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A B S T R A C T

Objectives: Physical fitness is a modifiable factor associated with enhanced brain health during childhood. To our
knowledge, the present study is the first to examine: (i) whether physical fitness components (i.e., cardiorespira-
tory, motor and muscular fitness) are associated with resting state functional connectivity of hippocampal seeds
to different cortical regions in children with overweight/obesity, and (ii) whether resting state hippocampal func-
tional connectivity is coupled with better academic performance.
Patients and methods: In this cross-sectional study, a total of 99 children with overweight/obesity aged 8–11 years
were recruited from Granada, Spain (November 2014 to February 2016). The physical fitness components were
assessed following the ALPHA health-related fitness test battery. T1-weighted and resting-state fMRI images were
acquired with a 3.0 Tesla Siemens Magnetom Tim Trio system. Academic performance was assessed by the Wood-
cock-Muñoz standardized test. Hippocampal seed-based procedures with post-hoc regression analyses were per-
formed.
Results: In the fully adjusted models, cardiorespiratory fitness was independently associated with greater hip-
pocampal connectivity between anterior hippocampus and frontal regions (β ranging from 0.423 to 0.424,
p < 0.001). Motor fitness was independently associated with diminished hippocampal connectivity between
posterior hippocampus and frontal regions (β ranging from −0.583 to −0.694, p < 0.001). However, muscu-
lar fitness was not independently associated with hippocampal functional connectivity. Positive resting state
hippocampal functional connectivity was related to better written expression (β ranging from 0.209 to 0.245;
p < 0.05).
Conclusions: Physical fitness components may associate with functional connectivity between hippocampal sub-
regions and frontal regions, independent of hippocampal volume, in children with overweight/obesity. Particu-
larly, cardiorespiratory fitness may enhance anterior hippocampal functional connectivity and motor fitness may
diminish posterior hippocampal functional connectivity. In addition, resting state hippocampal functional con-
nectivity may relate to better written expression.

1. Introduction

The hippocampus is a subcortical region of the human brain known
for its neuroplasticity throughout the lifespan and important role in
learning and memory (Raz et al., 1991; Erickson et al., 2011).

Childhood is a critical period of neurodevelopment in which matu-
ration of the hippocampus, as well as increased levels of hippocam-
pal neurogenesis, are observed (Hueston et al., 2017). Hippocampal
volume is sensitive to numerous neurologic and psychiatric conditions
(e.g., depression, schizophrenia, Alzheimer’s disease) (Huijbers et al.,

Abbreviations: ALPHA, Assessing Levels of Physical fitness and Health in Adolescents; BET, brain extraction tool; BOLD, blood-oxygen-level-dependent; FIRST, FMRIB’s Integrated
Registration and Segmentation Tool; FOV, field of view; FSL, FMRIB’s Software Library; MNI, Montreal Neurological Institute; MRI, Magnetic Resonance Imaging; MPRAGE, magnetiza-
tion-prepared rapid gradient-echo; PHV, peak height velocity; rsfMRI, resting-state fMRI; TE, echo time; TI, inversion time; TR, repetition time.
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2015; Voss et al., 2013; Liu et al., 2017; Nakahara et al., 2018),
as well as metabolic diseases (e.g., obesity) (Mestre et al., 2005). For
example, children who are overweight or obese have reduced hippocam-
pal volume, which is associated with poorer academic performance,
compared to normal-weight children (Mestre et al., 2005; Kamijo
et al., 2012). In contrast, physical fitness is a modifiable factor that
has been associated with enhanced brain health during childhood (Don-
nelly et al., 2016). Specifically, volumetric studies in children suggest
that higher cardiorespiratory fitness and motor fitness, but not muscu-
lar fitness, are associated with greater gray matter volume in distinct
subcortical regions, including the hippocampus (Esteban-Cornejo et
al., 2017; Chaddock et al., 2010a, 2010b); and in turn, greater hip-
pocampal volume is associated with better relational memory and aca-
demic performance (Esteban-Cornejo et al., 2017; Chaddock et al.,
2010). However, it is unknown whether different physical fitness com-
ponents (i.e., cardiorespiratory, motor, and muscular fitness) measured
in children differentially associate with hippocampal function as well as
the behaviors that it supports.

Animal studies provide the foundation for the hypothesis that car-
diorespiratory fitness may promote the integration of new neurons into
existing brain networks through system-wide mechanisms that enhance
neuronal growth and survivability (Voss et al., 2013; Cotman et al.,
2007). Indeed, the hippocampus, a primary site for exercise-induced
neuroplasticity, has widespread connections with association cortices,
including strong connections with the frontal and temporal cortex, and
projections to the parietal and lateral occipital cortex through cingulate
pathways (Miller, 1991). Two studies, both in young adults, have ex-
amined associations between cardiorespiratory fitness and resting state
hippocampal functional connectivity (Stillman et al., 2018; Kronman
et al., 2019). Stillman et al. found that higher cardiorespiratory fitness
was associated with more positive resting state functional connectivity
of the anterior hippocampus to several regions including the prefrontal
cortex (Stillman et al., 2018). Kronman et al., in a small sample of 25
participants aged 20 to 33 years, showed that cardiorespiratory fitness
predicted causal influence from the hippocampus to other regions of the
default mode network and vice versa (Kronman et al., 2019). Among
children, while two studies on cardiorespiratory fitness and task-evoked
activation patterns showed variations in brain circuits involved in execu-
tive function (Voss et al., 2011; Chaddock et al., 2012), there are no
studies examining how physical fitness may relate to variation in rest-
ing state hippocampal functional connectivity and its coupled relation to
academic performance. Importantly, regionally-specific functional acti-
vation in the brain does not occur in isolation and may indirectly affect
the functioning of other brain regions; as such resting state functional
connectivity could shed light on the intrinsic communication patterns
between physically disparate brain regions. Understanding how these
patterns are modulated by physical fitness performance would help de-
velop public health and educational strategies, since exercise programs
improve physical fitness levels, which in turn, may positively influence
brain functioning (Stillman et al., 2019). This is particularly relevant
in the context of childhood obesity, since overweight and obese chil-
dren have poorer executive function and academic performance, and
disrupted brain network organization compared to normal-weight chil-
dren (Kamijo et al., 2012, 1991; Augustijn et al., 2005).

To our knowledge, the present study is the first to investigate in
children whether individual variability in hippocampal functional con-
nectivity is explained by variation in physical fitness. We examined:
(i) whether physical fitness components (i.e., cardiorespiratory, motor
and muscular fitness) are associated with resting state functional con-
nectivity of the hippocampus to different cortical regions in children
with overweight/obesity, and (ii) whether resting state hippocampal
functional connectivity is coupled with better academic performance.
We conducted these analyses using anterior and posterior hippocam-
pal seeds separately since a previous study in healthy young adults re-
ported stronger associations between cardiorespiratory fitness and ante

rior regions of the hippocampus than posterior regions (Stillman et
al., 2018). We hypothesized that physical fitness components will be
differently correlated with connectivity of the hippocampus and that
the associations might be particularly salient for anterior hippocam-
pal resting state functional connectivity, since several studies in adults
showed stronger associations between cardiorespiratory fitness and an-
terior regions of the hippocampus than posterior regions (Erickson et
al., 2011, 2009; Stillman et al., 2018). Finally, we also hypothesized
that resting state hippocampal functional connectivity would be coupled
with better academic performance in children with overweight/obesity,
since brain structure and function have been previously shown to be as-
sociated with academic performance in children (Esteban-Cornejo et
al., 2017, 2019; Chaddock-Heyman et al., 2018).

2. Methods and materials

2.1. Study design

For the present cross-sectional study, we used baseline data, which
were collected prior to randomizing children to treatment group (i.e.,
exercise, control). Data were obtained from the ActiveBrains project
(http://profith.ugr.es/activebrains). Detailed information about the
study method is available elsewhere (Cadenas-Sanchez et al., 2016).
In brief, the ActiveBrains project is a randomized controlled trial de-
signed to examine the effects of an exercise program on brain, cognition
and academic performance, as well as on selected physical and mental
health outcomes in children with overweight/obesity.

2.2. Participants

Participants were recruited from Granada, Spain. A total of 110 chil-
dren aged 8–11 participated in the project. Baseline data were collected
from November 2014 to February 2016. There were 99 children with
overweight/obesity (10.0 ± 1.1 years; 40% girls) with complete base-
line data on physical fitness, brain outcomes and academic performance.
For each participant, all assessments were performed in a 4-days win-
dow. Parents or legal guardians were informed of the purpose of the
study and written informed parental consents were obtained. The Ac-
tiveBrains project was approved by the Human Research Ethics Commit-
tee of the University of Granada, and was registered in ClinicalTrials.gov
(identifier: NCT02295072).

2.3. Physical fitness

Physical fitness was assessed following the ALPHA (Assessing Levels
of Physical fitness and Health in Adolescents) health-related fitness test
battery for youth, which is a valid, reliable, feasible, and safe assess-
ment of health-related physical fitness in this age group (Ruiz et al.,
2011; Castro-Pinero et al., 2010; Ortega et al., 2005). The physi-
cal fitness components assessed were cardiorespiratory, motor and mus-
cular fitness, which have been extensively used in previous studies (Es-
teban-Cornejo et al., 2017, 2019, 2014; Cadenas-Sanchez et al.,
2020; Mora-Gonzalez et al., 2019a, 2019b; Muntaner-Mas et al.,
2018). All tests were performed in a single session assessed by trained
researchers in a familiar environment and warm-up was not required.

Cardiorespiratory fitness was assessed by the 20-m shuttle-run test.
The test was performed once and always at the end of the fitness testing
session. Participants were required to run between two lines 20-m apart,
while keeping pace with a pre-recorded audio CD. The initial speed was
8.5 km/h, which was increased by 0.5 km/h each minute (1 min = 1
stage). The last stage completed was recorded and transformed to max-
imal oxygen consumption (VO2max, mL/kg/min) using the Léger equa-
tion (Leger et al., 1988).

Motor fitness was assessed with the 4 × 10-m shuttle-run test of
speed-of-movement, agility and coordination. The test was performed
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twice and the fastest time was recorded in seconds (Vicente-Rodriguez
et al., 2011). Participants were required to run back and forth twice
between two lines 10-m apart. Since a longer time indicates poorer per-
formance (i.e., the person is slower and less agile and coordinated), the
variable expressed in seconds was inverted by multiplying by −1, so that
a higher score indicates better performance.

Muscular fitness was assessed using maximum handgrip strength and
the standing long jump tests (Artero et al., 2012). A hand dynamome-
ter with an adjustable grip was used (TKK 5101 Grip D, Takey, Tokyo
Japan) for the handgrip strength test. The participant squeezed the dy-
namometer continuously for at least 2-s, alternatively with right and left
hand, with the elbow in full extension (Espana-Romero et al., 2010).
The test was performed twice and the maximum score for each hand was
recorded in kilograms (kg). The average score of the left and right hands
was calculated in kg as an absolute measurement of upper body muscu-
lar fitness (Espana-Romero et al., 2010; 2008). Standing long jump
test was performed from a starting position behind a line, standing with
feet approximately shoulder width apart (Castro-Pinero et al., 2010).
The test was performed three times. The longest distance was recorded
in centimeters, and subsequently multiplied by body weight in order to
obtain an absolute measurement of lower body muscular fitness. A sin-
gle muscular fitness score was computed from the two muscular tests.
The individual score of each test was standardized as follows: Z-stan-
dardized value = (value − the sample mean)/SD. The muscular fitness
score was calculated as the mean of the two standardized scores.

2.4. Magnetic resonance imaging (MRI)

Structural and functional images were collected on a 3.0 Tesla
Siemens Magnetom Tim Trio system (Siemens Medical Solutions, Er-
langen, Germany) with a 32-channel head coil. High-resolution
T1-weighted images were acquired using a 3D magnetization-prepared
rapid gradient-echo (MPRAGE) protocol. The parameters were as fol-
lows: repetition time (TR) = 2300 ms, echo time (TE) = 3.1 ms, in-
version time (TI) = 900 ms, flip angle = 9°, field of view
(FOV) = 256 × 256, acquisition matrix = 320 × 320, 208 slices, reso-
lution = 0.8 × 0.8 × 0.8 mm, and scan duration of 6 min and 34 s (Es-
teban-Cornejo et al., 2017; 2019). The resting-state fMRI (rsfMRI)
data consisted of a series of 160 scans acquired using a Gradient Echo
Pulse Sequence while participants rested with eyes closed. The para-
meters were as follows: TR = 1000 ms, TE = 25 ms, flip angle = 80°,
FOV = 240 mm, acquisition matrix = 240 × 240, 35 slices, resolu-
tion = 3.5 × 3.5 × 3.5 mm, and scan duration of 5 min and 25 s.

2.5. Academic performance

Academic performance was assessed by the Spanish version of the
Woodcock-Johnson III (i.e., the Bateria III Woodcock-Muñoz Tests of
Achievement). This battery is a well validated measure of academic
performance (McGrew and Woodcock-Johnson, 2001). All the tests
were individually administered by a trained evaluator in one session of
100–120 min. The data collected for each participant was independently
checked by two trained evaluators. The main dependent measures in this
study were the standard scores of 5 academic indicators: mathematics,
reading, writing, written expression and total achievement.

2.6. Covariates

Sex and peak height velocity (PHV) were included as covariates in
the main analyses. PHV is a common indicator of maturity in chil-
dren and adolescents (Malina et al., 2015). PHV was obtained from
anthropometric variables (weight, height and/or seated height) using
Moore’s equations (Sharkey et al., 2015). Anthropometric measure

ments were performed twice (weight using an electronic SECA 861 scale
and height using a SECA 225 stadiometer) with participants having bare
feet and wearing underclothes, and averages were used. Years from PHV
were calculated by subtracting the age of PHV from the chronological
age. The difference in years was defined as a value of maturity offset.
Hippocampal seed volume was included as covariate in post-hoc analy-
ses, which allowed us to determine the unique effects of fitness on hip-
pocampal functional connectivity, independent of volume.

2.7. Statistical analysis steps

2.7.1. Preprocessing analysis
Preprocessing steps were carried out in FMRIB’s Software Library

(FSL) version 5.0.7. The following steps were applied via custom scripts:
(i) skull-stripping using brain extraction tool (BET), (ii) spatial normal-
ization of structural image to Montreal Neurological Institute (MNI)
space, (iii) alignment of all rsfMRI frames to correct for head motion
during the scan, (iv) co-registration to each participant’s structural im-
age and spatial normalization to MNI space, as well as visual check
to ensure registration quality, (v) the rsfMRI time courses were then
band-pass filtered (0.1–0.01 Hz) to attenuate respiration and other phys-
iological noise and to focus on signal frequencies associated with in-
trinsic connectivity, (vi) six affine transformation parameters from the
alignment process, as well as the mean time courses from the brain
parenchyma including white matter tissue and ventricles were included
as covariates to further account for motion and physiological noise. We
visually checked each individual image (n = 100) for acquisition arti-
facts, and one child was excluded due to visual image corruption, result-
ing in a total of 99 participants. In addition, we calculated framewise
displacement (M + SD = 0.20 mm ± 0.3), and only two subjects had a
framewise displacement higher than 1.0 mm; when excluding these two
subjects (M + SD framewise displacement = 0.16 mm ± 0.10), results
did not change, and therefore all subjects were included in the analyses.
Lastly, in order to achieve normality, we converted the residualized pa-
rameter estimate maps to z scores (via Fishers r to z transformation) and
entered it into higher level analyses.

2.7.2. Seed creation
For functional connectivity of the hippocampus seeds, we used FM-

RIB’s Integrated Registration and Segmentation Tool (FIRST) in FSL
5.0.7. FIRST, a semi-automated model based subcortical segmentation
tool, uses a Bayesian framework from shape and appearance models ob-
tained from manually segmented images from the Center for Morphome-
tric Analysis, Massachusetts General Hospital, Boston, MA, USA (Pate-
naude et al., 2011). In brief, we performed the following steps: (i) a
two-stage affine registration to a standard MNI space with 1 mm res-
olution using 12 degrees of freedom was run and a subcortical mask
was used to exclude voxels outside the hippocampus; (ii) the hippocam-
pus is separately segmented for each hemisphere. Manual volumetric re-
gion labels are parameterized as surface meshes and modeled as a point
distribution model; (iii) then, the left and right hippocampi were split
based on the center of gravity of the region into anterior and poste-
rior sub-regions using custom scripts. Previous studies showed differ-
ences as a function of cardiorespiratory fitness and exercise when us-
ing this procedure for dividing the hippocampus in adults (Erickson et
al., 2011, 2009; Stillman et al., 2018). The final segmentations of
the hippocampus seeds were visually inspected for quality, and no ad-
ditional adjustments were needed. The gray matter volume of each seed
region was obtained from FIRST in mm3. Fig. 1 shows the masks for the
hippocampal seeds on a representative participant’s MPRAGE and Fig.
S1 on a standard template.

2.7.3. First and second level statistical analyses
Descriptive statistics are presented as means (SD) or percentages us-

ing IBM SPSS Statistics (version 18.0 for Windows; P set at < 0.05).
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Fig. 1. Location of the hippocampal seed regions in each hemisphere derived from FIRST segmentation. The seed masks are presented on a representative subject’s MPRAGE. The colors
represent the hippocampal seeds: pink: anterior hippocampus; blue: posterior hippocampus. A, anterior; L, left; P, posterior; R, right. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

For the statistical analyses of imaging data, voxel-wise functional con-
nectivity network maps were constructed for each seed, for each partic-
ipant using the pre-processed rsfMRI data. These first-level seed maps
were then entered into three separate group-level linear regressions to
identify regions where connectivity with the seed was associated with
cardiorespiratory fitness, motor fitness or muscular fitness. Sex and PHV
were included as covariates in the group-level analyses of functional
connectivity. All variables were mean centered prior to being entered
into group-level models. The clusters in the cerebellum extending to
brain stem regions were discarded in the analyses. Results were cor-
rected for multiple comparisons at p < 0.05 using FSL’s automatic FEAT
cluster-based thresholding, which is a method of Family-Wise Error cor-
rection based on Gaussian Random Field Theory.

In addition, we extracted the blood-oxygen-level-dependent (BOLD)
signals for each significant region to perform post-hoc analyses (IBM
SPSS Statistics). First, we visually detected overlapping between phys-
ical fitness associated clusters for each seed. Second, we averaged the
overlapped extracted signals (i.e., separately for positive and negative
connectivity) for each region. Third, we conducted multiple regression
analyses including the statistically significant physical fitness compo-
nents simultaneously as independent variables for each significant clus-
ter to examine which physical fitness component was driving the asso-
ciations. Finally, we examined the associations between functional con-
nectivity-related physical fitness components and academic performance
adjusted for multiple comparisons separately for positive and negative
connectivity using the Benjamini and Hochberg method (IBM SPSS Sta-
tistics; P set at < 0.05).

3. Results

3.1. Background characteristics

Table 1 shows the characteristics of the study sample. Overall, 26%
of children had overweight and 74% had obesity (43% obesity grade I,
20% obesity grade II and 11% obesity grade III). The average age of the
sample was 10.0 ± 1.1, and 40% were female.

3.2. Positive hippocampal functional connectivity correlates of physical
fitness components

3.2.1. Left and right anterior hippocampus
Greater cardiorespiratory fitness was associated with greater connec-

tivity between the left anterior hippocampus to a cluster in the left su-
perior frontal gyrus that extended to the paracingulate gyrus (k = 413,
z = 3.87). In addition, greater cardiorespiratory fitness was associated
with greater connectivity between the right anterior hippocampus to
a cluster in the right supplementary motor area (k = 384, z = 3.70).
Similarly, greater muscular fitness was associated with greater connec-
tivity between the left anterior hippocampal seed to a cluster in the
left superior frontal gyrus that extended to the paracingulate gyrus
(k = 260, z = 3.51), and with greater connectivity between the right
anterior hippocampus to a cluster in the right supplementary motor
area (k = 257, z = 3.78). No positive motor fitness – connectivity re-
lationships survived correction for the left and right anterior hippocam-
pal seeds (Table 2). Fig. 2 shows the overlap between cardiores-
piratory and muscular fitness clusters. Cardiorespiratory fitness, and
not muscular fitness, was the only component significantly associated
with greater connectivity between the left anterior hippocampal seed
to a cluster in the left superior frontal gyrus that extended to the
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Table 1
Characteristics of study sample.

All Boys Girls

n 99 60 39
Physical characteristics
Age (years) 10.0 ± 1.1 10.2 ± 1.1 9.8 ± 1.1
Peak height velocity (years) −2.3 ± 1.0 −2.7 ± 0.8 −1.8 ± 1.0
Weight (kg) 55.8 ± 11.1 56.7 ± 10.7 54.4 ± 11.7
Height (cm) 143.9 ± 8.3 144.7 ± 7.4 142.7 ± 9.5
Body mass index (kg/m 2) 26.7 ± 3.7 27.0 ± 3.8 26.5 ± 3.4
Body mass index category (%)
Overweight 26 26 26
Obesity grade I 43 45 38
Obesity grade II 20 17 26
Obesity grade III 11 12 10
Physical fitness components
Cardiorespiratory fitness (mL/kg/
min)*

40.8 ± 2.8 40.8 ± 2.8 40.7 ± 2.8

Motor fitness (s) † 15.1 ± 1.6 14.9 ± 1.6 15.4 ± 1.5
Muscular fitness (z-score) ‡ 0.0 ± 0.9 0.0 ± 0.9 0.0 ± 1.0

Values are mean ± SD or percentages. *Measured by the 20-m shuttle run test, Lèger
equation for transforming stage to VO2max (mL/kg/min): [predicted VO2-
max = 31.025 + (3.238 × (8 + 0.5 × last stage com-
pleted)) − (3.248 × age) + (0.1536 × (8 + 0.5 × last stage completed) × age)]. †Mea-
sured by the 4 × 10-m shuttle run test; values were multiplied by −1 before analyses so
that higher values indicate better performance. ‡z-score computed from handgrip strength
(kg) and standing long jump (cm*kg) tests.

paracingulate gyrus (β = 0.423, p < 0.001 for cardiorespiratory fitness
and β = 0.158, p = 0.257 for muscular fitness), and between the right
anterior hippocampus to a cluster in the right supplementary motor
area (β = 0.424, p < 0.001 for cardiorespiratory fitness and β = 0.159,
p = 0.265 for muscular fitness). Results did not change when hippocam-
pal volume or framewise displacement were included in the model (data
not shown).

3.2.2. Left and right posterior hippocampus
Consistent with prior work in adults (Stillman et al., 2018), no

positive fitness – connectivity relationships survived correction for the
left and right posterior hippocampal seeds for any of the physical fitness
components (i.e., cardiorespiratory, motor and muscular fitness).

3.3. Negative hippocampal functional connectivity correlates of physical
fitness components

3.3.1. Left and right anterior hippocampus
Greater motor fitness was associated with less connectivity between

the right anterior hippocampus to clusters located in the left and right
orbitofrontal cortex (k ranging from 285 to 370, z ranging from 3.63 to
3.89). Greater muscular fitness was associated with less connectivity be-
tween the right anterior hippocampus to a cluster located in the right
orbitofrontal cortex (k = 326, z = 3.67) No negative cardiorespiratory
fitness – connectivity relationships survived correction for the left and
right anterior hippocampal seeds (Table 3).

3.3.2. Left and right posterior hippocampus
Greater cardiorespiratory fitness was associated with less connectiv-

ity between the left posterior hippocampus to a cluster in the left pre-
central gyrus extended to the right precuneous (k = 514, z = 3.62).
Further, greater motor fitness was associated with less connectivity be-
tween the left posterior hippocampus to a cluster located in the left and
right precentral gyrus extended to the right anterior cingulate cortex
(k = 4523, z = 4.10); and, greater motor fitness was associated with
less connectivity between the right posterior hippocampus to clusters lo-
cated in the right frontal pole, the left and right precentral gyrus ex

Table 2
Brain regions in which hippocampal connectivity is positively associated with the physical
fitness components (n = 99).

Seed Cluster location X Y Z
Cluster
size

Peak
z

Cardiorespiratory fitness(mL/kg/min)
L
Anterior
H

L superior frontal gyrus to
paracingulate gyrus

−2 16 38 413 3.87

R
Anterior
H

R supplementary motor area 10 −2 60 384 3.70

L
Posterior
H

– – – – – –

R
Posterior
H

– – – – – –

Motor fitness (s −1)
L
Anterior
H

– – – – – –

R
Anterior
H

– – – – – –

L
Posterior
H

– – – – – –

R
Posterior
H

– – – – – –

Muscular fitness (z-score)*

L
Anterior
H

L superior frontal gyrus to
paracingulate gyrus

−4 18 46 260 3.51

R
Anterior
H

R supplementary motor area 8 2 62 257 3.78

L
Posterior
H

– – – – – –

R
Posterior
H

– – – – – –

Analyses were adjusted by sex and peak high velocity (years). Each physical fitness com-
ponent was introduced in separate models. All variables were mean-centered prior to be-
ing entered into group-level models. Analyses were corrected for multiple comparisons
at p < 0.05 using FSL’ automatic FEAT cluster-based thresholding, which is a method of
Family-Wise Error correction based on Gaussian Random Field Theory. Anatomical coor-
dinates (X,Y,Z) are given in Montreal Neurological Institute (MNI) Atlas space.
L, left; R, right.
* Z-score computed from handgrip strength (kg) and standing broad Jump (cm*kg) test.
H, hippocampus;

tended to the left and right anterior cingulate cortex and the left lateral
occipital cortex extended to the left lingual gyrus (k ranging from 286 to
6490, z ranging from 3.41 to 4.28).

Lastly, greater muscular fitness was associated with less connectiv-
ity between the left posterior hippocampus to clusters located in the
left superior frontal gyrus and the right precentral gyrus extended to
right anterior cingulate cortex (k ranging from 242 to 775, z ranging
from 3.16 to 3.78); and, greater muscular fitness was associated with
less connectivity between the right posterior hippocampus to clusters
located in the right anterior cingulate cortex and the right precentral
gyrus (k ranging from 409 to 577, z ranging from 3.25 to 3.79) (Table
3). Fig. 3 shows the overlap between motor and muscular fitness clus-
ters. Motor fitness, but not muscular fitness, was significantly associ-
ated with less connectivity between the left posterior hippocampus seed
to a cluster in the right and left precentral gyrus extended to right
and left anterior cingulate cortex (β = −0.583, p < 0.001 for motor
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Fig. 2. Overlapped brain regions in which left (A) and right (B) anterior hippocampal connectivity is positively associated with both cardiorespiratory and muscular fitness. L, left; R,
right; LAH, left anterior hippocampus; RAH, right anterior hippocampus; SFG, superior frontal gyrus; PacG, paracingulate gyrus; SMA, supplementary motor area. The colors represent the
regions: pink: anterior hippocampal seed (A, left; B, right); red: associated cardiorespiratory fitness regions; green: associated muscular fitness regions; yellow: overlapped regions between
cardiorespiratory and muscular fitness. Scatter plots depict post-hoc regression analyses between the averaged extracted signals for each overlapped region as the dependent variable
and the physical fitness components simultaneously (i.e., cardiorespiratory and muscular fitness) as independent variables adjusted for sex and peak high velocity (years). β values are
standardized. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fitness, and β = 0.139, p = 0.297 for muscular fitness), between the
right posterior hippocampus to a cluster in the right and left precentral
gyrus extended to right and left anterior cingulate cortex (β = −0.694,
p < 0.001 for motor fitness and β = −0.027, p = 0.827 for muscu-
lar fitness) and between the right anterior hippocampus to a cluster in
the right orbitofrontal cortex (β = −0.573, p < 0.001 for motor fitness
and β = 0.062, p = 0.645 for muscular fitness). Results did not change
when hippocampal volume or framewise displacement were included in
the model (data not shown).

3.4. Association between functional connectivity and academic performance

Tables S1 and S2 display the relationship between fitness-related
associations in hippocampal functional connectivity and academic per-
formance adjusting for sex and PHV, after controlling for multiple com-
parisons using the Benjamini and Hochberg method. Positive hippocam-
pal functional connectivity was positively associated with higher writ-
ten expression (β = ranging from 0.209 to 0.245; p ranging from 0.016
to 0.036) (Table S1). There were no significant relationships between
negative fitness-related associations in hippocampal functional connec-
tivity and academic performance indicators (Table S2). Results did not
change when both body mass index and chronological age (instead of
PHV) were additionally included as covariates.

4. Discussion

The main findings of the present study were consistent with our ini-
tial hypothesis showing that different physical fitness components were
selectively associated with functional connectivity between hippocam-
pal subregions and frontal regions in children with overweight/obe-
sity. Mainly, cardiorespiratory fitness was associated with greater hip-
pocampal connectivity between anterior hippocampus and frontal re-
gions, while motor fitness was associated with diminished hippocam-
pal connectivity between posterior hippocampus and frontal regions.
In addition, physical fitness appeared to account for unique portion of
variance in the functional connectivity between hippocampal subregions
and frontal regions, above and beyond hippocampal volume. Lastly, pos-
itive resting state hippocampal functional connectivity was related to
better written expression.

The study of hippocampal functional connectivity in humans has
gained attention in the last decades (Voss et al., 2019). Cardiorespi-
ratory fitness is known to deliver global beneficial effects that shape
the functional connectivity of multiple brain networks (Stillman et al.,
2018; Kronman et al., 2019; Talukdar et al., 1991; Voss et al.,
2010; Ikuta and Loprinzi, 2019). Surprisingly, there are only two
previous human studies focused on cardiorespiratory fitness and hip-
pocampal functional connectivity (Stillman et al., 2018; Kronman
et al., 2019). Using a Granger causality analytical approach, Kronman
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Table 3
Brain regions in which hippocampal connectivity is negatively associated with the physi-
cal fitness components (n = 99).

Seed Cluster location X Y Z
Cluster
size

Peak
z

Cardiorespiratory
fitness (mL/
kg/min)
L Anterior H – – – – – –
R Anterior H – – – – – –
L Posterior H L precentral

gyrus to R
precuneous

−2 −34 54 514 3.62

R Posterior H – – – – – –
Motor fitness
(s −1)
L Anterior – – – – – –
R Anterior H R orbitofrontal

cortex
52 38 −8 370 3.89

L orbitofrontal
cortex

−32 14 −32 285 3.63

L Posterior H L & R precentral
gyrus to L ACC

4 8 30 4523 4.10

R Posterior H R frontal pole 22 44 26 286 4.04
L & R precentral
gyrus to L& R
ACC

8 −8 32 6490 4.28

L lateral
occipital cortex
to L lingual
gyrus

−26 −88 0 417 3.41

Muscular fitness
(z-score)*
L Anterior H – – – – – –
R Anterior H R orbitofrontal

cortex
52 38 −8 326 3.67

L Posterior H L superior
frontal gyrus

−20 −12 42 242 3.16

R precentral
gyrus to R ACC

22 −12 48 775 3.78

R Posterior H R anterior
cingulate cortex

8 −8 32 409 3.79

R precentral
gyrus

22 4 38 577 3.25

Analyses were adjusted by sex and peak high velocity (years). Each physical fitness com-
ponent was introduced in separate models. All variables were mean-centered prior to be-
ing entered into group-level models. Analyses were corrected for multiple comparisons
at p < 0.05 using FSL’ automatic FEAT cluster-based thresholding, which is a method of
Family-Wise Error correction based on Gaussian Random Field Theory. Anatomical coor-
dinates (X,Y,Z) are given in Montreal Neurological Institute (MNI) Atlas space. *Z-score
computed from handgrip strength (kg) and standing broad Jump (cm*kg) test. ACC, ante-
rior cingulate cortex; H, hippocampus; L, left; R, right.

et al. showed that cardiorespiratory fitness predicted the causal connec-
tivity between the hippocampus to other regions of the default mode
network (i.e., ventromedial prefrontal cortex, posterior cingulate cor-
tex, and lateral temporal cortex) and vice versa (from the dorsomedial
prefrontal cortex to the hippocampus) in a small sample of 25 partic-
ipants aged 20 to 33 years (Kronman et al., 2019). Stillman et al.
used hippocampal subregions as seeds, instead of the whole hippocam-
pus, and mainly observed that higher cardiorespiratory fitness was as-
sociated with greater functional connectivity of the anterior hippocam-
pus to the frontal pole, middle frontal gyrus, and parahippocampus in a
sample of 50 adults aged 18 to 38 years (Stillman et al., 2018). The
present findings confirm and extend these previous studies performed in
young healthy adults, showing for the first time how different compo-
nents of physical fitness may relate to hippocampal functional connec-
tivity in children with overweight or obesity.

In particular, we found that greater cardiorespiratory and muscular
fitness were individually associated with greater connectivity between
the anterior hippocampus and common frontal regions. However, nei

ther cardiorespiratory nor muscular fitness enhanced connectivity be-
tween posterior hippocampal seeds and any region in the brain. Further,
there was no association between motor fitness and greater hippocampal
functional connectivity for anterior or posterior seeds. Thus, cardiores-
piratory and muscular fitness may both have overlapping influences on
hippocampal functional connectivity, and these associations are selec-
tive for the anterior hippocampus. Specifically, cardiorespiratory and
muscular fitness were associated with greater connectivity between the
left anterior hippocampus to a cluster in the left superior frontal gyrus,
which extended to paracingulate gyrus and between the right anterior
hippocampus to a cluster in the right supplementary motor area. These
regions are often implicated in supporting working memory, attentional
switching and language processing (Leonard et al., 2009; Hertrich
et al., 2016; du Boisgueheneuc et al., 2006; Beaty et al., 2015),
suggesting that both cardiorespiratory and muscular fitness may benefit
tonic intrinsic communication in specific executive function networks.
Remarkably, in the analyses of overlapping and independent influence,
when we included both cardiorespiratory and muscular fitness as pre-
dictors in the same model, we found that only cardiorespiratory fitness,
and not muscular fitness, was associated with enhanced connectivity be-
tween the anterior hippocampus and those frontal regions. This further
highlights the specificity of cardiorespiratory fitness to enhance func-
tional connectivity between the anterior hippocampus and frontal re-
gions.

Another interesting and somewhat unexpected finding was that
physical fitness components were also associated with weakened hip-
pocampal functional connectivity in children who were overweight or
obese. For cardiorespiratory fitness, we found a single association of
greater cardiorespiratory fitness with less connectivity between the left
posterior hippocampus to a cluster in the left precentral gyrus extended
to the right precuneous. Similarly, Stillman et al. found that higher car-
diorespiratory fitness was associated with less functional connectivity
between the right anterior hippocampus and the superior frontal gyrus
(Stillman et al., 2018). The present study provides novel data on how
other components of physical fitness may diminish hippocampal func-
tional connectivity; namely, greater motor and muscular fitness were re-
lated to less functional connectivity between posterior hippocampus and
other individual and not overlapped brain regions. For example, greater
motor fitness may relate to diminished connectivity between the right
posterior hippocampus to frontal (i.e., right frontal pole) and occipital
(i.e., the left lateral occipital cortex extended to the left lingual gyrus) re-
gions, and greater muscular fitness was associated with less connectivity
between the left posterior hippocampus and left superior frontal gyrus.
As previously indicated, our findings are speculative in the context of
shifting allocation of resources or attentional focus, since decreased con-
nectivity may be beneficial for behavior and long term goals (Stillman
et al., 2018).

Regarding the overlapping associations of motor and muscular fit-
ness, we observed that greater motor and muscular fitness were individ-
ually associated with less connectivity between the posterior hippocam-
pus and common frontal regions (i.e., between left posterior hippocam-
pus to a cluster located in the left and right precentral gyrus extended
to the right anterior cingulate cortex, and between the right posterior
hippocampus to a cluster located in the left and right precentral gyrus
extended to the left and right anterior cingulate cortex). Yet, when both
motor and muscular fitness were included in the same model, only mo-
tor fitness, and not muscular fitness, was associated with diminished
connectivity between the posterior hippocampus and those frontal re-
gions. Therefore, this may point to the specificity of motor fitness to
lessen hippocampal functional connectivity, and further suggests that
this association may be selective for the posterior hippocampus, with
the exception of an independent association of greater motor fitness
with less connectivity between the right anterior hippocampus to the or-
bitofrontal cortex.

There are several potential reasons underlying the regional speci-
ficity of cardiorespiratory fitness being selectively associated with ante
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Fig. 3. Overlapped brain regions in which left (A) and right (B) posterior and right anterior (C) hippocampal connectivity is negatively associated with both motor and muscular fitness.
L, left; R, right; LPH, left posterior hippocampus; RPH, right posterior hippocampus; RAH, right anterior hippocampus; PrCG, precentral gyrus; ACC, anterior cingulate cortex; OFC, or-
bitofrontal cortex. The colors represent the regions: blue: posterior hippocampal seed (A, left; B, right); pink: right anterior hippocampal seed (C); red: associated motor fitness regions;
green: associated muscular fitness regions; yellow: overlapped regions between motor and muscular fitness. Scatter plots depict post-hoc regression analyses between the averaged ex-
tracted signals for each overlapped region as dependent variable and the physical fitness components simultaneously (i.e., motor and muscular fitness) as independent variables adjusted
for sex and peak high velocity (years). β values are standardized. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rior hippocampal functional connectivity, and motor fitness with pos-
terior hippocampal functional connectivity. The hippocampus differs
in structure and function along its longitudinal axis (Poppenk et al.,
2013). The anterior hippocampus, which includes the dentate gyrus,
is where most cell proliferation and survival occur. Experimental evi

dence in rodent models supports the role of cardiorespiratory exercise
on neurogenesis in the dentate gyrus (van Praag et al., 1999; 2005).
In addition, previous volumetric studies in humans showed stronger as-
sociations between cardiorespiratory fitness, but not motor or muscular
fitness, with hippocampus, and specifically with the anterior hippocam
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pus (Erickson et al., 2011; Esteban-Cornejo et al., 2017; Still-
man et al., 2018; Chaddock-Heyman et al., 2015; Killgore et al.,
2013). Conversely, complementary research in rodents indicates that
motor learning and activity (major determinants of motor fitness) in-
crease synaptic activity and the density of blood vessels in cerebellar
cortex, respectively (Black et al., 1990). As such, it is a reasonable
to speculate that the role of motor fitness on synaptogenesis and an-
giogenesis may spread to the posterior hippocampus. Beyond physio-
logical implications, other mechanisms related to the functional orga-
nization of the hippocampal longitudinal axis can be hypothesized. For
example, evidence in rodents has shown a functional gradient along
the hippocampal axis for spatial processing. The posterior hippocam-
pus processes small-scale spatial information, which may be compa-
rable with the characteristics of the motor fitness tests which imply
shorter-distance (10 m). Further, the anterior hippocampus subserves
similar spatial processing function at a lager spatial scale, which may
be comparable with the longer-distance used in the cardiorespiratory fit-
ness tests (20 m) (Strange et al., 2014). However, future experimental
studies should test the effect of aerobic and motor training on hippocam-
pal sub-regions to further support the selective associations of cardiores-
piratory fitness with anterior hippocampus and motor fitness with pos-
terior hippocampus.

In addition to the regional specificity, functional connectivity of the
anterior and posterior hippocampus may be differentially affected by
several factors (Damoiseaux et al., 2016) (e.g., age, physical fitness,
body mass). For example, some studies showed lower functional connec-
tivity of the posterior hippocampus for older individuals (Damoiseaux
et al., 2016; Andrews-Hanna et al., 2007), and either no age-related
differences (Damoiseaux et al., 2016; Koch et al., 2010) or an in-
crease in connectivity with age (Salami et al., 2014) for the anterior
hippocampus. Furthermore, we found that functional connectivity pat-
terns were modulated in a selective and reversed fashion by physical fit-
ness components, with enhancement in (anterior) hippocampal connec-
tivity due to cardiorespiratory fitness and reduced (posterior) hippocam-
pal connectivity due to motor fitness. Importantly, one of the key func-
tions of the hippocampus is memory consolidation, which occurs when
the brain is in a resting state (Strange et al., 2014). It is possible that
to achieve this process, the anterior hippocampus needs to enhance con-
nectivity and the posterior hippocampus needs to decrease connectivity
with frontal regions; and in turn, this may be modified as a function of
physical fitness.

Importantly, we also showed that physical fitness, namely cardiores-
piratory and motor fitness, accounted for unique portions of variance
in the functional connectivity between hippocampal subregions and
frontal regions beyond hippocampal volume, suggesting a unique con-
tribution of cardiorespiratory fitness and motor fitness to hippocampal
functional connectivity. Thus, combining neuroimaging techniques into
a single analytic approach may improve our understanding of the as-
sociations between physical fitness and hippocampal volume and func-
tion. Lastly, our results may also have implications for academic per-
formance (Cadenas-Sanchez et al., 2020). We found that greater fit-
ness-related associations in anterior hippocampal functional connectiv-
ity were associated with higher academic performance, and specifically
with higher written expression. However, there were no significant re-
lationships between negative fitness-related associations in hippocam-
pal functional connectivity and academic performance indicators. One
explanation that could partially account for the specificity of the an-
terior hippocampal functional connectivity on written expression may
be that tasks requiring semantic processing, such as written expression,
engage the anterior hippocampus. Semantic processing implies encod-
ing the meaning of a word and relating it to similar words, which in
turn, is needed for meaningful written expression and sentence writ-
ing fluency (Chua et al., 2007). As such, higher cardiorespiratory fit-
ness may play a protective role in enhancing neural connections that are
keys to memory and other cognitive functions, which in turn, may im-
prove academic performance in children with overweight/obesity. Pre

vious interventional studies have shown that exercise may have the po-
tential to influence brain networks and task-evoked activation patterns,
but if and how these brain changes reflect long-term developmental
trajectories remains unknown (Krafft et al., 2014a, 2014b; Chad-
dock-Heyman et al., 2013; Davis et al., 2011). Future studies are
needed to address these gaps in the literature and anchor the patterns to
behavioral outcomes to determine their importance.

Limitations of this study include its cross-sectional design, which pre-
cludes our ability to draw causal interpretations. In addition, our focus
on children with overweight/obesity limits the generalizability of our
findings to normal weight youth. However, since obesity has been as-
sociated with detectable structural differences in the brain compared to
the brains of normal-weight individuals already during childhood and
adolescence (Reinert et al., 2013), and children with overweight/
obesity have poorer cognitive control and academic performance com-
pared to normal-weight children (Kamijo et al., 2012; 1991), it is
relevant to focus on children with overweight/obesity. Indeed, given
the growing percentage of children with overweight/obesity, our results
have public health significance for a large portion of the population.
Moreover, while we expanded previous studies by including structural
(volume) and functional (rsfMRI) measures of hippocampal integrity,
more comprehensive multimodal techniques including additional hip-
pocampal measures (e.g., white matter integrity, viscoelasticity, vascu-
larization) are required. Finally, the seed-based approach for analyzing
functional connectivity does not allow us to examine connectivity be-
tween other brain regions. Future studies could use graph-based net-
work analysis of rsfMRI to expand our understanding of the brain as
a complex network. However, this approach is based on a well-estab-
lished theoretically-driven hypothesis focusing on the hippocampus and
its subregions, which facilitates the interpretation of findings. The study
has several strengths, including the relatively large sample with MRI,
the complete and standardized assessment of the physical fitness compo-
nents, the theoretical focus on the hippocampus based on previous stud-
ies across the lifespan (Firth et al., 2018) and the use of hippocampal
segmentation for analyzing the hippocampal functional connectivity for
each sub-region.

In conclusion, an integrative perspective of the current findings
posits that different physical fitness components may relate to functional
connectivity between hippocampal subregions and frontal regions, inde-
pendently of hippocampal volume. Specifically, while cardiorespiratory
fitness may enhance anterior hippocampal functional connectivity, mo-
tor fitness may diminish posterior hippocampal functional connectivity.
In addition, resting state hippocampal functional connectivity may be
coupled with better written expression in children with overweight/obe-
sity.
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