6) for the lower-fit group and 10.0 years (SD = 0.6) for the higher-fit group, with no significant
difference between the groups (p =0.46). Participants, in collaboration with their legal guardians, completed

Scientific Reports |

(2024) 14:21193 | https://doi.org/10.1038/s41598-024-72074-y nature portfolio



www.nature.com/scientificreports/

the Tanner Staging System*’, indicating their pubertal status on a 5-point scale. Both groups had a mean Tan-
ner stage of 1.7(SD =0.5), indicating the same pubertal development (i.e., prepubescent) (p=0.98). Intellectual
ability, measured using the K-BIT composite IQ score*, averaged 113.2 (SD = 14.9) for the lower-fit group and
115.3 (SD =8.6) for the higher-fit group, with no significant difference between the groups (p=0.41). ADHD
symptoms were evaluated using the ADHD Rating Scale IV*, with the lower-fit group having a mean score of
6.3 (SD=4.7) and the higher-fit group having a mean score of 6.9 (SD =4.5), showing no significant difference in
attentional disorder between the groups (p=0.52). Socioeconomic status (SES) was assessed using a composite
score based on parental education, occupation, and participation in free or reduced-price lunch programs at
school. The lower-fit group had a mean SES score of 2.8 (SD =0.6), while the higher-fit group had a mean SES
score of 2.6 (SD =0.7), with no significant difference between the groups (p=0.71). Fitness levels, measured by
VO,max, showed a significant difference between the groups (p <0.01). The lower-fit group had a mean VO,max
of 35.7 ml/kg/min (SD=5.3) and a percentile rank of 8.8 (SD =5.3), whereas the higher-fit group had a mean
VO,max of 52.6 ml/kg/min (SD =4.2) and a percentile rank of 83.3 (SD =4.1). Where applicable (VO,max , IQ,
ADHD) raw scores were converted into age-based standard scores using normed data provided by the publish-
ing company****°. To assess the adequacy of our sample size, a post hoc power analysis was conducted using
G*Power?. This analysis, based on the observed mean effect of connectivity estimates (d=0.72) and a signifi-
cance level (a) of 0.05, indicated an achieved power of 0.80, suggesting that our study had a sufficient number
of participants to reliably detect the observed effect.

Task

Participants engaged in a modified version of the Eriksen flanker task'!. They were instructed to respond as
quickly and accurately as possible to the direction of a centrally presented arrow, which was flanked by either
congruous (e.g.,< < < < <or> > > >>) or incongruous (e.g.,< < > < <or> > < >>) arrows. The incongruent
condition, compared to the congruent condition, requires greater interference control to inhibit the responses
elicited by the flanking arrows and execute the correct response based on the central target arrow*®.

The task comprised two blocks of 100 trials each, with equal probabilities for congruent and incongruent
conditions. The stimuli consisted of white arrows, each 3 cm tall, arranged in a 16.5 cm wide array, presented
on a black background. The visual angle was 1.32° vertically and 7.26° horizontally. Each array was shown for
200 ms with a fixed interstimulus interval of 1700 ms. Reaction times (RT) for correct responses and accuracy
were recorded separately for congruent and incongruent conditions.

Procedure

During the initial laboratory visit, participants completed informed consent, tests and questionnaires, and a
cardiorespiratory fitness assessment. Before the fitness assessment, they were equipped with a Polar heart rate
monitor (Polar WearLink + 31; Polar Electro). Their height was measured using a stadiometer, and their weight
was recorded with a Tanita WB-300 Plus digital scale. Participants with VO,max falling above the 70th or below
the 30th percentile, based on normative data*’, were invited for the second day of testing. On the second visit to
the laboratory, participants underwent EEG testing in a sound-attenuated room after being fitted with a 64-chan-
nel Quik-Cap (Compumedics Neuroscan, 2003). Task instructions were provided, allowing participants to ask
questions, followed by 40 practice trials before the formal testing commenced.

Data analysis

All statistical analyses were performed and visualized using the R 4.0.3 (R Core Team, 2021) and JASP version
0.16.3 (JASP Team 2022) software. In both behavioral and connectivity data analyses, t-tests were employed
to explore potential differences between lower-fit and higher-fit children across variables of interest: accuracy,
reaction time (RT), and effective connectivity measures. Therefore, for all analyses, we reduced the congruency
factor by calculating additional measures (as detailed below). This decision reflects a specific research context.
The results presented by Pontifex et al.” did not reveal a significant interaction between group and congruency in
behavioral outcomes. Consequently, reducing the congruency factor provided a more straightforward framework
for data interpretation and brain-behavior correlations. Moreover, pooling conditions together offers practical
advantages for calculating connectivity estimates. This approach allows for average correlation matrices, which
describe a basic structure of the relations in the dataset, later translated into the transmission pattern expressing
properties characteristic for all joined conditions. This approach not only aligns connectivity and behavioral
analyses but also enhances the statistical properties of the estimated model parameters, thereby bolstering the
robustness of DTF estimates. Normality screening was conducted for all relevant variables using the Kolmogo-
rov-Smirnov test. The analysis revealed no significant deviations from normality for any variables (all p>0.05).

Behavioral analyses

In behavioral analyses, we focused on accuracy and RT data. As a manipulation check, the interference effect
in RT and accuracy (i.e., the difference across the incongruent and the congruent condition) was tested using
paired sample t-tests. Then, general (across-conditions) task performance indices and interference costs were
calculated. General task performance was calculated as mean RT and mean accuracy across task conditions
(congruent + incongruent / 2; general accuracy, general RT). Interference costs were calculated as the difference
across task conditions (congruent—incongruent for accuracy, incongruent — congruent for RT). To examine
whether there were differences in general task performance and interference costs between lower-fit and higher-
fit children, we conducted independent t-tests.
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EEG recording

EEG activity was recorded from 64 electrode sites arranged in an extended montage based on the International
10-10 System using a Neuroscan Quik-Cap (Compumedics, Charlotte, NC). Refer to Pontifex et al.® for addi-
tional details.

EEG preprocessing

EEG data were preprocessed using the Atlantis toolbox (http://atlantis.psychologia.uj.edu.pl). The preprocessing
was based on the approach proposed by Mantini et al.*’ and further extended by Spadone et al.*. The signal was
filtered in a 2-46 Hz range with windowed sinc linear phase FIR filters (HP order: 2460; LP order 550) and then
segmented using a -0.2 to 1-s window relative to stimuli onset. Noisy channels were detected using an IQR-based
extreme outliers rejection algorithm (the threshold for channel variance set to Q1/Q3 £ 5 IQR, based on a visual
inspection of the data distribution®®), calculated from EOG-corrected signals after the RLS method. Surviving
original channels (without EOG correction) were re-referenced to the average value across all channels. Trial-
based artifact rejection consisted of extreme outlier removal based on variance (threshold set to Q1/Q3 £ 3 IQR),
maximum trial voltage difference (<250 uV), and muscle artifact identification (based on elevated spectral power
in a 35-46 Hz frequency). The mean number of excluded trials showed no significant difference between the
lower-fit (M =6.02%, SD =3.14) and higher-fit (M =5.42%, SD =2.20) groups (£(46) =0.771, p =0.44). Remain-
ing trials were decomposed with fastICA with deflation and pow® nonlinearity, and resulting components were
classified using a previously trained model (with topography, spectral power, pre/post-stimulus variance, and
correlation with EOG signals) into brain and non-brain independent components (ICs). The brain ICs were local-
ized using their weight matrices with the minimum norm estimation (MNE) method*! based on MNI standard
templates (5 mm regular grid) and the 3-layer Boundary Element Method ("bemcp’) volume conductor model*?.

Regions of interest (ROIs)

Locations of the regions of interest (ROIs) were selected based on our hypotheses and previous literature
For the frontoparietal network (FPN) the following ROI were chosen: L/R dorsolateral PFC (DLPFC; -43 18 29
/ 43 18 29); L/R intraparietal sulci (IPS; -32 -48 44 / 32 -52 50). For the cingulo-opercular network (CON), the
following ROIs were chosen: L/R anterior prefrontal cortex (aPFC; -28 51 15/ 27 50 23); dorsal anterior cingulate
(dACC; -1 -10 46); L/R anterior insula / frontal operculum (al; -35 14 5 / 36 16 4). The ROIs were reconstructed
as a sum of IC signals in the respective (closest) source dipole obtained as a product of a particular IC time
course and respective weight components separately for all spatial directions. The scalar values of ROI signals
were calculated from three spatial components using the PCA by taking the first component .

24,50,53-55

Effective connectivity analyses

To control for spurious correlation between estimated source time courses, leakage correction was applied using
a symmetric multivariate orthogonalization procedure®®. Connectivity between the ROIs was estimated for
theta (4-8 Hz) frequency band using a non-normalized Directed Transfer Function (DTF’!), a method based
on Granger causality assumptions. Determination of model order (order =7) was guided by the Yule-Walker
method. Theta band was chosen as power changes in theta activity have been consistently linked to cognitive
control, interference detection, and top-down processes*®**-*. We estimated DTF for both general task- and
interference-related connectivity. For general (across conditions) task-related connectivity, DTF estimates were
calculated for all correct trials, irrespective of the congruency. For interference-related connectivity, DTF esti-
mates were calculated as the difference across the incongruent and congruent correct trials. In both cases,
multivariate DTF estimates were calculated for all possible connections between selected ROIs within FPN and
CON. To investigate potential differences in general task-related and interference-related connectivity between
lower-fit and higher-fit children, we used unpaired t-test contrasts. Given the multiple comparisons in connectiv-
ity data, we applied false discovery rate (FDR) corrections®’. Extreme outliers were removed using the criterion
Q1/Q3 +3 IQR*. The number of remaining participants by group and connections is reported in Tables 2 and
3, along with the DTF results.

Brain-behavior correlation analyses

Additional brain-behavioral correlation analyses were conducted when significant differences in DTF estimates
between lower-fit and higher-fit children were observed. By performing these correlations, we aimed to determine
whether the observed changes in DTF estimates could be linked to behavioral performance. To perform these
correlations, we utilized two-sided correlations while controlling for potential confounding variables, including
the sex and age of participants. Given the relatively low sample size within each fitness group, these relationships
were assessed across the whole sample to increase the statistical power and reliability of the results. By doing so,
we aimed to identify general trends and associations between brain connectivity and behavioral outcomes that
may not be detectable within smaller subgroups. As such, the results of these correlation analyses provide insight
into the potential mechanisms underlying the observed cognitive benefits associated with higher fitness levels.

Results
Behavioral performance
Table 1 presents the mean response accuracy and RT categorized by fitness groups.

The observed results correspond to the pattern reported by Pontifex et al.>, encompassing both compat-
ible and incompatible versions of the flanker task. Overall, the analyses performed on a compatible subset of
the Pontifex et al.” data confirmed the presence of the interference effects and greater general task accuracy of
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‘ Lower-fit Higher-fit

Response accuracy (%)

General performance* 78.91+8.89 | 84.71+7.14

Interference effect 12.01+£11.37 | 10.00+7.63
Congruent* 84.92+9.01 89.71+8.18
Incongruent* 72.91+11.90 | 79.71+£8.02
Response time (ms)

General performance 541+95 538+106
Interference effect 55+56 76+53
Congruent 515+97 503 +96
Incongruent 570+100 580+123

Table 1. Behavioral results (M + SD) for lower- and higher-fit children. *significant difference between lower-
and higher-fit children as assessed by independent t-test.

General task-related connectivity Interference-related connectivity
Direction t Df |p d n(HF/LF) |t Df |p* d n (HF / LF)!
dACC— Lal -2.03 41 |0.024* -0.620 |21/22 -0.420 |41 |0.662 |-0.129 |20/23
dACC— Ral 0.18 39 10.569 0.055 21/20 -1.320 |40 |0.903 |-0.408 |21/19
dACC— RaPFC 0.24 42 10.593 0.071 21/23 —1.285 |40 |0.897 |-0.396 |21/21
dACC — LaPFC 0.06 41 | 0.524 0.018 20/23 0.480 45 10.317 |0.140 23/24
Lal—>dACC 0.80 42 (0.787 0.243 21/23 0.254 42 (0.400 |0.077 21/23
Lal— Ral -0.49 40 (0314 —-0.151 |22/20 —-0.278 |40 |0.609 |-0.086 |21/21
Lal — RaPFC -1.50 41 [0.071 -0.458 |21/22 1.261 39 10.107 |0.395 19/22
Lal — LaPFC -0.74 39 10471 -0.023 |21/20 0.043 37 10483 |0.014 21/18
Ral - dACC 0.37 38 [0.644 0.118 19/21 -0.548 |38 |0.706 |-0.173 |20/20
Ral — Lal -2.39 44 10.011* | -0.695 |23/23 1.849 44 10.036 |0.545 23/23
Ral — RaPFC -3.77 41 | <.001* |-1.150 |22/21 -0.060 |40 |0.524 |-0.019 |21/21
Ral — LaPFC -1.14 42 |0.131 -0.344 |21/23 0.308 41 |0.380 |[0.094 21/22
RaPFC—dACC -3.39 43 | <.001* |-1.009 |23/22 0.058 39 (0477 |0.018 20/21
RaPFC — Lal -2.00 42 10.026 -0.605 |21/23 1.912 42 10.031 |0.577 22/22
RaPFC— Ral -0.65 40 |0.260 -0.200 |21/22 -0.597 |35 ]0.723 |-0.196 |19/18
RaPFC — LaPFC -2.31 43 10.013* | -0.686 |22/23 0.978 43 |0.167 |0.292 23/22
LaPFC—dACC -0.63 41 | 0.265 -0.193 | 21/22 0.630 42 10.266 |0.190 22/22
LaPFC— Lal -1.33 39 10.096 —-0.416 |20/21 0.488 39 (0314 |0.152 21/20
LaPFC — Ral -0.79 40 |0.217 —-0.244 |22/20 0.176 39 10431 |0.055 19/22
LaPFC— RaPFC -0.013 |40 |0.495 -0.004 |19/19 -0.351 |41 |0.636 |-0.107 |20/23

Table 2. Effective connectivity results. Independent t-test between Lower-Fit (LF) and Higher-fit (HF)
children for all connections within the cingulo-opercular network. dACC =Dorsal anterior cingulate cortex;
Lal = Left anterior insula; Ral = Right anterior insula; RaPFC = Right anterior prefrontal cortex; LaPFC = Left
anterior prefrontal cortex; the bolded text indicates connectivity assessments that are statistically significant;
*significant after FDR correction; 'after extreme outlier removal.

higher-fit children. Specifically, participants exhibited higher accuracy (87.31 + 8.84%) and shorter reaction times
(509+95 ms) in the congruent condition compared to the incongruent condition (76.31£10.61%; 575+ 111 ms)
[#(47)=7.91, p<0.01, d=1.14; H(47) =8.27, p<0.01, d=1.19 for accuracy and reaction time, respectively]. Regard-
ing general task accuracy, higher-fit children displayed significantly higher performance than lower-fit children
(78.91+£8.89% vs. 84.71 £7.14%; t(46) = —2.49, p=0.008, d =—0.72). However, there were no significant dif-
ferences between lower-fit and higher-fit children regarding general task reaction time, interference effect for
accuracy, or reaction time.

Effective connectivity

Tables 2 and 3 present the lower-fit and higher-fit group comparisons for DTF estimates among ROIs within the
CON and FPN, respectively. Figure 1 depicts the significant changes in DTF estimates observed across lower-fit
and higher-fit children and highlights brain-behavior correlations. Figure 2 shows bar plots illustrating significant
differences in DTF estimates between lower-fit and higher-fit children. Within the cingulo-opercular network,
higher-fit children exhibited greater general task-related connectivity compared to lower-fit children in five
specific directions: from dACC to 1AI [#(41) =-2.03, p=0.02, d=—-0.62], from rAI to 1AI [#(44) =-2.39, p=0.011,
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General task-related connectivity Interference-related connectivity
Direction t Df |p d n(HF/LF) |t Df |p* d n (HF / LF)!
IDLPFC—1IPS -0.956 |42 |0.172 |-0.289 |21/23 1.022 |40 |[0.156 0.316 | 20/22
IDLPFC — rDLPFC 0.042 39 |0.516 |0.013 21/20 1.534 |39 |0.066 0.481 | 22/19
IDLPFC — rIPS 0.565 41 [0.712 |0.173 20/20 -0.141 |36 |0.556 |-0.046 |19/19
IIPS —IDLPEC 0.220 39 10.586 | 0.069 20/21 -0.688 |38 |0.752 |-0.220 |21/19
1IPS— rDLPFC 0.330 40 |0.628 |0.102 20/22 0945 |41 |0.175 0.289 | 23/20
1IPS — rIPS -0.039 |40 |0.484 |-0.012 |22/20 0.330 |38 [0.372 0.105 | 21/19
rDLPFC — IDLPFC 0.060 43 10.524 |0.018 23/22 -0.824 (35 |0.792 |-0.271 |18/19
rDLPFC—1IPS 0.090 41 [0.536 |0.027 21/22 0.191 |41 |0.425 0.058 | 21/22
rDLPFC — rIPS -0.435 |38 |0.333 |-0.138 |20/20 0.087 |36 |0.466 0.028 | 19/19
rIPS—IDLPFC -1.091 |40 |0.141 |-0.337 |20/22 -0.760 |38 |0.774 |-0.240 |20/20
rIPS—1IPS —1.346 |40 |0.093 |-0.417 |22/20 -1.568 |40 [0.938 |-0.484 |21/21
rIPS— rDLPFC 0.880 40 |0.808 |0.272 21/21 -0.560 |40 |0.711 |-0.174 |22/20

Table 3. Effective connectivity results. Independent t-test between Lower-Fit and Higher-fit children for all
connections within the fronto-parietal network. IDLPFC = Left dorso-lateral prefrontal cortex; rDLPFC =Right
dorsolateral prefrontal cortex; 1IPS = Left intraparietal sulci; rIPS = Right intraparietal sulci; 'after extreme
outlier removal.

d=-0.70], from rAl to raPFC [#(41) =—3.77, p<0.001, d=—1.15], from raPFC to dACC [#(43) =-3.39, p<0.001,
d=-1.01], and from RaPFC to LaPFC [#(43)=-2.31, p=0.013, d=—0.69. The connection from raPFC to 1AI
[£(42)=-2.00, p=0.026, d=—0.65] did not survive the FDR correction. Additionally, higher-fit children demon-
strated decreased interference-related connectivity in two directions: from rAlI to 1AI [#(44) =—1.85, p=0.036,
d=0.55] and from raPFC to lAI [#(42)=1.92, p=0.025, d=0.58]. Yet, these connections were not significant
after the FDR correction. In contrast, no significant differences between lower-fit and higher-fit children in DTF
estimates were observed between any ROIs within the fronto-parietal network.

Brain-behavioral correlations

Brain-behavioral correlations were performed between general task performance scores (accuracy, RT) and
estimates of general task-related connectivity for five directions that differed across lower-fit and higher-fit
children (FDR-corrected): (1) dACC to 1AL (2) rAl to 1AL (3) rAl to raPFC; (4) raPFC to dACC, and (5) raPFC
to IAI The first four of these connections were positively related to general task accuracy: (1) dACC to 1AI
[rho=0.31, p=0.045 ]; (2) rAI to 1AI [rho =0.34, p=0.025]; (3) rAl to raPFC [rho=0.34, p=0.030]; 4) raPFC to
dACC [rho=0.33, p=0.029], and 5) raPFC to LaPFC [rho=0.01, p=0.931]. Figure 3 shows scatter plots illus-
trating significant correlations. Moreover, interference-related connectivity from rAl to 1AI and from raPFC to
1AI (FDR-not-corrected) was examined for correlations with interference scores. However, none of these effects
reached significance (all p-values > 0.05).

Discussion

This study investigated the relationship between cardiorespiratory fitness, cognitive performance in an inhibi-
tion task, and neural effective connectivity in preadolescent children. We confirmed that children with higher
cardiorespiratory fitness levels demonstrated significantly better general response accuracy than their less fit
counterparts. Novel to this investigation, the effective connectivity patterns indicated that the higher accuracy
of higher-fit children was linked to enhanced task-induced connectivity within the cingulo-opercular network
but not the frontal-parietal network. Brain-behavior correlation analyses revealed that most of the connections
that were stronger in higher-fit children positively correlated with general task accuracy.

Behavioral findings

In line with previous investigations and the analysis performed by Pontifex et al.’ on a complete dataset, higher-
fit children exhibited higher accuracy compared to lower-fit children'”'. These performance differences were
not attributed to a tradeoff between response speed and accuracy, as there were no group differences in reaction
times. These findings are consistent with other studies examining inhibitory tasks in preadolescent children,
wherein effects have been predominantly observed in response accuracy rather than response speed'®. The
current findings strengthen the argument that response accuracy is a more meaningful outcome measure for
children, given their tendency to prioritize response speed over accuracy'’. However, unlike some prior studies,
our investigation found no significant relationships between fitness and interference scores, which would have
indicated a selective association between fitness and cognitive control®?. Instead, our findings align with studies
reporting the association between fitness and general (across conditions) performance®*®¢!. It is important to
acknowledge that the absence of group effects for interference scores could be attributed to the specific samples
tested, as selective associations were reported in a reanalysis of a large aggregate dataset of over 700 children'.
Results reported by Raine et al.'® also suggested that the relationships between fitness and interference scores
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A. General task-related connectivity B. Conflict-related connectivity
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Fig. 1. Significant Differences in Effective Connectivity between lower-fit (LF) and higher-fit (HF) children
within the Cingulo-Opercular Network. Panel (A) displays the differences in general task-related connectivity.
The arrows represent connections that are stronger in HF children than in LF children. The thickness of the
arrows is proportional to the magnitude of the estimated effect size for each group difference (note that this
representation is for illustrative purposes only, such that thicker arrows reflect larger effect sizes)'. The yellow
arrows indicate connections positively correlated with task performance, meaning that higher estimates of
effective connectivity were associated with greater general accuracy®. Gray arrows (FDR corrected) and white
arrows (FDR uncorrected) indicate connections that were not correlated with task performance. Panel( B)
shows the differences in interference-related connectivity (incongruent minus congruent trials) between LF
and HF children. The purple arrows indicate stronger connections in LF children than in HF children. Brain-
behavior correlations were not significant here. No significant differences in effective connectivity within the
fronto-parietal network were observed between LF and HF children. * Results significant after FDR corrections.
dACC=Dorsal anterior cingulate cortex; Lal = Left anterior insula; Ral = Right anterior insula; RaPFC =Right
anterior prefrontal cortex; LaPFC = Left anterior prefrontal cortex; IDLPFC = Left dorso-lateral prefrontal cortex;
rDLPFC=Right dorsolateral prefrontal cortex; IIPS =Left intraparietal sulci; rIPS =Right intraparietal sulci.

may be more subtle than the relationship with general accuracy. Thus, the effect may not consistently emerge
in all tested samples.

Connectivity findings

The novel aspect of our investigation was the evaluation of task-related effective connectivity estimates within
two essential networks implicated in cognitive control: the CON, responsible for implementing general task
sets across trials, and the FPN, which adapts control on a trial-by-trial basis**~*’. Our findings revealed distinct
connectivity patterns within the CON, but not the FPN, between lower-fit and higher-fit children.

Consistent with our hypothesis, higher-fit children exhibited greater across-condition connectivity within the
CON. Heightened connectivity was observed in five (six when FDR uncorrected) specific connections between
structures involved in this network (see Fig. 1 Panel A). Each of these structures plays a vital role in cognitive
control. The dorsal anterior cingulate cortex (dACC) is involved in the preparation and maintenance of control
signals during the task®’; the anterior insula region (al, sometimes labeled ventrolateral prefrontal cortex) is
identified as a network hub responsible for representing general, across-trials task rules®*®%; and finally, the
anterior prefrontal cortex (aPFC) is associated with representations of more complex task strategies®*¢. Thus,
increased connectivity within the CON suggests that higher-fit children had more active domain-independent
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Fig. 2. Bar plots illustrating significant differences in Effective Connectivity between lower-fit and higher-
fit children within the Cingulo-Opercular Network. Panel( A) depicts differences in general task-related
connectivity. Panel( B) shows differences in interference-related connectivity (incongruent minus congruent
trials).

"task mode"®?*. That is, higher-fit children may outperform lower-fit children on inhibition tasks because of
effective connectivity differences within the CON, which underlie domain-general rules that govern, amongst
other, cognitive control. Brain-behavioral correlations further strengthen this reasoning. Most of the connec-
tions that were strengthened in higher-fit children (four out of five) displayed a positive correlation with general
task accuracy. This not only supports the functional significance of the CON as a domain-general network but
also implies that differences in CON connectivity between higher-fit and lower-fit children bear relevance to
behavioral differences.

In addition to the heightened general connectivity, our hypothesis was partially supported by the observa-
tion of lower interference-related connectivity within the CON in higher-fit children, indicating fewer across-
condition adjustments within this network (less interference costs). That is, previous reports have demon-
strated lower behavioral interference in higher-fit compared to lower-fit children using flanker tasks®??, and
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Figure3. Brain-behavioral correlations. Scatterplots with regression lines are presented for the significant
relationships between connectivity estimates and general flanker accuracy. Each plot delineates connections that
exhibited differences across lower- and higher-fit children. Low-fit individuals are represented by red circles,
while high-fit individuals are represented by yellow circles. Specifically, Panel( A) depicts the connectivity

from the right anterior prefrontal cortex to the dorsal anterior cingulate cortex (RaPFC — dACC); Panel ( B)
displays the connectivity from the dorsal anterior cingulate cortex to the left anterior insula (JACC — LaI).
Panel ( C)showcases the connectivity from the right anterior insula to the left anterior insula (Ral — LalI).

Panel ( D)demonstrates the connectivity from the right anterior insula to the right anterior prefrontal cortex
(Ral — RaPFC).

the interference-related findings in the CON reported herein appear to support, or at least are consonant with,
these prior findings. However, this effect was limited to only two directions, did not pass the FDR corrections,
and had no significant relationship with behavioral performance, thus providing partial support (see Fig. 1,
Panel B). Regardless, this effect might be interpreted as greater neural efficiency of higher-fit children since they
demonstrated reduced connectivity strength in circuits not directly associated with task performance. Instead,
higher-fit children exhibited stable activity in CON network that subserved better task performance. It is also
possible that higher interference-related connections in lower-fit children represent higher neural interference
costs that were not detected at the behavioral level. Thus, it might be possible that effective connectivity measures
may be more sensitive than behavioral measures in detecting interference costs. Clearly, future work will need
to unpack these connectivity and behavioral findings to better understand their relationship.
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The findings related to connectivity within the CON align with behavioral observations, suggesting that
higher-fit children displayed general rather than selective inhibitory performance enhancement. The activa-
tion of the CON remains elevated throughout the entire task performance period in higher-fit children, with
no excess task-irrelevant activity. In summary, these findings suggest that heightened connectivity within the
cingulo-opercular network mediates the cognitive advantages linked to elevated fitness levels.

Contrary to our expectations, the estimates of effective connectivity within the FPN showed no significant
differences between lower-fit and higher-fit children. This finding contradicts previous studies that reported
increased functional connectivity within different networks as a function of fitness in children during resting-
state f/MRI measurements'*~2"’. Notably, however, network patterns during rest can significantly differ from
those assessed during tasks and may not necessarily translate to task performance outcomes®. For enhanced
comparability with fMRI results, future EEG studies should include measurements of effective connectivity
during the resting state. Still, the lack of observed effects within the FPN is also inconsistent with findings from
a task-related EEG functional connectivity study*. Our study focused on effective connectivity, which, unlike
functional connectivity, examines direct influences between two brain structures. While functional connectivity
captures connections between structures coactivating simultaneously, effective connectivity assesses whether
one structure directly influences another. Thus, in our approach, a connection would only be present if there is a
demonstrable influence between the two structures rather than solely their simultaneous activation. Finally, the
Kamijo et al.* study used a visual search task rather than a flanker task, and greater task-related functional con-
nectivity in higher-fit children was only observed under more demanding task conditions. In contrast, lower-fit
children showed no difference in connectivity assessment across the conditions. This selective effect reported
by Kamijo et al. aligns with the postulated function of the FPN, which is thought to exert top-down control of
attention on a trial-by-trial basis?*. On the other hand, our study observed only behavioral effects across task
conditions, which might explain the lack of effects in the FPN. Higher-fit and lower-fit children did not differ
significantly in interference scores, suggesting that their trial-to-trial adjustment of cognitive control, realized
by the FPN, could be similar. To better understand differences between lower-fit and higher-fit children in FPN
activation, future studies should investigate whether differences in effective connectivity arise when using tasks
that better modulate trial-by-trial inhibitory demand, leading to larger interference scores.

Opverall, the synthesis of behavioral and neural findings in this study strongly supports the notion that higher-
fit children outperform their lower-fit counterparts, both behaviorally and in terms of brain-related advantages.
This study suggests that the benefits of being fit extend beyond specific cognitive functions to general improved
functioning, but future research should continue to pursue the general vs. selective nature of this relationship.
Still, increased connectivity across trials in the CON suggests that higher-fit children can better maintain a
domain-general task set than their less-fit peers. This ability enables individuals to perform a wide range of tasks
across different domains or contexts, and therefore, it could be particularly crucial in academic settings, suggest-
ing that these children may excel in various school tasks. Specifically, higher-fit children may possess superior
abilities to sustain a task set while executing different goals. Their attentional may bias cognitive processes even
before the task begins, enabling them to sustain it throughout the task. This ability may enable them to concen-
trate more effectively on a given task, stay on course, and, in case of distraction, quickly return to the task at hand.

Strengths and limitations

A key strength of this study is the novel application of effective connectivity measures, which allows for a deeper
understanding of the underlying brain mechanisms associated with fitness-related benefits. By estimating effec-
tive connectivity within the CON and FPN, we could examine the interactions between the involved brain regions
and gain valuable insights into the neural basis of the fitness-cognitive control relationship. The findings revealed
dependencies within the CON, which not only correlated with task performance but also provided evidence of
the functional relevance of this network in supporting cognitive control. Furthermore, the DTF method proved
valuable in elucidating the brain basis of cognitive processes and understanding the connectivity dynamics
within the networks under investigation. It is important to acknowledge the limitations of this investigation. The
cross-sectional design of the study does not allow for causal conclusions. Therefore, future research employing
randomized control trials would be valuable in establishing causality and further understanding the effects of
cardiorespiratory fitness on cognitive control and underlying patterns of effective connectivity. Such interven-
tion studies could provide valuable insights into the role of enhancing cardiorespiratory fitness as a strategy to
improve cognitive control and overall brain health, not only in healthy children but also in those with various
neurological or developmental conditions®. Nonetheless, these findings are specific to neurotypical children
aged 8-10 years who were able to complete maximal exercise testing. Therefore, future research should explore
whether these results are applicable to neurodivergent children, children unable to complete treadmill tests, and
older age groups such as adolescents and teenagers. Another limitation is the spatial resolution of EEG measure-
ments. While the methods we used provided reasonable spatial accuracy, we relied on MNI coordinates from
previous studies when selecting regions of interest (ROIs). As MNI is a template of averaged brains, this approach
may introduce potential errors regarding the exact localization of structures in individual brains. Future studies
should consider utilizing individual MRI scans of children to determine the precise location of ROI individually
for each individual. Finally, in this study, our focus was on two brain networks that play a crucial role in cogni-
tive control. However, these networks are not the sole players in cognitive control. Other neural networks are
likely involved, and future research should also explore their contributions and mutual interactions. Employing
different research approaches, such as full brain connectivity analysis, would be valuable in gaining a more
comprehensive understanding of the complex neural mechanisms underlying cognitive control.
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Conclusions

In conclusion, the findings presented in this study replicate and extend previous research that highlights positive
associations between children’s fitness, cognitive performance, and brain health. By employing the effective con-
nectivity method, the study provides a novel and deeper understanding of how cognitive processes operate at the
neural level in preadolescent children of varied fitness. The study also underscores the significance of effective
connectivity as a powerful tool for investigating the intricate neural underpinnings of cognitive functioning.

Data availability

All current study data are available from the corresponding author on request.
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